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Simple Summary: Recently, the U.S. Food and Drug Administration (FDA) approved neoadjuvant
immunotherapy plus chemotherapy for the treatment of resectable non-small-cell lung carcinoma
(NSCLC) due to the clinical benefits reported in several clinical trials. In these settings, the pathologi-
cal assessment of the tumor bed to quantify a pathological response has been used as a surrogate
method of clinical benefit to neoadjuvant therapy. In addition, several clinical trials are including the
assessment of tissue-, blood-, or host-based biomarkers to predict therapy response and to monitor
the response to neoadjuvant treatment. In this manuscript, we provide an overview of current
recommendations for the evaluation of pathological response and describe potential biomarkers used
in clinical trials of neoadjuvant immunotherapy in resectable NSCLC.

Abstract: Lung cancer is the leading cause of cancer incidence and mortality worldwide. Adjuvant
and neoadjuvant chemotherapy have been used in the perioperative setting of non-small-cell car-
cinoma (NSCLC); however, the five-year survival rate only improves by about 5%. Neoadjuvant
treatment with immune checkpoint inhibitors (ICIs) has become significant due to improved survival
in advanced NSCLC patients treated with immunotherapy agents. The assessment of pathology
response has been proposed as a surrogate indicator of the benefits of neaodjuvant therapy. An
outline of recommendations has been published by the International Association for the Study of
Lung Cancer (IASLC) for the evaluation of pathologic response (PR). However, recent studies indicate
that evaluations of immune-related changes are distinct in surgical resected samples from patients
treated with immunotherapy. Several clinical trials of neoadjuvant immunotherapy in resectable
NSCLC have included the study of biomarkers that can predict the response of therapy and monitor
the response to treatment. In this review, we provide relevant information on the current recom-
mendations of the assessment of pathological responses in surgical resected NSCLC tumors treated
with neoadjuvant immunotherapy, and we describe current and potential biomarkers to predict the
benefits of neoadjuvant immunotherapy in patients with resectable NSCLC.

Keywords: major pathological response; neoadjuvant immunotherapy; biomarkers

1. Introduction

Lung cancer is the leading cause of cancer incidence and mortality worldwide. In
recent years, the treatment of non-small-cell carcinoma (NSCLC) has changed dramatically,
thanks to immunotherapy and the discovery of oncogenic driver alterations that led to
the development of molecular targeted therapy. These two milestones have significantly
increased the survival and quality of life of lung cancer patients [1,2]. Surgical resection is
the standard of care for stage I and II NSCLC, and it is also considered a multimodality
approach for stage IIIA disease [3–6]. Though adjuvant and neoadjuvant chemotherapy
have been used in the perioperative setting, there are considerable side effects from some
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chemotherapy drugs such as platinum-based compounds, and the five-year survival rate
only improves by about 5% [7,8]. Neoadjuvant molecular-targeted therapy can reduce the
risk of recurrence; however, a complete pathological response (cPR) was not observed [9].
Neoadjuvant treatment with immune checkpoint inhibitors (ICI) for resectable NSCLC, on
the other hand, is now of high interest due to higher response rates, improved survival
benefits, and better tolerability [10,11].

Recently, the U.S. Food and Drug Administration (FDA) approved neoadjuvant
nivolumab in combination with platinum-doublet chemotherapy for resectable NSCLC
based on the results of the phase 3 Checkmate 816 clinical trial that showed an improved
event-free survival and a higher cPR in patients treated with the combination, as com-
pared to chemotherapy alone, in stage IB-IIIA NSCLC patients [12]. This phase 3 clinical
trial was preceded by several clinical trials that have shown the feasibility and efficacy of
several immunotherapeutic approaches for neoadjuvant therapy alone or in combination
in patients with resectable NSCLC Stage IB, II, and III. These studies have shown a low
toxicity and a high percentage of patients achieving a major pathological response (MPR)
and cPR [12–17].

The rationale of using immunotherapy as a neoadjuvant treatment lies in the concept
that the administration of an ICI while the primary tumor is still in the patient will result
in a better systemic anti-tumor immune response. Preclinical in vivo studies in murine
models of breast and lung cancer have shown that neoadjuvant immunotherapy works
better than immunotherapy in the adjuvant setting, supporting the hypothesis that ICI
therapy would be more efficient in driving the anti-tumor T cell response when the tumor
mass contains a high antigen burden to be recognized by host T cells [13–15].

One of the major challenges to measuring the clinical benefit in clinical trials of
neoadjuvant treatment in patients with resectable NSCLC is the long process associated
with measuring overall survival, which is the gold-standard outcome measure for clinical
trials [16]. Pathological response (PR) has been proposed as a surrogate indicator of benefit
to neaodjuvant therapy in order to expedite assessment of the effectiveness of the agent
being tested in a clinical trial setting [17]. Although the correlation of PR with overall
survival is still being evaluated, many investigators have proposed a standardized scoring
system that accounts for the percentage of viable malignant cells and other histological
features to evaluate the quality of the immune response after treatment [17,18].

The histopathological changes, molecular mechanisms of lung cancer biology, and the
immune pathways driving or suppressing the anti-tumor immune response are key aspects
in identifying biomarkers that can help to better stratify patients for immunotherapy- and
targeted therapy-based approaches [19,20]. Preliminary data generated by clinical trials
for patients with resectable NSCLC treated with PD-1 blockade and/or CTLA4 inhibition
have reported histologic features in the tumor bed that are associated with response to
immunotherapy. They have assessed tissue-, blood-, and host-based biomarkers that can
potentially be used both as predictors of the benefit of therapy and in monitoring cancer
progression at different time points [21–23].

In this review, we provide relevant developments for the assessment of pathological
responses in surgical resected NSCLC tumors treated with neoadjuvant immunotherapy,
and we describe the biomarkers that have been used to predict the benefit of neoadjuvant
immunotherapy in patients with resectable NSCLC, as well as potential biomarkers that
can be used to better stratify these patients for immunotherapy.

2. Pathological Response

The pathological response (PR) assessment consists of a histopathological evaluation
of the extension of viable tumor cells in the tumor bed of surgically resected primary
tumors after neoadjuvant treatment [17,24]. This assessment has been widely used as a
surrogate method to indicate response to therapy and to expedite the assessment of clinical
trials in several types of tumors from patients who underwent surgical resection after
neoadjuvant chemotherapy, including breast carcinoma, melanoma, and locally advanced
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NSCLC [25–27]. In patients with NSCLC treated with neoadjuvant chemotherapy, tumors
with a PR value of 10% or less are considered to have achieved MPR, and tumors with an
absence of viable tumor cells are considered to have a pCR [28]. MPR has been associated
with long-term overall survival (OS) in retrospective studies of several clinical trials of
neoadjuvant chemotherapy [17,29–31].

The pathological features of NSCLC tumor samples from patients treated with neoad-
juvant chemotherapy have been studied by several investigators [17,29–31]. A detailed
outline of recommendations from The International Association for the Study of Lung Can-
cer (IASLC) has been released to standardize assessment and allow for comparison among
new therapeutic options that are tested in clinical trials, such as tyrosine kinase inhibitors or
immunotherapy with ICIs [28]. These recommendations provide strategies for pathological
specimen processing for the proper recognition of the tumor bed, including correlation with
a computed tomography scan and surgeon marks, and for proper sampling for the micro-
scopic assessment of pathological response. The outline also includes recommendations for
a histological evaluation to delineate the tumor bed and surrounding non-neoplastic lung,
and for the determination of PR by histological quantification of the viable tumor, necrosis
and stroma, along with the correlation of microscopic findings with gross examination and
mapped gross photographs [21,28,32]. For routine cases, these guidelines do not recom-
mend either using IHC as an aid in the recognition of tumor cells from other non-malignant
cells or using computational tools [28]. Similarly, for clinical reporting, the histological
features of fibrosis and inflammation are not required, although these features have been
described in several studies using lung cancer specimens after neoadjuvant chemotherapy,
and they have been acknowledged as components of tumor-intrinsic changes related to
immunological mechanisms [28,32].

PR has also been evaluated in metastatic lymph nodes resected after neoadjuvant
chemotherapy, and studies have shown that patients with MPR-positive lymph nodes
have a better survival than those with MPR-negative lymph nodes; however, there is still
no consensus on cut-offs to define MPR in lymph nodes [33,34]. Of note, Pater et al. [33]
showed that, among patients with resectable NSCLC treated with neoadjuvant chemother-
apy that did not achieve MPR in primary tumors, patients with MPR-positive lymph nodes,
defined as a percentage of the viable tumor <70%, have better outcomes than patients with
MPR-negative lymph nodes, suggesting that this information may help to better stratify
patients for prognosis. Nevertheless, the clinical impact of evaluating MPR in lymph nodes,
as well as its diagnostic reproducibility among pathologists, is still under investigation [28].

Of note, several histological changes in the tumor microenvironment of tumor speci-
mens, such as prominent elastic fibers, from patients that have previously been exposed to
chemotherapy or chemoradiotherapy, can also be found in therapy-naïve adenocarcinoma,
as well as in other pathological processes such as pleuroparenchymal fibroelastosis and
bone marrow and lung transplantation [28]. Histological changes, such as inflammation
of the blood vessels, medial fibrotic thickening, and cytological atypia, have also been
observed in tumors after chemotherapy and radiotherapy [28]. However, coagulative
necrosis, foam cell infiltration, and inflammatory infiltrates can also be found in resected
tumors from both groups of patients, those who received chemotreatment and those who
were treatment-naïve [24].

It has also been suggested that some chemotherapy agents, including cisplatin com-
bined with gemcitabine or docetaxel and carboplatin combined with paclitaxel or peme-
trexed, activate the immune response of NSCLC patients, since PD-L1 and specific T-cells
are higher in NSCLC resected tumors that received neoadjuvant chemotherapy compared
to chemo-naïve tumors [32]. Likewise, similar features can also be found in resected speci-
mens after immunotherapy. These types of specimens show, in addition, a higher number
of tumors infiltrating lymphocytes and tertiary lymphoid structures [35].
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2.1. Pathological Response Evaluation in Tumors after Neoadjuvant Immunotherapy

Limited studies have been performed in tumor samples from surgical resected NSCLC
treated with immunotherapy. The evaluation of these specimens has the potential to
provide information not only about the utility of the percentage of the viable tumor as a
surrogate endpoint of clinical benefit, but also about the type and quality of the immune
response in the tumor bed. Therefore, this information may allow for the establishment of
a better understanding of the mechanisms associated with immune response and resistance
to therapy [35,36].

Similar to neoadjuvant chemotherapy-treated NSCLC, for neoadjuvant immunother-
apy, MPR and cPR have been used as surrogate predictors of survival in clinical trials with
neoadjuvant immunotherapy alone or in combination with chemotherapy. MPR varied
from 14% in the PRINCEPS trial (ClinicalTrials.gov Identifier: NCT02994576; stage I-IIIA
NSCLC treated with neoadjuvant Atezolizumab) to 50% in the NEOSTAR trial (Clinical-
Trials.gov Identifier: NCT03158129; stage I-IIIA NSCLC treated with nivolumab and Ipili-
mumab) [37,38], as shown in Table 1. In clinical trials with neoadjuvant immunotherapy in
combination with chemotherapy, MPR was achieved in 36,9%, 57%, and 83% in the Check-
mate 816 (ClinicalTrials.gov Identifier: NCT02998528; stage IB-IIIA NSCLC treated with
nivolumab + chemotherapy), MAC (ClinicalTrials.gov Identifier: NCT02716038; stage IB-
IIIA NSCLC treated with atezolizumab + chemotherapy), and NADIM (ClinicalTrials.gov
Identifier: NCT03081689; stage IIIA NSCLC treated with nivolumab + chemotherapy) trials,
respectively [25,39,40].

Table 1. Representative clinical trials for neoadjuvant immunotherapy alone or in combination with
chemotherapy in resectable non-small-cell lung cancer.

Trial Name
(Registry Number)

Phase
Tumor Stage Patient N Neoadjuvant Treatment MPR pCR Outcome PD-L1 (IHC) Correlative Studies

Checkmate 159
(NCT02259621)

Phase 2
IB–IIIA 45

Arm A: Nivolumab
Arm B: Nivolumab +

Carboplatin + Paclitaxel
45% 22%

30-months
disease-free:

15/20 patients
Median RFS: not
reached-24-months

RFS: 69%

Yes %
PD-L1+(≥1%):
46.6% (7/15)

Tumor mutation
burden Molecular

mutations Circulating
tumor DNA Tumor in-
filtrating lymphocytes

TCR repertoire

NEOSTAR
(NCT03158129)

Phase 2
IA–IIIA 88

Arm A: Nivolumab
Arm B:

Nivolumab + Ipilimumab
Arm C: Nivolumab +
Platinum doublet CT
Arm D: Nivolumab +

Ipilimumab + Platinum
doublet CT

Arm A: 22%
Arm B: 38%
Arm C and

D: not
reported

Arm A: 9%
Arm B: 29%

Arm C
and D:

not reported

Median OS
and Lung

cancer-related
RFS: not reached

after a median
follow-up of
22.2 months

Pretherapy
tumor PD-L1:
MPR: median,
3% No MPR:
median, 0%
Posttherapy

tumor PD-L1:
MPR: median,
5% No MPR:
median, 0%

Flow cytometry
Multiplex

immunofluorescence
T-cell receptor

sequencing Gut
microbiome

LCMC3
(NCT02927301)

Phase 2
IB–IIIB

(resectable) 179 Atezolizumab 20% 7% Not reported
Yes PD-L1+

(≥1%): 19.5%
(35/179)

Multiplex immunoflu-
orescence Tumor
mutation burden

Molecular mutations
RNA sequencing
Flow cytometry

NADIM
(NCT03081689)

Phase 2
IIIA 46 Nivolumab +

Carboplatin + Paclitaxel 83% 71%

PFS (24 months):
7%

OS (12
months):97.8%

OS (18
months):93.5%

OS (24 months):
89.9%

Yes PD-L1 +
(≥1%)): 39%

(18/46)

Multiplex Immunoflu-
orescence

T-cell receptor
sequencing

Tumor mutation
burden

Molecular mutations
Circulating
tumor DNA

MK3475-223
(NCT02938624)

Phase 1
I-II 28 Pembrolizumab 40% Not reported Not reported

Yes
PD-L1 + (≥1%):

18% (5/28)
Not reported

NEOCOAST
(NCT03794544)

Phase 2
I–IIIA

(resectable) 160

Arm A:
Durvalumab

Arm B: Durvalumab +
Oleclumab

Arm C:
Durvalumab +
Monalizumab

Arm D:
Durvalumab +
Danvatirsen

Not reported Not reported Not reported Yes, not
reported

Tumor genomics
Tumor

microenvironment
and T cell population

PRINCEPS
(NCT02994576)

Phase 2
resectable 60 Atezolizumab 14% Not

observed Not reported Yes, not
reported

Multiplex
Immunofluorescence
Molecular mutations

SUVmax
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Table 1. Cont.

Trial Name
(Registry Number)

Phase
Tumor Stage Patient N Neoadjuvant Treatment MPR pCR Outcome PD-L1 (IHC) Correlative Studies

SAKK
(NCT02572843)

Phase 2
IIIA

(resectable) 67 Durvalumab + CT 62% 18%

1-year EFS: 73%
Median EFS and
OS: not reached

after 28.6 months
follow-up.

Yes, not
reported Not reported

Checkmate 816
(NCT02998528)

Phase 3
IB–IIIA 358

Platinum doublet CT
Nivolumab +

platinum doublet CT

Platinum
doublet
CT: 8.9%

Nivolumab +
platinum

doublet CT:
36.9%

Platinum
doublet
CT: 2.2%

Nivolumab +
platinum
doublet

CT: 24.0%

Platinum doublet
CT: Median EFS:

20.8 months
1-year OS: 63.4%
2-year OS:45.3%

Nivolumab +
platinum doublet
CT: Median EFS:

31.6 months
1-year OS: 76.1%
2-year OS: 63.8%

Yes PD-L1 +
(≥1%): 49%
(178/358)

Tumor mutation
burden Circulating

Tumor DNA

Impower 030
(NCT03456063)

Phase 3

II–IIIA-
selected

IIIB
451

Arm A: Atezolizumab +
platinum doublet CT

Arm B: Placebo +
platinum doublet CT

ongoing, end
date April

2024

ongoing, end
date April

2024
Not reported Yes, not

reported Not reported

AEGEAN
(NCT03800134)

Phase 3
II–III 824

Arm 1: Durvalumab +
platinum doublet CT

Arm 2: placebo +
platinum doublet CT

ongoing, end
date April

2024

ongoing, end
date April

2024
Not reported Yes, not

reported Not reported

Abbreviations: N, number; MPR, major pathological response; cPR, complete pathological response; CT,
chemotherapy; EFS, event-free survival; RFS, recurrence-free survival, OS, overall survival; PFS, progression-
free survival.

A detailed histopathological assessment of the tumor bed was performed by Cottrell
et al. [35] in 20 resected primary tumor specimens from patients with NSCLC treated with
neoadjuvant immunotherapy. In this study, a proposal for an immune-related pathologic
response (irPR) system was developed that defines the tumor bed as the sum of the
residual viable tumor, necrosis, and regression bed. The regression bed was defined by
“proliferative fibrosis with neovascularization and evidence of immune activation and cell
death” (Figure 1). In this assessment, the intratumoral stroma with no histological features
of regression is counted as residual viable tumor, and features of cell death, immune
activation, and tissue-repair phenomena were recorded in each sample [22,41,42]. Elements
from each category—specifically, immune activation features such as higher tumor immune
infiltration (TIL) score, tertiary lymphoid structures (TLS) (lymphoid aggregates with a
germinal center and high endothelial venules), plasma cell infiltrates (≥100 plasma cells
/high power field (HPF) in at least two HPF), cell death features such as the presence of
cholesterol clefts and foamy macrophages, and tissue-repair features such as proliferative
fibrosis and neovascularization [35] (see Figure 2)—were extensively observed in tumors
from responder patients compared to non-responders.

The assessment of irPR using these criteria has been evaluated by other investigators
in samples obtained from clinical trials of neoadjuvant immunotherapy. Ling et al. [36]
characterized the histopathological features of the primary tumors and lymph nodes of
31 surgically resected lung squamous cell carcinoma after neoadjuvant treatment with
anti-PD1 from patients of a phase Ib study of neoadjuvant anti-PD-1 (sintilimab) therapy
(Registration Number: ChiCTR-OIC-17013726). In these samples, the authors observed sim-
ilar histological features in the regression bed described by Cottrell et al. [35]. In all samples,
including non-responders, Ling et al. [36] also classified the tumors in three immune phe-
notypes based on the presence of immune infiltration in the tumor area: immune-activated,
i.e., a viable tumor area with immune infiltration in both tumor nests and surrounding
tumor stroma; immune-excluded, i.e., viable tumors with immune infiltration only in the
surrounding stroma; and immune-desert, i.e., viable tumors with an absence of immune
infiltration (an example of these histological features is shown in Figure 3). Immunotherapy-
treated samples were heterogeneous in these phenotypes; however, all samples that exhibit
MPR showed an extensive immune-activated phenotype [35,36]. Interestingly, in these
samples, in situ squamous cell carcinoma was observed in the tumor bed, which indicates
that histological changes should be assessed considering tumor-specific biology [36]. The
histological features of immune activation, cell death, and tissue repair, as defined by Cot-
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trell et al. [35], were also observed across different tumor types treated with neoadjuvant
immunotherapy, including NSCLC, cervical carcinoma, and melanoma, among others,
suggesting that a universal approach that can aid in assessing these features across all types
of tumors treated with immunotherapy, including primary tumors and metastasis, would
allow for a better evaluation of treatment effect and cross comparison to elucidate possible
mechanisms of resistance and response to therapy [18]. Different from chemotherapy-
treated tumors, on immunotherapy-treated tumor samples, necrosis was not commonly
seen, and it has been suggested that its presence may not be related to immunotherapy
response. Further, a distinction between tumor-intrinsic necrosis and therapy effect may
not be distinct in most cases [35,36].
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plete response. (A) Schematic representation of the tissue components for the assessment of major
pathologic response (MPR) in sample specimen of primary tumor. The tumor bed is constituted by
viable tumor cells (VTC), stroma (including inflammatory cells and fibrosis), and necrosis. All the
components in the tumor bed area have a sum of 100% (B) Schematic representation of the tissue
components for the assessment of the immune-related pathologic response (irPR) in sample specimen
of primary tumor. The tumor bed contains the regression bed, where immune-related histologic
features can be observed, and an inner area involved by tumor that is constituted by viable tumor
cells, stroma (including inflammatory cells and fibrosis), and necrosis. The percentage of residual
viable tumor (irRVT) is assessed by dividing the total surface area of RVT (circled in purple) by the
total tumor bed area (circled in black) ×100.
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Figure 3. Tumor-immune responsiveness profile. Schematic representation of tumor response to
immune checkpoint inhibitors. (A) Immune-activated, characterized by high degree of tumor-
inflammatory infiltrate; (A1) Representative H&E image showing immune-activated tumor immune
profile. (B) Immune-excluded, characterized by presence of inflammatory cells in the tumor nest
margin with no compromise of the tumor cells; (B1) Representative H&E image showing immune-
excluded tumor immune profile. (C) Immune-desert, characterized by absence of inflammatory
cells within tumor nest and tumor margin; (C1) Representative H&E image showing immune-desert
tumor immune profile. Graphic created in part using Biorender (http://biorender.com, access date
27 April 2022).

The evaluation of tumors from patients that have been treated with neoadjuvant
immunotherapy poses several challenges to clinicians assessing efficacy to immunotherapy,
mainly because, after immunotherapy, tumors may show a temporary increase in tumor
burden as assessed by imaging, and pathological assessments have shown that the increase
in the size of these tumors may be due to the presence of immune cell infiltration, a phe-
nomenon that is referred to as pseudo-progression [41–43]. This is significant due to the
fact that, in several clinical trials of neoadjuvant-treated NSCLC, the lesion size evaluated
by computed tomography (CT) scan differed from that with microscopic assessment [35,36].
Likewise, another phenomenon of pseudo-regression has been described in the lymph
nodes of NSCLC patients treated with neoadjuvant ICIs: The nodal immune flare (NIF),
which consists of abnormal lymph nodes, identified by an increased uptake of 18Fluo-
rodeoxiglucose positron emission tomography/computer tomography, with an absence of
tumor cells by microscopy assessment. Instead, these abnormal lymph nodes displayed an
increase in nodal size and the presence of de novo non-caseating granulomas [14]. Cascone
et al. [38] analyzed 72 patients who were treated with neoadjuvant ICIs in the randomized
NEOSTAR trial (ClinicalTrials.gov Identifier: NCT03158129) and compared them with a
subset of patients with abnormal lymph nodes found on upon imaging after neoadjuvant
chemotherapy (ICON, ImmunogenomiC prOfiling in NSCLC cohort); this phenomenon
was observed in 16% (7/44) of patients treated with ICIs and in 0% (0/28) of patients
after neoadjuvant chemotherapy in ICON cohort patients. Worth mentioning is that 7%
of the patients treated with ICI had nodes with de novo non-caseating granulomas on
pathology analysis and were not radiologically abnormal. In this study, NIF was associated
with a fecal abundance of intestinal flora of the genera belonging to Actinobacteria and
Coriobacteriaceae [38]. The NIF phenomenon has not been associated with tumor responses
or toxicity related to treatment [14].

http://biorender.com
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2.2. Computational Pathology for the Assessment of MPR

The use of artificial intelligence (AI) and advanced computational techniques such as
machine learning (ML) and deep learning may allow for obtaining additional information
regarding the tumor contexture for the pathological assessment of these types of tumor
samples. These techniques can also facilitate a more accurate and reproducible whole-
slide image classification and tissue segmentation [39,44]. The capabilities of machine
learning have recently expanded extensively due to the development of deep learning
and convolutional neural networks (CNNs) [40]. One of the main promises of these
computational tools is in their application as a clinical decision support for diagnosis.
Artificial intelligence has been used in several pathology tasks, such as the identification of
tumor cells [45], mitotic counts [46], immunohistochemistry scoring [47], and the spatial
relationship of the tumor microenvironment [39,48]. It has also shown improved sensitivity
in the lymph node metastases assessment [49].

Preliminary data of a study performed in 127 surgical resected specimens from
neoadjuvant-treated NSCLC patients from a LCMC3 trial showed that the application
of a machine learning-based approach to evaluate PR is feasible. Dacic et al. [50] quantified
and measured the tumor bed area and identified residual viable tumor cells showing a
strong correlation between the AI tool and manual MPR assessment, although with differ-
ent percentage ranges, probably due to differences in methodology. However, no sensitive
or positive predictive value has been presented [50].

Some things to take into consideration with the use of such advanced approaches
include a significant investment in IT infrastructure, network limitations if the data are
stored remotely or if the image processing is performed remotely, and the availability of
reliable and variable training data [51–53]. Further studies that can address quantification
and spatial information of the diverse cellular and architectural elements may be achieved
using computational tools integrated with biomarker analyses of different immune cell
types involved in the immune response changes of neoadjuvant-treated tumors.

3. Biomarkers for Potential Use as Predictors of Neoadjuvant Immunotherapy Efficacy

Several biomarkers have been studied in clinical trials with neoadjuvant immunother-
apy for patients with resectable NSCLC. A summary of current and emerging biomarkers
that are being studied in immune-oncology clinical trials is illustrated in Figure 4. A
summary of assays that are used for immune-oncology related biomarkers is presented in
Table 2.
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Figure 4. Biomarkers used for assessment of response to neoadjuvant immunotherapy and patient
monitoring in resectable NSCLC. Biomarkers grouped by source: (A) blood, (B) tumor tissue, and
(C) stool. PD-L1, programmed cell death-ligand 1; PD-1, programmed cell death-1; TCR, T cell
receptor. Graphic created using Biorender (http://biorender.com, access date 27 April 2022).
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Table 2. Assays used to assess biomarkers in tissue, blood, and gut micriobiome.

Biomarker Source Gold Standard In Development

PD-L1 expression Tissue Immunohistochemistry Multiplex immunoflourescence

Tumor-infiltrating
lymphocytes (TILs) Tissue H&E stain: Pathology analysis

Immunohistochemistry Multiplex
immunofluorescence/High-plex

technologies Next Generation
Sequencing Flow

Cytometry/CyTOF
TCR and BCR sequencing

Tertiary lymphoid
structures (TLSs) Tissue H&E stain: Pathology analysis

Immunohistochemistry Multiplex
immunofluorescence/High-plex

technologies Next
Generation Sequencing

Immune cell subsets Tissue Immunohistochemistry

Multiplex
immunofluorescence/High-plex

technologies Next Generation
Sequencing Flow Cytometry TCR

and BCR sequencing

Circulating immune cell subsets Blood Flow Cytometry
Functional T cells assays ELISPOT

Next Generation Sequencing
Cytokines/chemokines CyTOF

T cell receptor repertoire (TCR) Tissue, Blood None TCR and BCR sequencing

Tumor mutation burden (TMB) Tissue, Blood Whole exome
sequencing (WES) Next Generation Sequencing

Complete Blood Count (CBC) Blood Hemogram

Circulating tumor
DNA (ctDNA) Blood None Next Generation Sequencing

Gut microbiota Stool None Next Generation Sequencing

Abbreviations: T cell receptor (TCR); B cell receptor (BCR); CyTOF, mass cytometry.

3.1. PD-L1 Expression in Tumor and Stromal Cells

Programmed cell death-ligand 1 (also known as B7-H1 or CD274) is a transmem-
brane protein that is expressed in T cells, B cells, macrophages, dendritic cells, and tumor
cells [13,54]. PD-L1 is the ligand of the programmed cell death 1 (PD-1; CD279) protein,
which is expressed in T cells after chronic antigen stimulation. Engagement of the PD-
L1/PD1 axis results in decreased T cell receptor (TCR) signaling and, subsequently, reduced
activation, proliferation, cytokine secretion, and survival. Based on this mechanism, PD-L1
has been evaluated as a predictive biomarker for sensitivity to immune checkpoint blockade
strategies targeting this axis [55]. PD-L1 expression assessed by immunohistochemistry in
tumor tissue has been approved by the FDA as a standard biomarker for ICIs in NSCLC pa-
tients as a companion or complementary diagnostic test for different PD-1/PD-L1 inhibitor
drugs [56].

In the neoadjuvant settings, PD-L1 expression has been investigated as a predictive
biomarker in several clinical trials with disparate results [12,21,38,57–59]. In the phase
3 Checkmate186 trial, a considerably higher benefit was observed in patients treated
with nivolumab and chemotherapy in tumors with ≥1% PD-L1 expression in tumor cells
compared with tumors with <1% expression of PD-L1 [12]. Similarly, in the NEOSTAR trial,
an analysis of PD-L1 assessed in tumor cells by IHC showed that, in pretreatment biopsies,
PD-L1 was higher in patients with MPR and patients with radiographic responses compared
to patients with no MPR and no radiographic response, respectively. No differences were
observed in PD-L1 expression in resected tumors by MPR or radiographic response or in
PD-L1 expression between pre-treatment biopsies and surgical resected tumors [38].
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Other correlative studies from clinical trials of neoadjuvant immunotherapy in patients
with resectable NSCLC did not show an association of PD-L1 expression in tumor cells
with a clinical benefit of treatment [25,39,60–62]. In the LCMC3 trial, tumor regression and
MPR were observed in patients with resectable NSCLC after neoadjuvant treatment with
atezolizumab, regardless of the pretreatment status of PD-L1 expression [58,63]. Forde et al.
did not find an association between pretreatment PD-L1 expression and MPR assessment
in a cohort of 21 patients treated with neoadjuvant nivolumab [21]. In another study of
neoadjuvant durvalumab alone or combined with stereotactic body radiation therapy, MPR
was achieved independently of PD-L1 tumor status after adjusting for PD-L1 baseline
expression assessed by IHC, and no significant changes in PD-L1 expression were observed
when comparing pre-treatment and surgical resection tumor specimens in both trial groups
and between patients with and without MPR [57]. Shu et al. also found that MPR was
achieved in patients who received atezolizumab plus chemotherapy, regardless of their
PD-L1 tumor expression [64]. Finally, Gao et al. [59] found that PD-L1 expression in the
stromal cells of pretreatment samples correlated with pathological response in a cohort of
patients that received neoadjuvant sintilumab, and no correlation of PD-L1 expression was
found between pre-treatment and surgical resected specimens. The wide variability in the
results among several small-scale studies might be related to different variables such as
tumor histology, genomic features, tissue availability, neoadjuvant immunotherapy scheme,
and tissue analysis for MPR [13].

3.2. Tumor Mutation Burden (TMB)

TMB, also known as tumor mutation load, is the total number of somatic missense
mutations per coding area in the tumor genome. Overall, TMB correlates with the amount
of predicted neoantigen load in a tumor. A higher amount of neoantigens contributes to a
more effective anti-tumor T cell response, which is consistent with an immune inflamed
phenotype observed in tumors with high TMB [65]. Lung tumors have higher frequencies
of high TMB compared to other tumors, which is probably related to the mutagenic effects
of tobacco smoking [60,66]. High TMB has been shown to be associated with high PD-L1,
CTLA4, and CD8+ T cell infiltrates [61], as well as clinical benefit in advanced NSCLC
patients that received neoadjuvant treatment with ICIs [62].

TMB is usually measured by whole exome sequencing (WES) or targeted next gen-
eration sequencing technology in tumor tissue. In 2020, the FDA approved the Founda-
tionOneCDX assay (Foundation Medicine, Inc, Cambridge, MA, USA), a next generation
sequencing test, as a companion diagnostic for pembrolizumab treatment in unresectable or
metastatic TMB-high (TMB ≥ 10 mutations/megabase (mut/Mb)) solid tumors, including
NSCLC [67]. TMB can also be measured in blood-based assays in circulating tumor DNA;
however, its clinical utility as a predictive biomarker is still under development [68,69].
In addition to TMB, whole exome sequencing of tumor and matched normal DNA and
RNA-seq whole transcriptome analysis, as well as computational bioinformatics, can also
be used to predict neoepitopes that can induce an effective anti-tumor immune response,
and to develop novel strategies for cancer immunotherapy [70,71].

TMB has been investigated in several clinical trials of neodjuvant immunotherapy in
resectable NSCLC. In the phase 3 Checkmate 186 TRIAL, a greater benefit of Nivolumab
plus chemotherapy was observed in patients with higher TMB compared to patients with
low TMB (cutoff: 12.3 Mut/Mb by NGS TSO500 assay, which corresponds to 10Mut/Mb
per the FoundationOne assay) [12]. Similarly, in the phase 2 pilot study ClinicalTrials.gov
Identifier: NCT02259621, Forde et al. showed that, in a small set of 11 pretreatment
samples, TMB was strongly associated with pathological response [21,63]. In this study,
WES and the patient’s major histocompatibility complex class I haplotype was used to
computationally predict mutation-associated antigen burden, and this correlated with
pathological response [21]. On the other hand, in patients from the phase 2 LCMC3 trial,
TMB was not associated with pathological response [12,63].
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3.3. Oncogenic Driver Alterations

It is well known that oncogenic gene alterations play an important role in the initia-
tion and development of NSCLC. Several of them are considered actionable, and targeted
therapy of molecular subtypes, such as tumors with an EGFR mutation and ALK rearrange-
ments, have become the standard of therapy for advanced NSCLC, and targeted therapies
for other driver mutations such as KRAS are being evaluated in clinical trials [72,73].

There is limited data on the role of oncogenic driver alterations as a predictor of
the benefit of neoadjuvant immunotherapy, since, in most clinical trials of neoadjuvant
immunotherapy of resectable NSCLC, patients with tumors with driver alterations have
been excluded based on the fact that patients with advanced NSCLC with actionable driver
alterations have a lower or lack of response to an immune checkpoint blockade [74,75].

Preliminary results of the LCMC3 clinical trial showed that MPR was observed in zero
of the 12 patients with either EGFR mutations (n = 7) or ALK fusions (n = 5) that underwent
surgery. In this trial, MPR was observed in 11% of patients with STK11/LKB1 mutations
(1/9) and 22% (2/9) of patients with a KEAP1 mutation, which was slightly lower than
wild-type tumors (STK11/LKB1 wild type, MPR 17/71, 24%; KEAP1 wild type, MPR
16/71, 23%) [76]. In the pilot phase 2 trial, NCT02716038, of neoadjuvant atezolizumab and
chemotherapy in resectable NSCLC, ten patients had known oncogenic drive alterations
(STK11, 2; KRAS, 2; KRAS/STK11, 1; EGFR, 4; and HER2, 1). No patients with an STK11
mutation achieved a partial response by RECIST criteria, and, in two of them, the surgical
resection showed no MPR, and the third tumor was unresectable. In patients with KRAS
mutations, one was unresectable, and one tumor achieved complete pathological response.
In patients with the EGFR mutation, two of them, harboring exon 19 deletion and exon
20 insertion, did not achieve MPR, but two of them, harboring L858R and L858R/S7618I
mutations, had a complete pathological response [64].

In the phase 2 trial, the ClinicalTrials.gov Identifier: NCT02259621 clinical trial of
neoadjuvant Nivolumab or Nivolumab plus ipilimumab in resectable NSCLC, tumors with
the STK11 mutation were identified in six of the nine patients (66%). Three of them had
progression, two of them harbored KRAS and KEAP1 co-mutations and had disease pro-
gression precluding surgery, and one of them had a co-mutation with BRAF and TP53 [77].

Currently, two clinical trials of neoadjuvant durvalumab, the AEGEAN trial (Clini-
calTrials.gov Identifier: NCT03800134) and NeoCOAST trial (ClinicalTrials.gov Identifier:
NCT03794544), are recruiting patients with no exclusion criteria for EGFR/ALK alterations.
These trials will provide more insights into the efficacy of neoadjuvant immunotherapy in
patients with oncogenic driver alterations.

A better understanding of the relations between tumor landscape and tumor immune
response is vitally important to design studies to determine the benefit of neoadjuvant
immunotherapy in resectable NSCLC. Specific genomic alterations can influence the tumor-
immune landscape and have an impact on the clinical response to ICI. At the same time,
the immune contexture of tumors may also influence the tumor mutational landscape in
different ways, such as eliminating clones with strong antigenic neopeptides, influencing
genomic diversity, and lung cancer evolution [78].

Given the recognized heterogeneity of lung cancer, a new model for lung cancer
stratification based on the co-occurring genomic alterations of key genes has been proposed
to define lung adenocarcinoma heterogeneity, which can aid in defining groups of tumors of
similar immune microenvironments and potential specific therapeutic targets. For example,
KRAS/TP53 co-mutated tumors are associated with an inflamed immune microenvironment
and increased tumor PD-L1 expression, whereas KRAS/STK11 co-mutated tumors are
characterized as being cold, with a lack of T cell inflammation and lower PD-L1 expression
irrespective of TMB. In addition, the STK11 mutation has emerged as a possible biomarker
predictor of resistance to PD-1 and PD-L1 inhibition [78,79].

Further clinical trials that include oncogenic driver alterations will help to develop strate-
gies for the categorization of patients with resectable NSCLC for immunotherapy treatment.
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3.4. Tumor-Associated Immune Cells

Tumor-associated immune cells (TAIC) consist of multiple cell types that are part of
the tumor microenvironment, including tumor-infiltrating lymphocytes (T cells, B cells),
macrophages, natural killer (NK) cells, and dendritic cells, among others [80]. TILs in
quantity and composition can serve as a predictive biomarker of the response to therapy
and prognosis [81]. TILs can be assessed in tumor tissue using H&E slides by assessing the
percentages of stromal TILs, intra-tumoral TILs, and TILs in the central tumor and invasive
margin, following the guidelines of the International Immuno-oncology Biomarker Working
Group. However, these guidelines have not been tailored to neoadjuvant immunotherapy-
treated surgical samples [82,83].

Conventional immunohistochemistry and multiplex immunofluorescence and other
high-plex platforms have been used in different studies to assess different immune cell
subsets. This area is in constant development, and current technologies can allow for
the quantification of specific immune cell types and spatial analysis in limited tissue
samples [84–86]. In addition, techniques such as flow cytometry and mass cytometry can
be used to phenotypically characterize immune cell subsets and functional states from
single cell suspensions generated from tumor tissue.

In the context of neoadjuvant immunotherapy, there are limited studies that explore
TILs and immune cell subsets. An initial exploratory analysis from the NEOSTAR trial
found an increase in total CD3+ TILs as well as CD3+CD8+ TILs in resected tumors
after neoadjuvant treatment with nivolumab plus ipilimumab in both MPR and non-
MPR cases [38]). In addition, TILs from surgical resections following treatment with
nivolumab plus ipilimumab had a higher percentage of tissue-resident memory-like CD8+
and CD4 T cells as well as CD4+ CD28+ CD27− T cells, as compared to nivolumab
alone [38]. Early results from the LCMC3 trial showed a significant expansion of antigen-
presenting cells, such as dendritic cells and B cell subsets, as well as a higher frequency
of CD3+ CD27+ CD45RO+ T cell subsets, in the resected lymph nodes of patients with
tumors that achieved MPR following neoadjuvant therapy with atezolizumab [13]. In
the NADIM trial, multiplex immunofluorescence staining revealed that the majority of
T cells were found in the stromal compartment as compared to the tumoral compart-
ment, suggesting an immune-excluded phenotype. Interestingly, though a reduction in
total CD3+ TIL was observed from diagnosis to the post-treatment surgical resections, an
increase in CD3+ CD45RO+ T cells (effector/effector memory) was observed within the
tumor compartment post-treatment. Within the stromal compartment, a highly significant
reduction in the number of CD3+ T cells was observed post-chemotherapy. A stratification
of cases based upon pathologic response at time of surgery showed that the presence of
CD3+CD45RO+ TIL as well as CD3+ CD8+ CD45RO+ TIL correlated with improved patient
outcomes, suggesting an association between the presence of effector/effector memory T
cells and pathologic response [87].

3.5. The T Cell Receptor Repertoire

The T cell receptor (TCR) is a unique protein complex that recognizes antigens, includ-
ing tumor neoantigens, that are bound to the major histocompatibility complex (MHC) as
peptides molecules [88]. TCR repertoire features include density, diversity, and clonality,
all of which have been evaluated as markers of the clinical benefit of ICI therapy [89]. TCR
repertoire can be assessed using high-throughput sequencing at the bulk and single-cell
level coupled with computational analysis in tumor and blood samples [25,44,90,91].

In the NEOSTAR trial, the increased T cell richness and clonality in resected tumors
from a limited number of early-stage NSCLC patients was more profound in patients treated
with nivolumab plus ipilimumab versus nivolumab, suggesting that there is a potential
ICI-induced tumor infiltration from peripheral blood that may result from immunologic
priming [38].

Forde et al. assessed the frequency of tumor-specific T cell clones in tumor and
peripheral blood from neoadjuvant nivolumab in resectable NSCLC [21]. The author
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observed that patients that achieved MPR after neoadjuvant immunotherapy have a higher
frequency of shared T cell clones between the tumor and peripheral blood than patients
with no MPR, and that, at the time of surgery, peripheral blood samples had an expansion
of T cell clones that were not found in pre-treatment peripheral blood [21,92]. In samples
from the same clinical trial, Caushi et al. [93] evaluated mutation-associated neoantigen
(MANA)-specific T cell clones in peripheral blood and observed that seven out of the
19 specific T cell responses for MANA that were detected one day before treatment were
still detected by day 44, and that new MANA T cell responses developed by day 44. One
patient with a MPR T cell clone specific for MANA rapidly expanded in peripheral blood
after neoadjuvant nivolumab, and three of those clones were also found in the primary
resected tumor and lymph node [93]. A later study evaluated the transcriptomic profile
of MANA-specific TILs, and, among other findings, T-cell dysfunction programs were
observed in non-MPR MANA-specific T cells, whereas MPR MANA-specific cells have
programs associated with memory and effector function [93].

In one exploratory study, the TCR repertoire assessed by NGS in pretreatment and
post-treatment tissue and peripheral blood samples from patients of the NADIM trial was
used to evaluate its predictive value. Uneven TCR repertoire diversity evaluated in tissue
samples associated with cPR, the top 1% of clones predicted better cPR than evenness,
and both biomarkers together were better predictors of cPR than PD-L1 and TMB. In this
study, the clonal space in the peripheral blood of the top 1% of clones in pretreatment tissue
samples was significantly reduced in patients with cPR, and no significant reductions were
observed in patients without cPR. Interestingly, comparing the immune gene expression
profile of pretreatment samples from patients with a high and low top 1% clonal space,
several immune gene signatures such as Interferon gamma and IL2 were differentially
expressed, suggesting that this biomarker can be used to predict response to therapy and
to evaluate tumor immunogenicity [94].

Large-scale studies are still needed to investigate the T cell repertoire in patients with
resectable NSCLC with neoadjuvant immunotherapy [13,92].

3.6. Tertiary Lymphoid Structures (TLS) and B-Lymphocytes

TLS are organized lymphoid structures composed of aggregates of B-cells, T-cells,
plasma cells, follicular dendritic cells, and high endothelial venules. These aggregates
develop in tumor tissue because of the complex interaction of stroma cells, immune cells,
and tumor cells. TLS are considered to be centers of the initiation of effective anti-tumor
immune response, including the presentation of neoantigens to T cells and dendritic cells
and the activation, proliferation, and differentiation of T and B cells [95]. TLS can be
observed in tumor tissue at different levels of maturation. Mature TLS are characterized
by displaying a germinal center, and they can be assessed by IHC using CD21 and CD23,
which highlights immature and mature follicular dendritic cells [90,95]. The presence of
TLS has been associated with a better response to ICI therapy in different cancer types
including NSCLC [91,95–102]. B cell subpopulations have been described as having dif-
ferent, important roles in tumorigenesis. They can act indirectly as an antigen-presenting
cell, enhance effector T cell response by secreting immunostimulatory cytokines such as
IL2, IL4, INF-gamma, and TNF-alpha, among others, and differentiate into plasma cells
and produce anti-tumor-cell antibodies that can activate, complement, and promote cel-
lular cytotoxicity [103]. A special B cell subpopulation, regulatory B cells, may impair
anti-tumor immune response by producing immunosuppressive cytokines such as IL10
and TGF-beta [104].

Histological studies of the tumor bed of resected NSCLC from patients treated with
neoadjuvant therapy have highlighted the presence of TLS, defined as lymphoid aggregates
with a germinal center and high endothelial venules assessed by H&E staining, as a feature
of immune activation in tumor samples with pCR and MPR [35].
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3.7. Circulating Tumor DNA

Circulating tumor DNA (ctDNA) is a cell-free DNA molecule that is released by apop-
totic and necrotic tumor cells into the bloodstream, contains matched somatic mutations,
and has been suggested as a sensitive biomarker to assess tumor response after neoadjuvant
therapy and correlate clinical benefit [105]. Reduced absent levels of ctDNA may potentially
predict the prolonged survival of patients treated with ICIs [106]. Because ctDNA sequenc-
ing of the tumor landscape may be captured using blood-based TMB (bTMB) measurement,
some studies have evaluated its predictive value in the response to therapy [107,108].

Although there is limited data on the predictive value of ctDNA to assess efficacy of
neoadjuvant treatment, the results of the Checkmate 816 and NADIM trials suggest that
ctDNA in a pretreatment sample is a potential early predictor of recurrence-free survival,
and that this may be a better predictor than radiologic assessment. In a subset of patients,
the phase 3 checkmate 816 trial evaluated ctDNA using a tumor-guided panel for WES.
ctDNA clearance was defined as a presurgical change from detectable ctDNA before cycle
1 to ctDNA negative before cycle 3. Patients with ctDNA clearance had a higher percentage
of cPR compared to patients without ctDNA clearance; patients treated with nivolumab and
chemotherapy had a higher percentage of ctDNA clearance compared to patients treated
with chemotherapy alone. Finally, ctDNA clearance was also associated with long event-
free survival in both treatment arms [21]. Similarly, in the NADIM trial, low ctDNA levels
assessed by NGS in baseline blood samples were associated with a better progression-free
survival and overall survival, and the assessment of ctDNA predicted survival better than
radiological assessment [12,109].

3.8. Circulating Peripheral Immune Cell Subsets and Cytokines

In NSCLC patients, there are dynamic changes in peripheral immune cell populations
and soluble proteins, including cytokines, following neoadjuvant immunotherapy [13].
Methods to identify immunophenotypes potentially related to ICI treatment efficacy in the
peripheral blood include plasma and serum-based cytokine multiplex detection platforms
and/or arrays, flow cytometry, and CyTOF [13,110]. An investigation of immune cell
subsets and cytokine changes in the peripheral blood has been performed in several clinical
trials of neoadjuvant immunotherapy for resectable NSCLC. In the LCMC3 trial, different
immune cell subset populations and potential therapy-induced modulation were assessed
in pre- and post-treatment blood samples from NSCLC patients who received neoadjuvant
atezolizumab. Patients who achieved MPR had a lower density of specific subsets of T-cells
and natural killer subsets compared to patients that did not achieve MPR [110]. Similarly,
in the NADIM trial, higher levels of soluble proteins associated with immune activation,
such as 4-1BB, were observed in patients who achieved a pCR as compared to those that
did not. Interestingly, prior to therapy, there was a trend towards a higher expression of
PD-1 on CD4+ T cells, CD8+ T cells, and NK cells in circulation in patients who achieved
pCR after neoadjuvant therapy, as well as a higher mean fluorescence intensity of cytotoxic
markers such as NKG2D and CD56 on CD8+ T cells [111].

3.9. Complete Blood Count (CBC)

Complete blood counts based on the absolute values and ratios of circulating blood
cells have been suggested as potential predictor markers of tumor response to ICIs [111,112].
Changes in peripheral blood count occur as the tumor stage progress and neoadjuvant ICIs
are received. Laza-Briviesca et al. [111], in the NADIM study, reported that, in patients with
early-stage NSCLC who received neoadjuvant chemotherapy plus nivolumab, a decrease
in the total peripheral of leucocytes, eosinophils, monocytes, neutrophils, erythrocytes,
and platelets was observed, as well as discreet changes in lymphocytes, basophils, and
lactate dehydrogenase (LDH). In the same study, post-treatment results showed a decrease
in peripheral NLR, with the M:L ratio and platelets-to-lymphocytes ratio (PLR) being
significantly lower in the blood of patients who achieved pathologic complete response
(pCR) [111].
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3.10. Gut Microbial-Derived Metabolites

Several studies have suggested that bacteria residing in the gut may determine anti-
cancer therapy efficacy with ICIs, due to its extensive influence in systemic immune
environment [113–115]. In the NEOSTAR trial, the gut microbiome was assessed using
targeted 16S ribosomal RNA gene sequencing and compared among groups based on MPR
status and nivolumab and nivolumab plus ipilimumab arms. No difference in diversity
was found based on MPR status. Paraprevotella and Akkermansia spp. were associated
with MPR in both arms, and an unclassified Ruminococcus sp. was associated with MPR
in the nivolumab plus ipilimumab arm. Dialister sp. Was associated with a decrease in
toxicity to nivolumab. Bifidobacterium and Enterobacter spp. and an unclassified genus of
Erysipelotrochaceae was associated with a reduced toxicity to dual therapy. Akkermansia sp.
and Bifidobacterium were correlated with TCR clonality, and Anaerofustis sp. Faecalibaculum
sp. And Ruminococcus_1 sp. were associated with T cell richness [38].

3.11. Other Host-Related Biomarkers

Other host immune-related biomarkers may be predictive of the response to neoadju-
vant therapy in early-stage NSCLC patients.

Several studies have shown that there are sex-based differences in the immune profile
of lung cancer tumors and in the therapy efficacy of ICIs [116–121]. Overall, women have a
stronger innate and adaptive immune response compared to men [119–121]. Additionally,
surgical resected lung adenocarcinoma from female patients were found to have a higher
infiltration of tumor-associated immune cells compared to male patients [121]. Furthermore,
several studies have shown that, overall, the treatment response with ICIs might be sex-
dependent. Male patients seemed to have more benefit from ICIs alone versus a control
when compared to female patients, and female patients exhibited more clinical benefits from
ICIs plus chemotherapy versus a control when compared to male patients [117,119,122–124].
In addition, female patients had higher immune-related adverse events [125]. These sex-
based differences may be related to sex hormones and sex-related genes, since many genes
on the X chromosome regulate diverse aspects of immune response (e.g., Toll-like receptors,
cytokine receptors such as IL2RG, and transcription factors such as FOXP3) [126–128].
Of note, some biomarkers, such as TMB, may have a greater predictive power in female
patients with NSCLC versus in male patients with NSCLC [123,125].

There is still limited data on sex-based differences with regard to clinical benefit in
patients treated with neoadjuvant immunotherapy in resectable NSCLC. In the Checkmate
816 trial, the median EFS was longer in female patients in both arms, specifically in patients
treated with nivolumab plus chemotherapy. The median EFS was not reached in female
patients, and, in male patients, the median EFS was 30.6 months. However, only a slight
difference was seen in pathological complete response in female (27.5%) compared to male
(22.7%) patients in the Nivolumab plus chemotherapy arm [12]. Larger studies are needed
to elucidate the role of sex as a predictive biomarker for the response to immunotherapy in
these settings.

Similarly, other factors that are associated with a distinct anti-tumor immune re-
sponse, such age, body mass index, and Human Leukocyte Antigen-1 (HLA-I) status,
may be further studied to better stratify early-stage NSCLC patients for neoadjuvant
immunotherapy [129–132].

4. Conclusions and Future Directions

Several clinical trials of neoadjuvant immunotherapy in resectable NSCLC have shown
promising results and have led to the recent approval of neoadjuvant immunotherapy in
resectable NSCLC. The proposal to use cPR and MPR as a surrogate endpoint of overall
survival in clinical trials has accelerated the development of clinical trials, including im-
munotherapy in neoadjuvant settings. The assessment of PR in resected samples represents
an opportunity to study the immune changes in the tumor bed that correlate with response,
as well as to identify mechanisms of resistance to therapy. Further studies using multiplex
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or high-plex techniques and computational tools will allow for a better assessment of the
different immune cell subsets, the spatial interactions among them, and the architectural
patterns of the tumor microenvironment. It is worth mentioning that correlative studies in
the aforementioned trials have allowed for the interrogation of several biomarkers that can
be evaluated in tumors, blood, and stool, and they have provided precious information
regarding the dynamics of the immune response in patients treated with neoadjuvant im-
munotherapy. There are several challenges that are now faced with respect to neoadjuvant
treatment in resectable NSCLC, including the validation of cPR and MPR as predictors of
long-term survival, the use of adjuvant therapy, and the stratification of patients according
to genomic alterations as well as to the identification of biomarkers or pathways that are
associated with resistance to immunotherapy. Successful designs of prospective clinical
trials of neoadjuvant immunotherapy will require a multidisciplinary team of clinicians
and investigators, as well as the use of immune monitoring strategies that can integrate the
analysis of histology-related features, genomic, transcriptomic, and phenotypic profiling,
and functional assays.
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Cancer: Epidemiology, Histological Classification, Targeted Therapies, and Immunotherapy. Cancers 2021, 13, 4705. [CrossRef]

73. Yuan, M.; Huang, L.-L.; Chen, J.-H.; Wu, J.; Xu, Q. The emerging treatment landscape of targeted therapy in non-small-cell lung
cancer. Signal Transduct. Target. Ther. 2019, 4, 61. [CrossRef] [PubMed]

74. Mazieres, J.; Drilon, A.; Lusque, A.; Mhanna, L.; Cortot, A.B.; Mezquita, L.; Thai, A.A.; Mascaux, C.; Couraud, S.; Veillon, R.;
et al. Immune checkpoint inhibitors for patients with advanced lung cancer and oncogenic driver alterations: Results from the
Immunotarget registry. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2019, 30, 1321–1328. [CrossRef]

75. Socinski, M.A.; Nishio, M.; Jotte, R.M.; Cappuzzo, F.; Orlandi, F.; Stroyakovskiy, D.; Nogami, N.; Rodriguez-Abreu, D.;
Moro-Sibilot, D.; Thomas, C.A.; et al. IMpower150 Final Overall Survival Analyses for Atezolizumab Plus Bevacizumab and
Chemotherapy in First-Line Metastatic Nonsquamous NSCLC. J. Thorac. Oncol. 2021, 16, 1909–1924. [CrossRef]

76. Carbone, D.; Lee, J.; Kris, M.; Wistuba, I.; Kwiatkowski, D.; Owen, D.; Bunn, P.; Johnson, B.; Oezkan, F.; Tang, Y.; et al. OA06.06
Clinical/Biomarker Data for Neoadjuvant Atezolizumab in Resectable Stage IB-IIIB NSCLC: Primary Analysis in the LCMC3
Study. J. Thorac. Oncol. 2021, 16, S115–S116. [CrossRef]

http://doi.org/10.1038/s41592-018-0069-0
http://doi.org/10.1038/nrc3239
http://doi.org/10.1016/j.cell.2015.03.030
http://www.ncbi.nlm.nih.gov/pubmed/25860605
http://doi.org/10.1016/j.jtho.2017.11.112
http://doi.org/10.1016/S1470-2045(21)00149-2
http://doi.org/10.1016/j.jtho.2020.01.017
http://doi.org/10.1038/nature12477
http://doi.org/10.18632/oncotarget.5950
http://doi.org/10.1200/JCO.2017.75.3384
http://doi.org/10.1200/JCO.2019.37.15_suppl.8503
http://doi.org/10.1016/S1470-2045(20)30140-6
http://doi.org/10.1101/gr.165985.113
http://doi.org/10.1056/NEJMc1713444
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-adults-and-children-tmb-h-solid-tumors
http://doi.org/10.3389/fonc.2020.00142
http://doi.org/10.1038/s41591-022-01754-x
http://doi.org/10.1186/s13045-019-0787-5
http://doi.org/10.1093/database/baz128
http://doi.org/10.3390/cancers13184705
http://doi.org/10.1038/s41392-019-0099-9
http://www.ncbi.nlm.nih.gov/pubmed/31871778
http://doi.org/10.1093/annonc/mdz167
http://doi.org/10.1016/j.jtho.2021.07.009
http://doi.org/10.1016/j.jtho.2021.01.294


Cancers 2022, 14, 2775 20 of 22

77. Reuss, J.E.; Anagnostou, V.; Cottrell, T.R.; Smith, K.N.; Verde, F.; Zahurak, M.; Lanis, M.; Murray, J.C.; Chan, H.Y.;
McCarthy, C.; et al. Neoadjuvant nivolumab plus ipilimumab in resectable non-small cell lung cancer. J. Immunother. Cancer 2020,
8, e001282. [CrossRef]

78. Skoulidis, F.; Heymach, J.V. Co-occurring genomic alterations in non-small-cell lung cancer biology and therapy. Nat. Rev. Cancer
2019, 19, 495–509. [CrossRef]

79. Skoulidis, F.; Goldberg, M.E.; Greenawalt, D.M.; Hellmann, M.D.; Awad, M.M.; Gainor, J.F.; Schrock, A.B.; Hartmaier, R.J.;
Trabucco, S.E.; Gay, L.; et al. STK11/LKB1 Mutations and PD-1 Inhibitor Resistance in KRAS-Mutant Lung Adenocarcinoma.
Cancer Discov. 2018, 8, 822–835. [CrossRef] [PubMed]

80. Stankovic, B.; Bjørhovde, H.A.K.; Skarshaug, R.; Aamodt, H.; Frafjord, A.; Müller, E.; Hammarström, C.; Beraki, K.; Bækkevold,
E.S.; Woldbæk, P.R.; et al. Immune Cell Composition in Human Non-small Cell Lung Cancer. Front. Immunol. 2018, 9, 3101.
[CrossRef]

81. Federico, L.; McGrail, D.J.; Bentebibel, S.E.; Haymaker, C.; Ravelli, A.; Forget, M.A.; Karpinets, T.; Jiang, P.; Reuben, A.; Negrao,
M.V.; et al. Distinct tumor-infiltrating lymphocyte landscapes are associated with clinical outcomes in localized non-small-cell
lung cancer. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2022, 33, 42–56. [CrossRef] [PubMed]

82. Hendry, S.; Salgado, R.; Gevaert, T.; Russell, P.A.; John, T.; Thapa, B.; Christie, M.; van de Vijver, K.; Estrada, M.V.; Gonzalez-
Ericsson, P.I.; et al. Assessing Tumor-Infiltrating Lymphocytes in Solid Tumors: A Practical Review for Pathologists and Proposal
for a Standardized Method from the International Immuno-Oncology Biomarkers Working Group: Part 2, TILs in Melanoma,
Gastrointestinal Tract Carcinomas, Non-Small Cell Lung Carcinoma and Mesothelioma, Endometrial and Ovarian Carcinomas,
Squamous Cell Carcinoma of the Head and Neck, Genitourinary Carcinomas, and Primary Brain Tumors. Adv. Anat. Pathol. 2017,
24, 311–335. [CrossRef]

83. Hendry, S.; Salgado, R.; Gevaert, T.; Russell, P.A.; John, T.; Thapa, B.; Christie, M.; van de Vijver, K.; Estrada, M.V.; Gonzalez-
Ericsson, P.I.; et al. Assessing Tumor-infiltrating Lymphocytes in Solid Tumors: A Practical Review for Pathologists and Proposal
for a Standardized Method From the International Immunooncology Biomarkers Working Group: Part 1, Assessing the Host
Immune Response, TILs in Invasive Breast Carcinoma and Ductal Carcinoma In Situ, Metastatic Tumor Deposits and Areas for
Further Research. Adv. Anat. Pathol. 2017, 24, 235–251. [CrossRef]

84. Parra, E.R.; Jiang, M.; Solis, L.; Mino, B.; Laberiano, C.; Hernandez, S.; Gite, S.; Verma, A.; Tetzlaff, M.; Haymaker, C.; et al.
Procedural Requirements and Recommendations for Multiplex Immunofluorescence Tyramide Signal Amplification Assays to
Support Translational Oncology Studies. Cancers 2020, 12, 255. [CrossRef]

85. Decalf, J.; Albert, M.L.; Ziai, J. New tools for pathology: A users review of a highly multiplexed method for in situ analysis of
protein and RNA expression in tissue. J. Pathol. 2019, 247, 650–661. [CrossRef]

86. Francisco-Cruz, A.; Parra, E.R.; Tetzlaff, M.T.; Wistuba, I.I. Multiplex Immunofluorescence Assays. Methods Mol. Biol. 2020, 2055,
467–495. [CrossRef]

87. Provencio, M.; Nadal, E.; Insa, A.; García-Campelo, M.R.; Casal-Rubio, J.; Dómine, M.; Majem, M.; Rodríguez-Abreu, D.;
Martínez-Martí, A.; De Castro Carpeño, J.; et al. Neoadjuvant chemotherapy and nivolumab in resectable non-small-cell lung
cancer (NADIM): An open-label, multicentre, single-arm, phase 2 trial. Lancet Oncol. 2020, 21, 1413–1422. [CrossRef]

88. Schumacher, T.N.; Scheper, W.; Kvistborg, P. Cancer Neoantigens. Annu. Rev. Immunol. 2019, 37, 173–200. [CrossRef]
89. Kidman, J.; Principe, N.; Watson, M.; Lassmann, T.; Holt, R.A.; Nowak, A.K.; Lesterhuis, W.J.; Lake, R.A.; Chee, J. Characteristics

of TCR Repertoire Associated with Successful Immune Checkpoint Therapy Responses. Front. Immunol. 2020, 11, 2668. [CrossRef]
90. Werner, F.; Wagner, C.; Simon, M.; Glatz, K.; Mertz, K.D.; Laubli, H.; Griss, J.; Wagner, S.N. A Standardized Analysis of Tertiary

Lymphoid Structures in Human Melanoma: Disease Progression- and Tumor Site-Associated Changes with Germinal Center
Alteration. Front. Immunol. 2021, 12, 2522. [CrossRef] [PubMed]

91. Munoz-Erazo, L.; Rhodes, J.L.; Marion, V.C.; Kemp, R.A. Tertiary lymphoid structures in cancer-considerations for patient
prognosis. Cell. Mol Immunol. 2020, 17, 570–575. [CrossRef]

92. Zhang, J.; Ji, Z.; Caushi, J.X.; El Asmar, M.; Anagnostou, V.; Cottrell, T.R.; Chan, H.Y.; Suri, P.; Guo, H.; Merghoub, T.; et al.
Compartmental Analysis of T-cell Clonal Dynamics as a Function of Pathologic Response to Neoadjuvant PD-1 Blockade in
Resectable Non-Small Cell Lung Cancer. Clin. Cancer Res. 2020, 26, 1327–1337. [CrossRef]

93. Caushi, J.X.; Zhang, J.; Ji, Z.; Vaghasia, A.; Zhang, B.; Hsiue, E.H.-C.; Mog, B.J.; Hou, W.; Justesen, S.; Blosser, R.; et al.
Transcriptional programs of neoantigen-specific TIL in anti-PD-1-treated lung cancers. Nature 2021, 596, 126–132. [CrossRef]

94. Casarrubios, M.; Cruz-Bermúdez, A.; Nadal, E.; Insa, A.; García Campelo, M.D.R.; Lázaro, M.; Dómine, M.; Majem, M.; Rodríguez-
Abreu, D.; Martínez-Martí, A.; et al. Pretreatment Tissue TCR Repertoire Evenness Is Associated with Complete Pathologic
Response in Patients with NSCLC Receiving Neoadjuvant Chemoimmunotherapy. Clin. Cancer Res. 2021, 27, 5878–5890.
[CrossRef]

95. Qin, M.; Jin, Y.; Pan, L.Y. Tertiary lymphoid structure and B-cell-related pathways: A potential target in tumor immunotherapy.
Oncol. Lett. 2021, 22, 836. [CrossRef]

96. Sautes-Fridman, C.; Petitprez, F.; Calderaro, J.; Fridman, W.H. Tertiary lymphoid structures in the era of cancer immunotherapy.
Nat. Rev. Cancer 2019, 19, 307–325. [CrossRef]

97. Dieu-Nosjean, M.C.; Goc, J.; Giraldo, N.A.; Sautes-Fridman, C.; Fridman, W.H. Tertiary lymphoid structures in cancer and beyond.
Trends Immunol. 2014, 35, 571–580. [CrossRef]

http://doi.org/10.1136/jitc-2020-001282
http://doi.org/10.1038/s41568-019-0179-8
http://doi.org/10.1158/2159-8290.CD-18-0099
http://www.ncbi.nlm.nih.gov/pubmed/29773717
http://doi.org/10.3389/fimmu.2018.03101
http://doi.org/10.1016/j.annonc.2021.09.021
http://www.ncbi.nlm.nih.gov/pubmed/34653632
http://doi.org/10.1097/pap.0000000000000161
http://doi.org/10.1097/PAP.0000000000000162
http://doi.org/10.3390/cancers12020255
http://doi.org/10.1002/path.5223
http://doi.org/10.1007/978-1-4939-9773-2_22
http://doi.org/10.1016/S1470-2045(20)30453-8
http://doi.org/10.1146/annurev-immunol-042617-053402
http://doi.org/10.3389/fimmu.2020.587014
http://doi.org/10.3389/fimmu.2021.675146
http://www.ncbi.nlm.nih.gov/pubmed/34248957
http://doi.org/10.1038/s41423-020-0457-0
http://doi.org/10.1158/1078-0432.CCR-19-2931
http://doi.org/10.1038/s41586-021-03752-4
http://doi.org/10.1158/1078-0432.CCR-21-1200
http://doi.org/10.3892/ol.2021.13097
http://doi.org/10.1038/s41568-019-0144-6
http://doi.org/10.1016/j.it.2014.09.006


Cancers 2022, 14, 2775 21 of 22

98. Fridman, W.H.; Zitvogel, L.; Sautes-Fridman, C.; Kroemer, G. The immune contexture in cancer prognosis and treatment. Nat.
Rev. Clin. Oncol. 2017, 14, 717–734. [CrossRef]

99. Germain, C.; Gnjatic, S.; Tamzalit, F.; Knockaert, S.; Remark, R.; Goc, J.; Lepelley, A.; Becht, E.; Katsahian, S.; Bizouard, G.; et al.
Presence of B cells in tertiary lymphoid structures is associated with a protective immunity in patients with lung cancer. Am. J.
Respir. Crit. Care Med. 2014, 189, 832–844. [CrossRef] [PubMed]

100. Schumacher, T.N.; Thommen, D.S. Tertiary lymphoid structures in cancer. Science 2022, 375, eabf9419. [CrossRef] [PubMed]
101. Helmink, B.A.; Reddy, S.M.; Gao, J.; Zhang, S.; Basar, R.; Thakur, R.; Yizhak, K.; Sade-Feldman, M.; Blando, J.; Han, G.; et al. B

cells and tertiary lymphoid structures promote immunotherapy response. Nature 2020, 577, 549–555. [CrossRef]
102. Cabrita, R.; Lauss, M.; Sanna, A.; Donia, M.; Skaarup Larsen, M.; Mitra, S.; Johansson, I.; Phung, B.; Harbst, K.; Vallon-Christersson,

J.; et al. Tertiary lymphoid structures improve immunotherapy and survival in melanoma. Nature 2020, 577, 561–565. [CrossRef]
103. Lund, F.E. Cytokine-producing B lymphocytes-key regulators of immunity. Curr. Opin. Immunol. 2008, 20, 332–338. [CrossRef]

[PubMed]
104. Wang, S.S.; Liu, W.; Ly, D.; Xu, H.; Qu, L.; Zhang, L. Tumor-infiltrating B cells: Their role and application in anti-tumor immunity

in lung cancer. Cell. Mol. Immunol. 2019, 16, 6–18. [CrossRef]
105. Anker, P.; Mulcahy, H.; Chen, X.Q.; Stroun, M. Detection of circulating tumour DNA in the blood (plasma/serum) of cancer

patients. Cancer Metastasis Rev. 1999, 18, 65–73. [CrossRef] [PubMed]
106. Giroux Leprieur, E.; Herbretau, G.; Dumenil, C.; Julie, C.; Giraud, V.; Labrune, S.; Dumoulin, J.; Tisserand, J.; Emile, J.F.; Blons, H.;

et al. Circulating tumor DNA evaluated by Next-Generation Sequencing is predictive of tumor response and prolonged clinical
benefit with nivolumab in advanced non-small cell lung cancer. Oncoimmunology 2018, 7, e1424675. [CrossRef] [PubMed]

107. Gandara, D.R.; Paul, S.M.; Kowanetz, M.; Schleifman, E.; Zou, W.; Li, Y.; Rittmeyer, A.; Fehrenbacher, L.; Otto, G.; Malboeuf, C.;
et al. Blood-based tumor mutational burden as a predictor of clinical benefit in non-small-cell lung cancer patients treated with
atezolizumab. Nat. Med. 2018, 24, 1441–1448. [CrossRef] [PubMed]

108. Goldberg, S.B.; Narayan, A.; Kole, A.J.; Decker, R.H.; Teysir, J.; Carriero, N.J.; Lee, A.; Nemati, R.; Nath, S.K.; Mane, S.M.; et al.
Early Assessment of Lung Cancer Immunotherapy Response via Circulating Tumor DNA. Clin. Cancer Res. 2018, 24, 1872–1880.
[CrossRef]

109. Romero, A.; Nadal, E.; Serna, R.; Insa, A.; Campelo, M.R.G.; Benito, C.; Domine, M.; Majem, M.; Abreu, D.R.; Martinez-
Marti, A.; et al. OA20.02 Pre-Treatment Levels of ctDNA for Long-Term Survival Prediction in Stage IIIA NSCLC Treated with
Neoadjuvant Chemo-Immunotherapy. J. Thorac. Oncol. 2021, 16, S883–S884. [CrossRef]

110. Oezkan, F.; He, K.; Owen, D.; Pietrzak, M.; Rusch, V.W.; Chaft, J.E.; Kitzler, R.; Nicholas, A.; Schulze, K.; Johnson, A.; et al.
Neoadjuvant Atezolizumab in Resectable NSCLC Patients: Immunophenotyping Results from the Interim Analysis of the
Multicenter Trail LCMC3. J. Thorac. Oncol. 2019, 14, S242–S243. [CrossRef]

111. Laza-Briviesca, R.; Casarrubios, M.; Nadal, E.; Insa, A.; Garcia-Campelo, R.; Alvarez, N.d.; Domine, M.; Massuti, B.; Majem,
M.; Rodriguez-Abreu, D.; et al. Biomarkers of Pathological Response on Neo-Adjuvant Chemo-Immunotherapy Treatment for
Resectable Stage IIIA NSCLC Patients. J. Thorac. Oncol. 2019, 14, e20026. [CrossRef]

112. Ren, F.; Zhao, T.; Liu, B.; Pan, L. Neutrophil-lymphocyte ratio (NLR) predicted prognosis for advanced non-small-cell lung cancer
(NSCLC) patients who received immune checkpoint blockade (ICB). OncoTargets Ther. 2019, 12, 4235–4244. [CrossRef]

113. Zitvogel, L.; Ma, Y.; Raoult, D.; Kroemer, G.; Gajewski, T.F. The microbiome in cancer immunotherapy: Diagnostic tools and
therapeutic strategies. Science 2018, 359, 1366–1370. [CrossRef]

114. Gopalakrishnan, V.; Helmink, B.A.; Spencer, C.N.; Reuben, A.; Wargo, J.A. The Influence of the Gut Microbiome on Cancer,
Immunity, and Cancer Immunotherapy. Cancer Cell 2018, 33, 570–580. [CrossRef]

115. Rooks, M.G.; Garrett, W.S. Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol. 2016, 16, 341–352. [CrossRef]
116. Bai, R.; Lv, Z.; Xu, D.; Cui, J. Predictive biomarkers for cancer immunotherapy with immune checkpoint inhibitors. Biomark. Res.

2020, 8, 34. [CrossRef] [PubMed]
117. Conforti, F.; Pala, L.; Bagnardi, V.; De Pas, T.; Martinetti, M.; Viale, G.; Gelber, R.D.; Goldhirsch, A. Cancer immunotherapy

efficacy and patients sex: A systematic review and meta-analysis. Lancet Oncol. 2018, 19, 737–746. [CrossRef]
118. Wu, Y.; Ju, Q.; Jia, K.; Yu, J.; Shi, H.; Wu, H.; Jiang, M. Correlation between sex and efficacy of immune checkpoint inhibitors (PD-1

and CTLA-4 inhibitors). Int. J. Cancer 2018, 143, 45–51. [CrossRef] [PubMed]
119. Wang, S.; Cowley, L.A.; Liu, X.-S. Sex Differences in Cancer Immunotherapy Efficacy, Biomarkers, and Therapeutic Strategy.

Molecules 2019, 24, 3214. [CrossRef] [PubMed]
120. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638. [CrossRef]
121. Behrens, C.; Rocha, P.; Parra, E.R.; Feng, L.; Rodriguez-Canales, J.; Solis, L.M.; Mino, B.; Zhang, J.; Gibbons, D.L.; Sepesi, B.; et al.

Female Gender Predicts Augmented Immune Infiltration in Lung Adenocarcinoma. Clin. Lung Cancer 2021, 22, e415–e424.
[CrossRef]

122. Botticelli, A.; Onesti, C.E.; Zizzari, I.; Cerbelli, B.; Sciattella, P.; Occhipinti, M.; Roberto, M.; Di Pietro, F.; Bonifacino, A.; Ghidini,
M.; et al. The sexist behaviour of immune checkpoint inhibitors in cancer therapy? Oncotarget 2017, 8, 99336–99346. [CrossRef]

123. Xiao, D.; Pan, H.; Li, F.; Wu, K.; Zhang, X.; He, J. Analysis of ultra-deep targeted sequencing reveals mutation burden is associated
with gender and clinical outcome in lung adenocarcinoma. Oncotarget 2016, 7, 22857–22864. [CrossRef] [PubMed]

124. Ramsey, J.M.; Cooper, J.D.; Penninx, B.W.; Bahn, S. Variation in serum biomarkers with sex and female hormonal status:
Implications for clinical tests. Sci. Rep. 2016, 6, 26947. [CrossRef] [PubMed]

http://doi.org/10.1038/nrclinonc.2017.101
http://doi.org/10.1164/rccm.201309-1611OC
http://www.ncbi.nlm.nih.gov/pubmed/24484236
http://doi.org/10.1126/science.abf9419
http://www.ncbi.nlm.nih.gov/pubmed/34990248
http://doi.org/10.1038/s41586-019-1922-8
http://doi.org/10.1038/s41586-019-1914-8
http://doi.org/10.1016/j.coi.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18417336
http://doi.org/10.1038/s41423-018-0027-x
http://doi.org/10.1023/A:1006260319913
http://www.ncbi.nlm.nih.gov/pubmed/10505546
http://doi.org/10.1080/2162402X.2018.1424675
http://www.ncbi.nlm.nih.gov/pubmed/29721388
http://doi.org/10.1038/s41591-018-0134-3
http://www.ncbi.nlm.nih.gov/pubmed/30082870
http://doi.org/10.1158/1078-0432.CCR-17-1341
http://doi.org/10.1016/j.jtho.2021.08.102
http://doi.org/10.1016/j.jtho.2019.08.482
http://doi.org/10.1016/j.jtho.2019.08.1515
http://doi.org/10.2147/OTT.S199176
http://doi.org/10.1126/science.aar6918
http://doi.org/10.1016/j.ccell.2018.03.015
http://doi.org/10.1038/nri.2016.42
http://doi.org/10.1186/s40364-020-00209-0
http://www.ncbi.nlm.nih.gov/pubmed/32864131
http://doi.org/10.1016/S1470-2045(18)30261-4
http://doi.org/10.1002/ijc.31301
http://www.ncbi.nlm.nih.gov/pubmed/29424425
http://doi.org/10.3390/molecules24183214
http://www.ncbi.nlm.nih.gov/pubmed/31487832
http://doi.org/10.1038/nri.2016.90
http://doi.org/10.1016/j.cllc.2020.06.003
http://doi.org/10.18632/oncotarget.22242
http://doi.org/10.18632/oncotarget.8213
http://www.ncbi.nlm.nih.gov/pubmed/27009843
http://doi.org/10.1038/srep26947
http://www.ncbi.nlm.nih.gov/pubmed/27240929


Cancers 2022, 14, 2775 22 of 22

125. Duma, N.; Abdel-Ghani, A.; Yadav, S.; Hoversten, K.P.; Reed, C.T.; Sitek, A.N.; Enninga, E.A.L.; Paludo, J.; Aguilera, J.V.;
Leventakos, K.; et al. Sex Differences in Tolerability to Anti-Programmed Cell Death Protein 1 Therapy in Patients with Metastatic
Melanoma and Non-Small Cell Lung Cancer: Are We All Equal? Oncologist 2019, 24, e1148–e1155. [CrossRef] [PubMed]

126. Pauklin, S.; Sernández, I.V.; Bachmann, G.; Ramiro, A.R.; Petersen-Mahrt, S.K. Estrogen directly activates AID transcription and
function. J. Exp. Med. 2009, 206, 99–111. [CrossRef]

127. Straub, R.H. The complex role of estrogens in inflammation. Endocr. Rev. 2007, 28, 521–574. [CrossRef] [PubMed]
128. Beagley, K.W.; Gockel, C.M. Regulation of innate and adaptive immunity by the female sex hormones oestradiol and progesterone.

FEMS Immunol. Med. Microbiol. 2003, 38, 13–22. [CrossRef]
129. Kugel, C.H., 3rd; Douglass, S.M.; Webster, M.R.; Kaur, A.; Liu, Q.; Yin, X.; Weiss, S.A.; Darvishian, F.; Al-Rohil, R.N.;

Ndoye, A.; et al. Age Correlates with Response to Anti-PD1, Reflecting Age-Related Differences in Intratumoral Effector and
Regulatory T-Cell Populations. Clin. Cancer Res. 2018, 24, 5347–5356. [CrossRef] [PubMed]

130. Nishijima, T.F.; Muss, H.B.; Shachar, S.S.; Moschos, S.J. Comparison of efficacy of immune checkpoint inhibitors (ICIs) between
younger and older patients: A systematic review and meta-analysis. Cancer Treat. Rev. 2016, 45, 30–37. [CrossRef] [PubMed]

131. Wang, Z.; Aguilar, E.G.; Luna, J.I.; Dunai, C.; Khuat, L.T.; Le, C.T.; Mirsoian, A.; Minnar, C.M.; Stoffel, K.M.; Sturgill, I.R.; et al.
Paradoxical effects of obesity on T cell function during tumor progression and PD-1 checkpoint blockade. Nat. Med. 2019, 25,
141–151. [CrossRef]

132. Chowell, D.; Morris, L.G.T.; Grigg, C.M.; Weber, J.K.; Samstein, R.M.; Makarov, V.; Kuo, F.; Kendall, S.M.; Requena, D.;
Riaz, N.; et al. Patient HLA class I genotype influences cancer response to checkpoint blockade immunotherapy. Science 2018, 359,
582–587. [CrossRef]

http://doi.org/10.1634/theoncologist.2019-0094
http://www.ncbi.nlm.nih.gov/pubmed/31036771
http://doi.org/10.1084/jem.20080521
http://doi.org/10.1210/er.2007-0001
http://www.ncbi.nlm.nih.gov/pubmed/17640948
http://doi.org/10.1016/S0928-8244(03)00202-5
http://doi.org/10.1158/1078-0432.CCR-18-1116
http://www.ncbi.nlm.nih.gov/pubmed/29898988
http://doi.org/10.1016/j.ctrv.2016.02.006
http://www.ncbi.nlm.nih.gov/pubmed/26946217
http://doi.org/10.1038/s41591-018-0221-5
http://doi.org/10.1126/science.aao4572

	Introduction 
	Pathological Response 
	Pathological Response Evaluation in Tumors after Neoadjuvant Immunotherapy 
	Computational Pathology for the Assessment of MPR 

	Biomarkers for Potential Use as Predictors of Neoadjuvant Immunotherapy Efficacy 
	PD-L1 Expression in Tumor and Stromal Cells 
	Tumor Mutation Burden (TMB) 
	Oncogenic Driver Alterations 
	Tumor-Associated Immune Cells 
	The T Cell Receptor Repertoire 
	Tertiary Lymphoid Structures (TLS) and B-Lymphocytes 
	Circulating Tumor DNA 
	Circulating Peripheral Immune Cell Subsets and Cytokines 
	Complete Blood Count (CBC) 
	Gut Microbial-Derived Metabolites 
	Other Host-Related Biomarkers 

	Conclusions and Future Directions 
	References

