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Introduction

Non-small  cel l  lung cancer (NSCLC) represents 
approximately 85% of all newly diagnosed cases of lung 
cancer (1). Among them, approximately 20% of cases are 
characterized as localized disease (stage I and II), 25% 
as locally advanced disease (stage III), and 55% of cases 
are metastatic disease (stage IV) (2). Surgical resection is 
the preferred treatment option for patients with early-
stage and some locally advanced NSCLC; however, more 
than 50% of patients who are treated with surgery alone 

will develop local or distant recurrence (3). Introduction 
of chemotherapy before (neoadjuvant) or after (adjuvant) 
surgery provides an absolute improvement of approximately 
5% in 5-year overall survival (OS) (4-6) and is a source of 
considerable toxicity. Consequently, there is an urgent need 
to implement new therapeutic strategies for patients with 
operable NSCLC. While advances in the development of 
new perioperative treatments for patients with resectable 
NSCLC have lagged behind, the treatment of patients with 
advanced/metastatic NSCLC has changed dramatically 
over recent years. Treatment plans are now informed by 
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extensive molecular testing and many patients receive 
treatment with small molecule inhibitors that target somatic 
genomic aberrations (7), which have been shown to provide 
a survival benefit for some patients (8). 

Antibodies directed against the immune checkpoint 
proteins programmed cell death 1 (PD-1) protein and 
its ligand (PD-L1), lead to the activation of cytotoxic 
T cell effector function and have been shown to be an 
effective treatment approach for a subset of patients with 
unresectable locally advanced, and metastatic NSCLC (9). 
Immune checkpoint inhibitors (ICIs) are also less toxic 
than chemotherapy and may impart immunologic memory, 
and thus provide durable clinical benefit (10). Given their 
success in the locally advanced unresectable and metastatic 
disease settings, it is not surprising that ICIs are now being 
evaluated as neoadjuvant therapy for patients with operable 
NSCLC. 

The administration of ICIs in the neoadjuvant setting 
offers several theoretical advantages. For example, because 
patients with early-stage disease are at risk of relapse after 
surgery, neoadjuvant ICIs could prime the antitumor immune 
response at an early time point, eradicate micrometastatic 
disease, and prevent tumor relapse. Neoadjuvant treatment 
also provides an opportunity for early assessment of tumor 
response to therapy using candidate surrogate endpoints of 
clinical efficacy at surgery that can correlate with disease-free 
survival (DFS) and OS. Furthermore, neoadjuvant treatment 
may prove beneficial because early-stage lung cancers may 
possess higher clonal neoantigen burden which has been 
shown to correlate with improved survival as compared 
to that of patients with more heterogeneous (subclonal) 
neoantigens within their tumor (11). 

The development of new perioperative treatment 
strategies for resectable NSCLC was hindered by a lack 
of surrogate endpoints of clinical efficacy. However, 
retrospective and, more recently, small-scale early-phase 
prospective studies have shown that major pathologic 
response (MPR), defined as 10% or less viable tumor in 
resected tumor specimens at surgery, is associated with 
long-term survival in patients with NSCLC treated with 
neoadjuvant chemotherapy (12-15). MPR was previously 
defined following neoadjuvant chemotherapy (12), and the 
utility of MPR as a candidate surrogate endpoint to rapidly 
evaluate the clinical efficacy of neoadjuvant ICIs remains 
unclear. Currently, there are several phase II and III 
clinical trials underway examining neoadjuvant ICI-based 
treatments in patients with operable NSCLC that are using 
MPR as a surrogate endpoint of efficacy (Tables 1 and 2).  

Early studies investigating neoadjuvant ICIs have 
reported MPR rates ranging between 17% and 45%  
(16-21). In the first feasibility study (NCT02259621), two 
doses of neoadjuvant nivolumab (anti-PD-1 antibody) 
induced a 45% MPR rate in 20 resected patients with 
NSCLC with no major delays in surgery (16). Three 
patients achieved pathologic complete response (pCR; 0% 
viable tumor cells), however, in one of them, residual tumor 
was seen in hilar lymph nodes (16). In the multicenter 
Lung Cancer Mutation Consortium (LCMC3) study 
(NCT02927301), two cycles of neoadjuvant atezolizumab 
(anti-PD-L1 antibody) induced a 19% MPR rate and 5% 
of evaluable patients achieved a pCR (17). In a neoadjuvant 
study evaluating the PD-1 inhibitor sintilimab (anti-
PD-1 antibody) in 37 Chinese patients with resectable 
NSCLC, two doses of neoadjuvant therapy induced an 
MPR rate of 40.5% in patients, including 16.2% with pCR 
in the primary tumor and 8.1% in the lymph nodes (21).  
Initial results from the first phase II randomized, single-
institution study, NEOSTAR (NCT03158129), which 
tested neoadjuvant nivolumab as single agent or combined 
with ipilimumab (anti-cytotoxic T-lymphocyte-associated 
protein 4 [CTLA-4] antibody) in 44 patients with 
resectable NSCLC, revealed that three doses of nivolumab 
monotherapy produced a 17% MPR rate, including a 9% 
pCR rate, whereas combination therapy induced a 33% 
MPR rate, including a 29% pCR rate, in the intention-to-
treat patient population (18). ICIs are now being tested 
in combination with platinum doublet chemotherapy in 
patients with resectable NSCLC and early results have 
demonstrated MPR rates ranging between 57% and 83% 
following chemotherapy plus PD-1/PDL-1 inhibition, and 
pCR rates reported between 33% and 63% in two studies 
(22,23). 

While the initial results from clinical testing of ICIs in 
patients with resectable NSCLC are encouraging, responses 
to neoadjuvant ICI therapies are not uniform and many 
tumors are refractory to treatment for reasons that are 
poorly understood. Therefore, there is an urgent need to 
identify biomarkers of response to neoadjuvant ICIs in 
order to maximize clinical benefit. Biomarkers will optimize 
selection of patients for the most appropriate therapy, 
mitigate unnecessary toxicities and risks, and reduce 
healthcare costs. In the sections below, we summarized 
current studies evaluating neoadjuvant ICIs for patients 
with resectable NSCLC and discussed emerging biomarkers 
(Figure 1) under investigation for neoadjuvant immune-
based therapies in these patients.
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Table 1 Select phase I-II clinical trials investigating neoadjuvant immune checkpoint inhibitor/s in patients with operable NSCLC

Trial name (Registry 
number) clinicaltrials.
gov

NSCLC 
stage

Estimated 
enrollment

Neoadjuvant arm Adjuvant arm Primary endpoint Phase

MK3475-223 
(NCT02938624)

I‒II N=28 Pembrolizumab SoC Toxicity, MPR I

NCT02259621 IB‒IIIA N=30 Nivolumab +/– Ipilimumab SoC Safety and 
Feasibility

II

LCMC3 
(NCT02927301)

IB‒IIIB N=180 Atezolizumab Atezolizumab MPR II

NEOSTAR 
(NCT03158129)

I‒IIIA N=88 Arm A: Nivolumab Arm A: SoC MPR II

Arm B: Nivolumab+ Ipilimumab Arm B: SoC

Arm C: Nivolumab + Platinum 
doublet CT

Arm C: SoC

Arm D: Nivolumab + Ipilimumab 
+ Platinum doublet CT

Arm D: SoC

NADIM 
(NCT03081689)

IIIA‒N2 N=46 Nivolumab + Carboplatin + 
Paclitaxel

Nivolumab 24-month PFS II

NADIM II 
(NCT03838159)

IIIA/IIIB N= 90 Nivolumab + Carboplatin + 
Paclitaxel

Nivolumab pCR II

Carboplatin + Paclitaxel

NCT02716038 IB‒IIIA N=30 Atezolizumab + carboplatin + 
Nab-paclitaxel

SoC MPR II

NEOCOAST 
(NCT03794544)

I‒IIIA N=160 Arm A: Durvalumab Arm A: SoC MPR II

Arm B: Durvalumab + Oleclumab Arm B: SoC

Arm C: Durvalumab + 
Monalizumab

Arm C: SoC

Arm D: Durvalumab + 
Danvatirsen

Arm D: SoC

TOP 1501 
(NCT02818920)

IB‒IIIA N=35 Pembrolizumab CT+/– RT, 
Pembrolizumab

Surgical feasibility 
rate

II

SAKK 16/14 
(NCT02572843)

IIIA N=68 Chemotherapy + Durvalumab Durvalumab +/– RT EFS II

NEOMUN 
(NCT03197467)

II‒IIIA N=30 Pembrolizumab SoC Feasibility, 
safety, clinical 
and pathologic 

responses

II

NCT03237377 IIIA N=32 Durvalumab + RT SoC Toxicities, 
Feasibility of 
Preoperative 
ImmunoRT

II

Durvalumab + Tremelimumab + 
RT

SoC

NCT02904954 I‒IIIA N=60 Arm 1: Durvalumab Arm 1: Durvalumab DFS II

Arm 2: Durvalumab + SBRT Arm 2: Durvalumab

Table 1 (Continued)
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Table 1 (Continued)

Trial name (Registry 
number) clinicaltrials.
gov

NSCLC 
stage

Estimated 
enrollment

Neoadjuvant arm Adjuvant arm Primary endpoint Phase

PRICNEPS 
(NCT02994576)

IA‒IIIA  
(no N2)

N=60 Atezolizumab SoC Toxicity II

IONESCO 
(NCT03030131)

IB‒II N=81 Durvalumab SoC R0 resection II

CANOPY N (NCT 
03968419)

IB‒IIIA N=110 Canakinumab +/– 
Pembrolizumab

SoC MPR II

SoC, standard of care; MPR, major pathologic response; CT, chemotherapy; RT, radiation therapy; SBRT, stereotactic body radiation 
therapy; PFS, progression free survival; pCR, pathologic complete response; EFS, event free-survival; DFS, disease free survival. 

Table 2 Randomized phase III clinical trials investigating neoadjuvant immune checkpoint inhibitors in combination with platinum-doublet 
chemotherapy in patients with operable NSCLC

Trial name (Registry 
number) clinicaltrials.
gov

NSCLC 
stage

Estimated 
enrollment

Neoadjuvant arm Adjuvant arm
Primary 
endpoint

Phase

KEYNOTE-671 
(NCT03425643)

IIB‒IIIA N=786 Pembrolizumab + platinum doublet CT 
(Cisplatin + Gemcitabine/Pemetrexed)

Pembrolizumab EFS, OS III

Placebo + platinum doublet CT 
(Cisplatin + Gemcitabine/Pemetrexed)

Placebo

Checkmate 816 
(NCT02998528)

IB‒IIIA N=350 Platinum doublet CT CT +/– RT EFS, pCR III

Nivolumab + platinum doublet CT CT +/– RT

Nivolumab + Ipilimumab CT +/– RT

Impower 030 
(NCT03456063)

II‒IIIB 
(cT3N2)

N=374 Arm A: Atezolizumab + platinum 
doublet CT

Arm A: Atezolizumab MPR, EFS III

Arm B: Placebo + platinum doublet CT Arm B: Placebo

Checkmate77T 
(NCT04025879)

II‒IIIB N=452 Nivolumab + platinum doublet CT Nivolumab EFS III

Placebo + platinum doublet CT Placebo

AEGEAN 
(NCT03800134)

II‒III N=800 Arm 1: Durvalumab + platinum doublet 
CT

Arm 1: SoC MPR, EFS III

Arm 2: Placebo + platinum doublet CT Arm 2: SoC

CT, chemotherapy; RT, radiation therapy; EFS, event free-survival; OS, overall survival; pCR, pathologic complete response; MPR, major 
pathologic response; SoC, standard of care.

Tissue-based biomarkers

Tumor and stromal cell PD-L1 expression

The PD-1 immune checkpoint receptor is expressed 
on activated lymphocytes while its ligand PD-L1 is 
expressed on immune cells such as T cells, B cells, 
macrophages, and dendritic cells and also on a wide range 
of tumor cells (24,25). Treatment with PD-1 and PD-

L1 ICIs is designed to facilitate immune clearance of 
tumors that rely on these checkpoint proteins to avoid  
immunosurveillance (26). Several studies have evaluated 
immunohistochemical (IHC) staining of PD-L1 on tumor 
cells and tumor-infiltrating immune cells as a biomarker of 
response to ICIs in the metastatic setting (27-38). To date, 
with very few exceptions, PD-L1 expression has been used 
as the main selection marker to predict responses to first-
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Figure 1 Biomarkers under investigation for neoadjuvant immune checkpoint inhibitors in operable NSCLC. PD-L1, programmed cell 
death-ligand 1; TILs, tumor infiltrating lymphocytes; TLS, tertiary lymphoid structures; TMB, tumor mutation burden; TCR, T cell 
receptor; ITH, intratumoral heterogeneity; SUVmax, maximum standardized uptake values; NK, natural killer cells; PD-1, programmed cell 
death-1; NLR, neutrophil to lymphocyte ratio; M,L, myeloid to lymphoid ratio; PLR, platelet to lymphocyte ratio; ctDNA, circulating 
tumor DNA; bTMB, blood-based tumor mutation burden.

Tissue-based Biomarkers
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line therapy for metastatic NSCLC. In a phase I clinical 
study, 36% of patients with ≥5% PD-L1 expression on 
NSCLC tumors prior to therapy experienced a response 
to anti-PD-1 treatment, while patients whose tumors 
failed to express detectable levels of PD-L1 did not benefit 
from therapy (39). In patients with metastatic NSCLC, 
higher levels of tumor PD-L1 expression correlated 
with improved outcomes to pembrolizumab (anti-PD-1 
antibody) treatment (33,34).

The utility of PD-L1 as a biomarker of response to 
neoadjuvant ICIs in NSCLC is being investigated (16-22). 
In the first feasibility study of 21 patients with operable 
NSCLC treated with neoadjuvant nivolumab, there was 
no association between MPR and expression of PD-L1 
in pretreatment tumor biopsies (16). In this study, PD-
L1 staining and multispectral immunofluorescence were 
performed on tumor sections to analyze PD-L1 expression 
on tumor and immune cells (16). While MPR was observed 
in both PD-L1 positive and negative tumors, in one 
case, the pretreatment biopsy specimen showed PD-L1 
negative tumor cells but PD-L1 positive tumor infiltrating 
immune cells (16). Analysis of the matched posttreatment 
surgical specimen showed high influx of CD8+ T cells and 

infiltrating immune cells expressing elevated levels of PD-
L1 as compared to the pretreatment biopsy specimen, 
suggesting perhaps an adaptive immune response (16). In 
the LCMC3 (NCT02927301) study, pathological tumor 
regression and MPR were observed in resected NSCLCs 
after two doses of neoadjuvant atezolizumab irrespective of 
pretherapy PD-L1 expression (17). In a small-scale phase 
II clinical trial (NCT02904954) evaluating neoadjuvant 
durvalumab (anti-PD-L1 antibody) alone or combined 
with stereotactic body radiation therapy (SBRT) followed 
by adjuvant durvalumab in 34 patients with stage I-IIIA 
NSCLC, 47% patients achieved MPR in resected tumors 
following combination therapy as compared to none 
following durvalumab alone, and a greater number of 
patients treated with combined therapy had tumors with 
PD-L1 expression ≥25% (20). Initial results of the phase I 
study MK3475-223 (NCT02938624) (19) showed that two 
doses of neoadjuvant pembrolizumab induced MPR in 40% 
of treated patients (4/10) and no correlation was observed 
between the levels of pretherapy PD-L1 and pathologic 
responses. Preliminary results from the NEOSTAR 
(NCT03158129) study suggested that some patients whose 
tumors expressed elevated pretreatment PD-L1 levels 
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showed radiographic response and MPR to ICIs, compared 
to patients with lower pretreatment PD-L1 tumor 
expression (18). In patients with resectable NSCLC treated 
with neoadjuvant sintilimab, baseline PD-L1 expression 
in stromal cells correlated with pathologic response and 
greater pathologic regression was observed in patients 
with elevated baseline PD-L1 expression (21). In another 
study testing neoadjuvant atezolizumab plus chemotherapy, 
MPR was  observed  regard le s s  o f  PD-L1 tumor  
expression (22). The variability in the results from these 
small-scale studies may be due to one or more factors, 
including tissue availability prior to therapy, tumor histology 
and genomic features, specific inhibitor/s administered, 
schedule and length of neoadjuvant ICI therapy, as well 
as the tissue analysis for pathologic tumor regression. 
Consequently, the potential role of pretreatment PD-L1 
expression as a biomarker of response to neoadjuvant ICIs 
in resectable NSCLC remains to be validated in larger 
prospective studies. 

18F-FDG PET-CT parameters 
18F-FDG (f luorodeoxyglucose)  SUVmax (maximum 
standardized uptake values) has been shown to have 
potential value as a noninvasive, clinical indicator of tumor 
immunometabolic phenotypes in patients with resectable 
NSCLC (40). Recent studies have demonstrated that a 
tumor metabolic response by 18F-FDG may predict the 
efficacy and survival after nivolumab treatment in patients 
with metastatic NSCLC (41,42), however the association 
between changes in SUVmax following neoadjuvant ICIs and 
pathologic tumor regression has not been fully investigated. 
Gao et al. recently reported a significant correlation 
between a reduction in SUVmax of primary tumor from 
baseline to post neoadjuvant sintilimab and pathologic 
tumor responses, suggesting that SUVmax reduction after 
neoadjuvant treatment could be predictive of response 
to neoadjuvant PD-1 blockade (21). While these initial 
findings are informative, additional investigations of the 
potential role of SUVmax changes in predicting tumor 
response to neoadjuvant immune-based therapies in larger 
clinical cohorts are needed.

Tumor infiltrating immune cells

Tumor-infiltrating lymphocytes (TILs) represent host 
antitumor immune response and without them ICIs cannot 
exert their antitumor effects (43). In patients with early-

stage NSCLC, higher infiltration of both CD4+ and CD8+ 
TILs have been shown to be prognostic of improved 
survival outcomes (44), whereas a higher proportion of 
regulatory T cells (FoxP3+ TILs) relative to total TILs 
in tumors from stage I NSCLC patients was associated 
with poor survival and tumor recurrence (45). Recently, 
higher levels of CD3+ and cytotoxic CD3+CD8+ TILs were 
found in NSCLC tumors resected following neoadjuvant 
nintedanib plus platinum-based chemotherapy in patients 
who were alive as compared to the patients who died (15).  
Other studies have shown a high density of tissue-resident 
memory cells (CD8+CD103+) as prognostic factor for 
superior survival outcomes in patients with early-stage 
NSCLC (46,47). Cell-based studies revealed this TIL 
subset was cytotoxic towards autologous tumor cells in the 
context of PD-1/PD-L1 axis blockade (46,47), suggesting 
that CD8+CD103+ tissue-resident memory T cells may 
have a role in promoting intratumoral cytolytic immune 
responses and that the use of ICIs may reverse tumor-
induced T cell exhaustion in NSCLCs (46).

Early results of a recent phase II randomized study 
(NCT02904954) indicated that treatment with neoadjuvant 
durvalumab plus SBRT was associated with elevated levels 
of dendritic cells, myeloid cells, and fibroblasts as compared 
to the levels noted in tumors treated with durvalumab 
alone (20). Tumors that achieved MPR showed greater 
immunoscore and higher levels of dendritic cells and HLA 
gene expression, suggesting that, perhaps, sub-ablative 
doses of neoadjuvant radiation may enhance immune 
responses in NSCLCs (20). Initial results of exploratory 
analyses from the NEOSTAR (NCT03158129) study 
suggested that neoadjuvant nivolumab plus ipilimumab 
treatment was associated with higher levels of CD3+ TILs 
along with increased frequency of CD8+CD103+ tissue-
resident memory and effector memory CD4+CD27−CD28+ 
T cells in resected tumors as compared to levels in tumors 
resected following nivolumab monotherapy (18). Early 
findings from the LCMC3 study (NCT02927301) (17) 
indicated that MPR following neoadjuvant atezolizumab 
was associated with a significant expansion of dendritic 
cell and B cell subsets in resected lymph nodes (48). 
Patients whose tumors achieved MPR also had lower 
frequency of CD3+CD40+CD25+ and higher frequency 
of CD3+CD27+CD45RO+ T cell subsets in the resected 
lymph nodes (48), suggesting a possible role for lymph 
node specific biomarkers that may predict response to 
neoadjuvant ICIs. The results of these correlative studies 
(Figure 1) are preliminary and remain to be validated in 
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larger randomized cohorts of patients.

Tumor mutation burden, neoantigens, and T cell receptor 
repertoire 

Tumor mutation burden (TMB) refers to the total number 
of missense somatic mutations within tumor genome that 
gives rise to tumor-specific neoantigens which in turn can 
activate the host T cell response against tumor (49). Lung 
squamous cell carcinomas and lung adenocarcinomas, which 
can be caused by chronic mutagenic exposure (tobacco 
smoking), have been shown to have one of the highest 
somatic mutation burden (50), and in some studies, elevated 
TMB has been found to be associated with clinical benefit 
of ICIs in patients with advanced NSCLC (51,52). The 
influence of high tumor mutational landscape on the clinical 
response to ICIs in advanced NSCLC has been the focus of 
recent investigative efforts (53). 

Some small-scale studies of neoadjuvant ICIs have 
investigated the association between tissue TMB and 
responses to therapy. In the pilot study of 21 patients 
with resectable NSCLC treated with neoadjuvant 
nivolumab, MPR was significantly associated with TMB on 
pretreatment tumor biopsies (16). Patients with MPR had 
significantly higher TMB than those without MPR (16).  
The candidate mutation-associated neoantigens (MANAs) 
predicted to be produced as a result of somatic gene 
alterations correlated with tumor pathologic regression, 
and a greater number of predicted MANAs in pretreatment 
tumors was associated with a lower percentage of 
residual viable tumor after neoadjuvant nivolumab (16).  
In the LCMC3 study (NCT02927301), TMB at baseline 
or surgery was not found to correlate with MPR or 
pathological tumor regression following neoadjuvant 
atezolizumab, and no significant associations were noted 
between tumor genomic aberrations and MPR (17).  
Additional larger studies are needed, and it is critical to 
consider that several factors may limit the use of TMB as a 
biomarker of response to neoadjuvant ICIs, including the 
lack of standard threshold for high TMB, variability in the 
approaches to genetic sequencing, and the turnaround time 
required for tumor sequencing results.

Recent studies have also investigated the relationship 
between neoantigen heterogeneity and the response to ICIs. 
Clonal neoantigens are the product of nonsynonymous 
mutations carried by all cancer cells in a tumor, whereas 
subclonal antigens represent branch mutations that arise 
later in tumor development and are expressed by only a 

subset of tumor cells (54). McGranahan et al. (11) reported 
that patients whose advanced NSCLC possessed elevated 
tumor clonal neoantigen load and low neoantigen ITH 
(Intratumoral Heterogeneity), which refers to genetic and 
biological diversity within single tumor specimen as a result 
of tumor cell evolution (55), had a greater response to ICI 
treatment and longer OS (11). The authors also observed 
an association between elevated clonal neoantigen load 
and longer survival in patient cohort of patients with early-
stage NSCLCs, supporting further studies investigating the 
role of clonal neoantigens as potential biomarker of tumor 
response to neoadjuvant ICIs in patients with resectable 
NSCLC.

The T ce l l  receptor  (TCR) recognizes  tumor 
neoantigens as peptides bound to major histocompatibility 
(MHC) molecules (56-58). TCR repertoire features, 
including the frequency of T cells within a tumor (density), 
the diversity of T cells (richness), and the tumor reactive 
T cell clonal expansion (clonality), are being evaluated 
as markers of clinical benefit from ICIs. In patients with 
stage IIB-IV NSCLC, changes in TCR clonality have 
been reported to be associated with acquired resistance to 
ICIs (59). Analysis of NSCLCs that developed acquired 
resistance after an initial response to anti-PD1 therapy 
showed dynamic changes in the TCR clonality induced 
by loss of immunogenic MANAs in resistant tumors (59). 
Other studies have investigated the distribution of the T 
cell repertoire to determine TCR ITH and its relationship 
with patient outcomes. A study using multiregion TCR 
sequencing of early-stage lung adenocarcinomas found 
that significant TCR ITH, as determined by assessment of 
T cell density and clonality, was positively associated with 
predicted neoantigen ITH (60). A greater TCR ITH was 
associated with elevated risk of disease recurrence after 
surgical resection (60), highlighting a potential role of TCR 
ITH in influencing clinical outcomes of patients with early-
stage lung cancers. 

Much less information is known regarding the role 
of TCR features as potential biomarkers of response to 
neoadjuvant ICIs in NSCLC patients. In patients with 
NSCLC treated with neoadjuvant nivolumab (16), TCR 
sequencing was performed to evaluate the influence of 
treatment on T cell clone repertoire in the tumor and 
peripheral blood at the time of resection. In resected 
tumors with MPR, a higher abundance of T cell clones that 
were also shared with peripheral blood and higher clonality 
of T cells were found following neoadjuvant nivolumab 
(16,61). Large-scale studies of tumor and peripheral TCR 
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richness, density, and clonality following neoadjuvant ICIs 
in resectable NSCLC will shed light on the utility of these 
parameters in serving as biomarkers of tumor responsiveness 
to ICIs.

Tertiary lymphoid structures and B lymphocytes

B lymphocytes are one of the most prevalent cells in 
the NSCLC immune infiltrate and are detected in all 
stages of lung cancer development (62,63), however, their 
presence differs depending on the stage and histological 
subtypes (64,65). B cells are frequently found in tertiary 
lymphoid structures (TLS) located at the tumor-immune  
interface (66). Studies have demonstrated a correlation 
between a high density of follicular B cells and long-term 
survival in both early- and advanced-stage NSCLC patients 
who are treated with chemotherapy (67). Recent work 
has demonstrated that B cell subpopulations can exert a 
dual role in tumorigenesis. B cells can enhance effector T 
cell responses directly by producing immunostimulatory 
cytokines (e.g., IL-2, IL-4, IFN-γ, and TNF-α) and 
indirectly by presenting antigen to T cells (68). B cells can 
also differentiate into plasma cells that produce antibodies 
that bind to tumor cells and activate complement or 
promote antibody-dependent cellular cytotoxicity (68). 
Alternatively, regulatory B cells may impair an antitumor 
immune response by producing immunosuppressive 
cytokines, such as IL-10 and TGF-β (69). Recent work 
shed light on the interplay between tumor-infiltrating 
B cells (TIL-Bs) and CD4+ TILs within the NSCLC 
microenvironment. Bruno et al. (70) demonstrated that 
the density of TIL-Bs in NSCLCs is greater than B cell 
infiltration into adjacent tissues and they noted distinct 
CD4+ TIL phenotypes in response to TIL-Bs. Activated 
TIL-Bs  (CD19 +CD20 +CD69 +CD27 +CD21 +)  were 
associated with an effector T-cell response (IFNγ+) in the 
activated and antigen-associated CD4+ TIL subset, whereas, 
exhausted TIL-Bs (CD19+CD20+CD69+CD27–CD21–) 
were associated with regulatory FoxP3+CD4+ TILs (70). 
These findings highlight a role for TIL-Bs in influencing 
the phenotype and function of CD4+ TILs within the tumor 
microenvironment of NSCLCs that may have important 
implications on tumor responses to therapy. 

The relationship between B cells and tumor responses 
to ICI therapy has been recently investigated (71). In a 
recent work using tumor specimens from patients with 
high-risk resectable melanoma and metastatic renal cell 
carcinoma (RCC) treated with presurgical ICIs, Helmnik 

and colleagues (72) discovered that B cell signatures 
were enriched in tumors of patients who responded to 
treatment when compared to nonresponders. B cells were 
localized to TLS and results of bulk and single-cell RNA 
sequencing showed clonal expansion and unique functional 
states of B cells in responding tumors. In another study 
recently published, Cabrita et al. (73) studied how B cells 
influence antitumor responses in metastatic melanomas 
and demonstrated that patients whose tumors were 
enriched in both CD8+ T cells and CD20+ B cells within 
TLS had improved survival and increased responses to 
immunotherapy. Similar results were found in other cancers. 
Petitprez et al. (74) constructed gene expression profiles 
on several different sarcoma subtypes and found that the 
presence of TLS enriched in B cells was associated with 
improved responses to anti-PD-1 therapy and prolonged 
patient survival. Together, these findings highlight the 
importance of developing potential therapeutic strategies 
to induce the formation of TLS within tumors as a 
clinically useful approach to improve responses to cancer 
immunotherapy.

Extending the abovementioned observations to early-
stage NSCLC cohorts will provide novel insight regarding 
the role of B cells and TLS in promoting tumor response 
to ICIs and an opportunity for biomarker discovery. 
Mechanistic studies will be critical to uncover whether 
enhancing B cell responses and TLS formation within 
lung tumors could serve as a combinatorial approach to 
neoadjuvant ICIs for patients with operable NSCLC.

Blood-based biomarkers

The use of tissue biopsies for biomarker discovery and 
development requires invasive procedures that may result 
in patient discomfort, delayed treatment, and increased 
costs. Often, the quantity and quality of tissues removed 
are insufficient for extensive correlative analyses. Blood-
based biomarkers provide a non-invasive, cost-effective and 
time-efficient method to identify patients likely to respond 
to immunotherapy. Blood-based biomarkers also facilitate 
longitudinal studies and biomarkers analyses may be 
performed at different treatment time points with relative 
ease. 

Peripheral TCR repertoire 

Several studies have evaluated the characteristics of 
circulating T cells in patients with NSCLC and their 
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relationship with survival outcomes. Metrics of the TCR 
repertoire, including density, diversity, and clonality, were 
analyzed by sequencing of the CDR3 (complementarity 
determining region 3) regions in the TCR-β chain involved 
in antigen binding and correlated with response to therapy 
(16,18,61,75,76). A recent report demonstrated that a higher 
density of T cells in the peripheral blood of patients with 
early-stage lung adenocarcinomas correlated with longer  
OS (76 ) .  Other  inves t iga t ions  have  focused  on 
understanding the relationship between the T cell 
repertoire and tumor response to ICIs. Patients with 
advanced/metastatic NSCLC who possessed elevated 
peripheral PD-1+CD8+ T cell diversity in blood samples 
prior to ICI therapy had a greater response to treatment 
and significantly longer PFS compared to patients with 
low T cell diversity (77). Furthermore, patients who had 
increased PD-1+CD8+ TCR clonality after ICI therapy also 
experienced longer PFS (77). 

In the pilot study, evaluating neoadjuvant nivolumab 
in patients with resectable NSCLC, the investigators 
reported that patients whose tumors achieved MPR at 
surgery following neoadjuvant ICI therapy possessed 
higher frequency of T cell clones shared between tumor 
and peripheral blood (16). MPR following neoadjuvant 
nivolumab was also associated with a systemic expansion of 
T cell clones reactive to new MANAs that were not present 
in the periphery prior to treatment (16). Initial results 
from analyses performed in a limited number of samples 
collected from early-stage NSCLC patients treated with 
neoadjuvant nivolumab and nivolumab plus ipilimumab 
from the NEOSTAR trial (NCT03158129), revealed 
that pretreatment T cell richness in periphery positively 
correlated with increased posttreatment T cell richness 
in resected tumors, suggesting perhaps, potential ICI-
induced T cell infiltration from peripheral blood to treated 
tumors (18,75). Together, these findings, while in need to 
be validated in larger patient cohorts, suggest that homing 
of peripheral T cell clones to tumor following neoadjuvant 
ICIs may contribute to an effective antitumor immunity 
and, in some cases, to pathologic responses (61).

Peripheral immune cells

Dynamic changes in peripheral immune cell populations 
following neoadjuvant immunotherapy and their association 
with tumor response to treatment are also being investigated 
in patients with resectable NSCLC for biomarker discovery. 
In these studies, blood samples were subjected to plasma-

based cytokine arrays and analysis of PBMCs (peripheral 
blood mononuclear cells) by flow cytometry to identify the 
immunophenotypes of peripheral immune cells potentially 
associated with efficacy of ICIs (48,78). In the LCMC3 
study (NCT02927301), blood samples were collected 
from patients pre- and posttreatment with neoadjuvant 
atezolizumab to investigate peripheral immunophenotyping 
and explore therapy-induced modulation of subsets of 
immune cell populations (48). A lower frequency of 
specific T cell (G/D+CD3+CD8+CD56+CD16+) and natural 
killer (NK) cell (CD16+CD56+CD244+CD314+CD161+) 
subsets were found in baseline samples from patients 
who achieved MPR compared to those who did not 
(48). This study also demonstrated an expansion in NK 
cell (CD314+CD56/16+) and granulocyte (CD33+HLA-
DR+CD11b+CD16+) subsets, and a contraction of monocyte 
subset (CD56+CD13/14+CD4+) in the peripheral blood 
of patients with MPR in resected tumors. Interestingly, 
granulocyte (HLA-DR+CD33+CD16+) and dendritic cell 
(HLA-DR+CD33+CD11b+CD15+) subsets were expanded in 
patients who developed immune-related adverse events to 
neoadjuvant therapy (48). Preliminary results of correlative 
studies evaluating immune modulation in peripheral blood 
samples collected pre- and post-neoadjuvant chemotherapy 
plus nivolumab from patients with stage IIIA NSCLC 
from the NADIM trial (NCT03081689) have been  
reported (78). Peripheral densities of activated CD4+ T 
cells (CD69+) and NK cells (CD107a+) were reduced post 
neoadjuvant therapy in patients who achieved pCR in 
resected tumors (78). Also, the authors found a decrease in 
the expression of PD-1 on peripheral CD4+, CD8+, and NK 
cells post neoadjuvant chemo-immunotherapy in patients 
who achieved pCR in resected tumors (78). Investigation of 
peripheral immunophenotyping in larger patient cohorts 
and across trials testing neoadjuvant immunotherapies are 
needed to validate these findings and determine whether 
various immune cell populations may serve as biomarkers of 
therapeutic efficacy.

Complete blood count (CBC) 

Absolute values of circulating blood cells collected during 
routine laboratory blood draws and ratios of complete blood 
cell counts have been investigated as potential markers of 
tumor response to ICIs (78-82). Reports examining the 
immune infiltrate in NSCLC indicate that neutrophils are 
among the most abundant cells found in NSCLCs (63,83). 
Neutrophil counts are elevated in peripheral blood as a 
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result of local inflammation within the tumor (84). For 
example, granulocyte colony-stimulating factor (G-CSF) 
produced by tumors induces neutrophil release from the 
bone marrow to periphery, resulting in elevated neutrophils 
in the blood (85). High neutrophil counts were found to be 
indicative of high tumor burden and inferior OS in a cohort 
of patients with surgically resected NSCLC from the ICON 
(ImmunogenomiC PrOfiling of NSCLC) project (86). The 
number of tumor infiltrating CD8+ cytotoxic T cells was 
also reduced and was accompanied by reduced expression 
levels of CD8A, CD8B, GZMA, GZMB, and IFNγ-related 
genes (86). 

There is available evidence suggesting that the 
measurement of blood neutrophils may be a biomarker 
of tumor response to therapy. In advanced NSCLC, both 
a high blood neutrophil-to-lymphocyte ratio (NLR) and 
a high myeloid-to-lymphoid (M:L) ratio prior to anti-
PD-1 therapy were associated with poor PFS and OS 
(81,82). The mechanisms whereby neutrophils contribute 
to NSCLC progression and resistance to therapy are not 
fully understood. Studies suggest that the phenotype of 
blood neutrophils is dramatically different from that of 
tumor-associated neutrophils (TANs) in that the latter 
exhibit an activated phenotype [CD62L(lo)CD54(hi)] and 
express a distinct pattern of chemokine receptors, including 
upregulation of CCR5, CCR7, CXCR3, and CXCR4 (87). 
However, data generated from experimental lung cancer 
models suggest that TANs may transition from the cytotoxic 
phenotype observed early in the disease and acquire 
protumorigenic properties as tumors progress. Mishalian 
and colleagues (88) found that TANs isolated from late-
stage preclinical Lewis lung carcinoma models produced 
lower levels of cytotoxic effector protein TNF-α, H2O2, and 
NO when compared to early-stage tumors, and depletion of 
neutrophils at later stages of tumor development inhibited 
tumor growth. 

Initial results of correlative studies exploring the changes 
in peripheral blood count cells in patients with early-stage 
NSCLC treated with neoadjuvant ICIs have been recently 
reported. Laza-Briviesca et al. (78) found a significant 
decrease in the total levels of peripheral leucocytes, 
eosinophil, monocytes, neutrophils, hemoglobin, and 
platelets after neoadjuvant chemotherapy plus nivolumab in 
patients from the NADIM study (NCT03081689), however, 
no significant changes were noted in lymphocytes, basophils, 
and lactate dehydrogenase (LDH) levels (78). Posttreatment 
peripheral NLR, M:L ratio, and platelets-to-lymphocytes 
ratio (PLR) were decreased. The variation in PLR (decrease 

in posttreatment as compared to pretreatment values) was 
significantly lower in the blood of patients whose tumors 
achieved pCR, as compared to those whose tumors achieved 
pathological incomplete response (pIR) with >10% viable 
tumor (78). These results require additional validation in 
larger studies of neoadjuvant immunotherapy and continued 
examinations of CBC results in expanded patient cohorts 
will improve our understanding on the utility of this test as 
a biomarker for neoadjuvant immune-based therapies.

Circulating tumor DNA

ctDNA (circulating tumor DNA) in blood samples has 
attracted considerable interest as a sensitive, non-invasive 
biomarker for assessing tumor response to therapy and 
clinical benefit. ctDNAs are cell-free DNA molecules 
that match the somatic mutations identified in tumors 
and are released into the bloodstream by apoptotic or 
necrotic tumor cells (89). Recent efforts investigated the 
feasibility of bTMB (blood-based TMB) as a predictive 
biomarker of tumor response to therapy (90,91), based on 
the notion that bTMB measured from ctDNA sequencing 
allows non-invasive and expedited testing that may capture 
the tumor genomic landscape. In some of these studies, 
ctDNA has been quantified using error-suppressed deep 
sequencing data which were analyzed for allelic fraction of 
tumor-derived DNA within the total cell free DNA in the  
plasma (92). For bTMB assay, the same hybridization-
capture methodology as the FDA-approved FoundationOne 
(F1) CDx NGS assay was used and it targeted 1.1 Mb 
of genomic coding sequence. The bTMB score was 
determined by identifying all base substitutions present at 
an allele frequency of ≥0.5% across the coding region of 
approximately 1.1 Mb and filtering out germline events (90). 
In a retrospective analysis of two large randomized trials of 
previously treated, metastatic NSCLC patients receiving 
immunotherapy, bTMB reproducibly identified patients 
who had significant improvements in PFS from anti-PD-L1 
therapy (90). Similar findings were reported by Wang  
et al. (93) who identified high bTMB as an indicator of 
improved objective response rates and prolonged PFS in 
a separate cohort of 50 advanced NSCLC patients treated 
with ICIs. In the perioperative setting, the use of bTMB 
as a potential biomarker of response to therapy may be 
limited simply due to the reduced tumor burden resulting 
in lower ctDNA shedding into circulation as compared to 
more advanced disease stages (94). Ongoing studies are 
investigating the role of bTMB assessed by ctDNA analysis 
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in predicting responses to induction immunotherapy in 
patient with resectable NSCLC.

The relationship between levels of ctDNA in peripheral 
blood as a biomarker for early detection of molecular 
residual disease (MRD) and onset of tumor relapse is also 
being investigated in NSCLC patients (94,95). Absence or 
reduced ctDNA levels have been shown to be a potential 
predictor of prolonged survival in NSCLC patients treated 
with ICIs (92,96). Our group has shown that in early-stage 
NSCLC patients, the detection of ctDNA in peripheral 
blood as early as 4 weeks following tumor resection was 
associated with an elevated risk of disease recurrence (97),  
highlighting the utility of ctDNA detection for early 
assessment of tumor relapse in patients who have undergone 
curative surgery of their NSCLC. A recent study evaluating 
ctDNA in the blood of patients with NSCLC treated with 
neoadjuvant nivolumab demonstrated that levels of ctDNA 
were significantly reduced in patients who experienced a 
pathologic response to ICI, whereas ctDNA remained the 
same or increased in patients whose tumors were refractory 
to treatment (98). Responders also had evidence of clonal 
expansion of intratumoral T cell clones in peripheral blood, 
which positively correlated with reduced ctDNA level. 
The authors also demonstrated that tracking peripheral 
ctDNA predicted therapeutic outcome 8.7 weeks earlier 
as compared to detection by radiographic imaging (98). 
These results are encouraging and illustrate the importance 
of investigating ctDNA as a biomarker of response to 
induction immunotherapies in expanded patient cohorts. 

Host-based biomarkers

Accumulating evidence suggests that the composition 
of bacteria residing in the gut may play a key role in 
determining the efficacy of anticancer therapy, including 
ICIs (99,100). Gut microbial-derived metabolites have 
been shown to have a profound effect on systemic 
immune function (101). Favorable microbiome species 
may improve the efficacy of ICIs by activating dendritic 
cells and increasing CD8+ T cell recruitment to the tumor 
microenvironment (102), inducing IL-12-dependent 
Th1 immune response (103), and augmenting T cell 
responses (104). In patients with metastatic NSCLC and 
RCC, administration of antibiotics along with anti-PD-1/
PD-L1 therapy altered gut microbiome and deterred 
tumor responses to ICIs (105). FMTs (Fecal Microbiota 
Transplantation) from responding patients to mice 
or oral administration of microbiome in combination 

with FMT from nonresponding patients reinstituted 
response to ICI therapy by inducing tumor infiltration of 
CR9+CXCR3+CD4+ T cells through an IL-12-dependent 
signaling pathway (105). PD-1 blockade triggered 
local and systemic recall of Th1 immune response 
against specific microbiome that may enhance cancer 
immunosurveillance (105). 

In a cohort of Chinese patients with advanced NSCLC, 
responders to PD-1 inhibition showed greater gut 
microbiome diversity at baseline and a stable microbiome 
composition during treatment (106). The authors also 
found that systemic memory CD8+ T cells and NK cells 
exerted an antitumor treatment effect (106). These early 
correlative studies demonstrate associations between gut 
microbiome composition and tumor responsiveness to 
ICIs and investigative efforts are ongoing to evaluate the 
impact of gut microbiome on efficacy of neoadjuvant ICIs 
and ICI-related toxicity in patients with operable NSCLC 
(NCT03158129). 

Conclusions, current challenges, and future 
directions

The results generated from recent clinical trials indicate 
that NSCLCs are one of the most responsive cancers to 
ICIs. Indeed, the advent of ICIs has dramatically improved 
outcomes for patients with advanced NSCLC. Now, ICIs 
are undergoing evaluation as perioperative therapy for 
patients with resectable disease using potential surrogate 
endpoints for rapid evaluation of clinical efficacy. The initial 
results of these studies are encouraging, however, they 
also reveal that a significant fraction of NSCLC patients 
is refractory to ICI therapy. Consequently, much research 
effort is being directed toward identifying biomarkers that 
can be used to inform the therapeutic decision-making 
process and maximize the clinical benefit of ICIs. 

 In this review, we discussed candidate biomarkers 
that are emerging from the initial trials of perioperative 
ICIs for early-stage NSCLC or are being investigated in 
ongoing trials (Figure 1). A comparison between the initial 
studies indicates that there is some intertrial variability in 
MPR, which may affect biomarker discovery. Whether 
these differences are a product of differing sample 
sizes, neoadjuvant therapies, oncogenic drivers, tumor 
histology, doses and schedule of therapy, or the lack of 
a standardized approach for MPR evaluation remains 
unclear. Several efforts are underway to shed light on these 
issues and establish a standard approach for the evaluation 
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of pathologic tumor regression following neoadjuvant 
therapies (107). There are also issues associated with 
sample procurement. In some instances, there is a lack 
of sufficient specimens to run all of the biomarker tests. 
Also, the absence of paired samples at different time points 
of therapy can derail analyses of dynamic changes in 
biomarker levels. Standardization of collection, handling, 
and processing of tissue biopsies is critical. Immunotherapy 
studies should incorporate careful analysis of tumor tissue-
based (tumor cells, microenvironment, and adjacent 
uninvolved lung), blood-based, and host intrinsic factors to 
define the predictors of response to ICIs. Having a larger 
panel of biomarkers with combined analyses may improve 
the predictive potential of these factors. With further 
optimization of immune-based treatment strategies and the 
development of novel therapy combinations to treat early-
stage NSCLC, biomarker investigation will play a key role 
in rational selection of patients for treatment, to further 
refine therapy and minimize unnecessary toxicities in a 
more personalized manner.
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