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Preface to ”Non-small Cell Lung Cancer:

Current Therapies and New Targeted Treatments”

Conventional lung cancer treatments were once limited to surgery, radiation, and chemotherapy.

However, gefitinib, a targeted drug, was launched in 2004, and the situation changed. Cancer cases

that were highly responsive to gefitinib were later discovered to have epithelial growth factor

receptor (EGFR) mutations. This discovery opened the door for biomarker-based treatment strategies.

Subsequently, several EGFR-tyrosine kinase inhibitors (TKI) were developed, and they became a new

mainstay of treatment for non-small cell lung cancer. In recent years, many mechanisms of resistance

to EGFR-TKI have been elucidated; a mutation in the T790M gene at exon 20 is found in half of

the resistant cases. Hence, osimertinib, which specifically inhibits EGFR despite this T790M gene

mutation, was developed to achieve long-term progression-free survival. Other driver mutations that

are similar to the EGFR mutation were discovered, including the EML4-ALK fusion gene (discovered

in 2007), ROS1 gene, and BRAF gene mutations. The TKIs for each of these fusion genes were

developed and are used as therapeutic agents.

Another advancement in advanced non-small cell lung cancer is the development of immune

checkpoint inhibitors. Four PD-1/PD-L1 inhibitors, including nivolumab, are currently available

for treatment of lung cancer. These drugs prevent an escape from the cancer immunity cycle.

This ensures that cancer cells will express cancer antigens, causing an anticancer immune response.

Due to cancer immunotherapy, long-term survival is possible. The biomarker development for cancer

immunotherapy and its side effects is actively being studied.

This Special Issue on “Non-Small Cell Lung Cancer: Current Therapies and New Targeted

Treatments” aims to update researchers and clinicians by summarizing the remarkable progress

made recently in the field of targeted therapy, immunotherapy, and cancer biology for non-small

cell lung cancer.

Junji Uchino

Editor
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Abstract: This study aimed to understand whether the effect of non-metastatic cells 1 (NME1) on
recurrence-free survival (RFS) in early stage non-small cell lung cancer (NSCLC) can be modified by
β-catenin overexpression and cisplatin-based adjuvant chemotherapy. Expression levels of NME1
and β-catenin were analyzed using immunohistochemistry in formalin-fixed paraffin-embedded
tissues from 425 early stage NSCLC patients. Reduced NME1 expression was found in 39% of
samples. The median duration of follow-up was 56 months, and recurrence was found in 186
(44%) of 425 patients. The negative effect of reduced NME1 expression on RFS was worsened by
cisplatin-based adjuvant chemotherapy (adjusted hazard ratio = 3.26, 95% CI = 1.16–9.17, p = 0.03).
β-catenin overexpression exacerbated the effect of reduced NME1 expression on RFS and the
negative effect was greater when receiving cisplatin-based adjuvant chemotherapy: among patients
treated with cisplatin-based adjuvant chemotherapy, hazard ratios of patients with reduced NME1
expression increased from 5.59 (95% confidence interval (CI) = 0.62–50.91, p = 0.13) to 15.52 (95%
CI = 2.94–82.38, p = 0.001) by β-catenin overexpression, after adjusting for confounding factors.
In conclusion, the present study suggests that cisplatin-based adjuvant chemotherapy needs to be
carefully applied to early stage NSCLC patients with overexpressed β-catenin in combination with
reduced NME1 expression.

Keywords: adjuvant chemotherapy; β-catenin; lung neoplasms; nucleotide-diphosphate
kinase; recurrence

1. Introduction

Lung cancer is one of the most common causes of cancer-related deaths in the world. Despite recent
advances in the early detection and treatment of lung cancer, the prognosis is very poor, partly because
of a high rate of recurrence even after curative resection. Approximately half of the patients diagnosed
with non-small cell lung cancer (NSCLC) develop recurrence and die of the disease even after curative

J. Clin. Med. 2020, 9, 3067; doi:10.3390/jcm9103067 www.mdpi.com/journal/jcm1
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resection. Adjuvant chemotherapy plays an important role in preventing recurrence following curative
resection of lung cancer. A survival benefit of platinum-based adjuvant chemotherapy in NSCLC was
confirmed by phase III trials and the Lung Adjuvant Cisplatin Evaluation (LACE) meta-analysis [1,2].
However, some NSCLC patients receiving such adjuvant chemotherapy show no progress in survival.
Accordingly, it is critically important to identify biomarkers that can select patients who will not
respond well to adjuvant therapy so that an appropriate treatment plan can be provided to patients.
Given that occult micro-metastatic cancer cells might be present systemically at the time of surgery,
altered expression of metastasis-related genes might be useful as molecular biomarkers to distinguish
patients at high risk of recurrence after surgery.

Non-metastatic cells 1 (NME1), also known as NM23-H1, was the first metastasis suppressor
discovered by its reduced mRNA transcript levels in a murine melanoma cell line exhibiting high
metastatic activity [3]. In addition to its known function as a nucleotide-diphosphate kinase that
converts nucleoside diphosphates to nucleoside triphosphates at the expense of adenosine triphosphate
(ATP), NME1 is involved in several pathological processes such as motility and metastasis of tumor
cells [4]. An inverse relationship between metastatic potential and NME1 expression has been
reported in several types of cancers, including non-small cell lung cancer [5,6], melanoma [7], breast
cancer [8], hepatocellular carcinoma [9], gastric cancer [10], and colorectal cancer [11]. Transfection
of the NME1 gene into different types of cancer cells has resulted in the inhibition of metastatic
properties, including migration, invasion, and colonization [12–16]. NME1 silencing is known
to upregulate β-catenin-dependent TCF/LEF-1 (T-cell factor/lymphoid enhancer-binding factor)
transactivation through glycogen synthase kinase (GSK)-3β-independent mechanisms by promoting
nuclear translocation of β-catenin [17].

Activation of the canonical Wnt signaling pathway inhibits axin-mediated β-catenin
phosphorylation and degradation and allows β-catenin to accumulate in the cytoplasm and then
translocate into the nucleus. Nuclear β-catenin forms a stable complex with members of the TCF/LEF
transcription factor family and induces the expression of target genes such as c-MYC and CCND1, and
influences the metastatic cascade by regulating the expression of genes such as AXIN2, SNAIL, ZEB1,
COX2, and S100A4 [18]. It has been reported that the Wnt/β-catenin signaling pathway is involved in
the invasion and metastasis of tumor cells in patients with NSCLC [19–22]. In addition to the nuclear
translocation of β-catenin by NME1 silencing, Wnt/β-catenin-mediated resistance to cisplatin has been
demonstrated in human cancers [23,24]. Based on these reports, we hypothesized that NME1 and the
Wnt signal may cooperatively affect patient prognosis and cisplatin treatment.

In this study, we analyzed whether the effect of NME1 on recurrence-free survival (RFS)
can be modified by cisplatin-based adjuvant chemotherapy and β-catenin overexpression in early
stage NSCLC.

2. Materials and Method

2.1. Study Population

This was a retrospective study. Formalin-fixed paraffin-embedded (FFPE) tissue specimens stored
at room temperature were obtained from 425 patients with pathologic stage I–IIIA NSCLC who had
undergone anatomical lung resection with mediastinal lymph node dissection between November
1994 and April 2004 at Samsung Medical Center in Seoul, Korea. Patients with incomplete resection of
lung tissue (e.g., positive malignant cell in resection margin) or history of neoadjuvant therapy were
excluded from this study. Postoperative follow-up was performed according to a previously described
protocol [25]. Information including recurrence, death, and platinum-based adjuvant chemotherapy
was obtained from our hospital’s electronic medical records (EMRs) and outside medical records as of
31 July 2018. Thirty-two (7.5%) patients received postoperative adjuvant chemotherapy comprising
cisplatin combined with vinorelbine, vinblastine, etoposide, fluorouracil, gemcitabine, pemetrexed,
or docetaxel. The chemotherapy regimens were selected by medical oncologists responsible for
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treatment decisions. This study was approved by the Institutional Review Board of the Samsung
Medical Center (2018-04-153), and pre-operative informed consent for the use of samples was obtained
from all patients. Pathologic stage was determined according to the guideline of the 7th edition of
the tumor-node-metastasis (TNM) staging system maintained by the American Joint Committee on
Cancer [26]. Supporting data for this study are available from the corresponding author upon request.

2.2. Immunohistochemistry

Tissue microarrays (TMAs) were constructed from paraffin blocks prepared from 425
NSCLC samples. Expression levels of β-catenin and NME1 proteins were analyzed using
immunohistochemistry. In brief, serial sections of 4 μM in thickness were cut from TMA blocks,
deparaffinized in xylene, and rehydrated through a series of decreasing concentrations of alcohols.
Antigens were recovered by heating these sections in 10 mM (pH 6) citrate buffer for 10 min using
a pressure cooker. These sections were then incubated with primary antibody β-catenin clone 17C2
(Leica Biosystems, Buffalo Grove, IL, USA) or NME1 clone 4B2 (GeneTex, Irvine, CA, USA) at 4 ◦C
overnight. Immunoreactivity of each primary antibody was detected with Envision™ + peroxidase
(Dako, Carpinteria, CA, USA). Antibody-bound peroxidase activity was visualized after incubating
with chromogen 3,3′-diaminobenzidine (DAB) at room temperature for 1–5 min. Normal bronchial
epithelial cells were used for positive control of staining, and primary antibody was replaced by
immunoglobin for negative control. All sections were counterstained with Mayer’s hematoxylin.

2.3. Interpretation of Immunohistochemical Staining

Immunohistochemical staining was interpreted by consensus between two authors (O.-J.L. and
D.-H.K.) in a double-blinded fashion to minimize inter-rater variability. Samples with a Cohen’s kappa
coefficient of less than 0.20 were removed from further analysis. Although immunoreactivity for
β-catenin was found in the membrane, cytoplasm, and nucleus, only cytoplasmic staining was assessed
for scoring. The expression of NME1 protein in tumor cells was evaluated based on cytoplasmic
staining. Cytoplasmic staining of both proteins was semi-quantitatively evaluated using a score
calculated by multiplying the intensity score (0, none; 1, weak; 2, moderate; 3, strong) with the
proportion score of positive cells (0, absent; 1, 0–10%; 2, 10–50%; 3, 50–80%; 4, >80%). For NME1,
its expression was defined as reduced if a composite score was less than two in a tumor. β-catenin
expression was considered to be overexpressed in a tumor with a composite score greater than or equal
to two. Staining was performed in triplicate and average values of scores were used to determine the
expression levels. Cutoff values for the abnormal expression of NME1 and β-catenin were determined
considering an internal control consisting of 23 normal lung cores. Representative positive stainings
for β-catenin and NME1 expression are shown in adenocarcinoma and squamous cell carcinoma
(Figure 1A). Details of the immunohistochemical staining procedure and interpretation for Ki-67
(MKI67) proteins were reported previously [27].

2.4. Study Design

Patients were randomly selected without stratification or matching by age. The median duration
of follow-up was 56 months. The clinical endpoint of the study was recurrence-free survival (RFS),
which was defined as the time from the date of the diagnosis to the first recurrence. Variables such
as age, sex, histology, pathologic stage, NME1 expression, and adjuvant chemotherapy were initially
considered for the analysis of RFS. FFPE tissue samples were obtained from 425 patients because at
least 365 patients were needed for analysis of the effect of NME1 expression on RFS under 2-sided
α = 0.05 and β = 0.1 (i.e., 90% power).

2.5. Statistical Analyses

To find factors associated with NME1 reduction in NSCLC, chi-square test (or Fisher’s exact
test) and Student’s t-test (or one-way ANOVA) were used for univariate analyses of continuous
and categorical variables, respectively. A linear relationship between two continuous variables
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was analyzed using Pearson’s correlation coefficient. The prognostic significance of NME1 on RFS
was evaluated by Kaplan–Meier survival curves. The difference between two survival curves was
assessed using the log-rank test. Variables with P ≤ 0.25 in the univariate analysis were included in
the multivariate model. Hazard ratios of predictor variables for survival were estimated using the
Cox proportional hazards model after controlling for potential confounding factors. The effect of
β-catenin expression and adjuvant chemotherapy on NME1 function was analyzed using a stratified
Cox proportional hazards model. No replacement was made for missing values. All statistical analyses
were two-sided with a type I error of 5%.

3. Results

3.1. Clinicopathological Characteristics

A total of 425 patients with early stage NSCLC were included in the data analysis without dropout.
The mean age of the patients at diagnosis was 61 years (range, 37–82 years), and men accounted for
74% of the cases. Adenocarcinoma and squamous cell carcinoma comprised 46% and 47% of the
cases, respectively. Patients at I, II, and IIIA stages accounted for 56%, 43%, and 5%, respectively.
The relationship between NME1 expression and clinicopathological characteristics is summarized
in Supplementary Table S1. NME1 expression was found to be reduced in 165 (39%) of 425 patients.
Reduced NME1 expression was not associated with patient’s age, sex, tumor size, or exposure to tobacco
smoke. However, reduced NME1 expression was found to have a significantly higher prevalence in
squamous cell carcinoma (46%) than in adenocarcinoma (34%), and the difference was statistically
significant (p = 0.01; Figure 1B).

 
Figure 1. Immunohistochemical staining for non-metastatic cells 1 (NME1) and β-catenin expression
in non-small cell lung cancer. (A) Expression levels of NME1 and β-catenin were analyzed using
immunohistochemical staining (scale bar = 100 μm). Representative images of positive staining are
shown in adenocarcinoma (upper) and squamous cell carcinoma (lower) at magnification of ×200.
Cytoplasmic staining was considered positive for NME1 and β-catenin expression. (B) Prevalence
of reduced NME1 expression and β-catenin overexpression was compared according to histologic
subtypes. p-values were based on Pearson’s chi-square test. (C) Association between recurrence and
the expression levels of NME1 or β-catenin was analyzed in 425 participants.

Postoperative recurrence occurred in 186 (44%) of 425 patients. Patients with reduced NME1
expression had a higher recurrence rate than those without (62% vs. 32%, p < 0.0001). β-catenin was
overexpressed in 55% of patients, with a higher prevalence in squamous cell carcinoma than that
in adenocarcinoma (p = 0.005; Figure 1B). Recurrence was found at a high prevalence in patients
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with reduced NME1 expression but not β-catenin overexpression irrespective of histologic subtypes
(Figure 1C).

3.2. Reduced NME1 Expression Is Significantly Associated with Poor RFS Irrespective of Histology or
Pathologic Stage

Univariate analysis was performed to discover prognostic factors that affect RFS in early stage
NSCLC. RFS was negatively associated with reduced NME1 expression but not with β-catenin
overexpression and cisplatin-based adjuvant chemotherapy (Supplementary Table S2). Patients were
stratified according to histology and pathologic stage to analyze whether the relationship between RFS
and NME1 expression was modified by histology or pathologic stage. RFS was compared between
patients with and without reduced NME1 expression in histologic subtypes. Reduced NME1 expression
was significantly associated with RFS (p < 0.0001; Supplementary Figure S1A): Five-year RFS rate after
surgery was 38% for those with reduced NME1 expression and 68% for those without reduced NME1
expression. Reduced NME1 expression had a negative effect on RFS in adenocarcinoma (p < 0.0001;
Supplementary Figure S1B) and in squamous cell carcinoma (p < 0.0001; Supplementary Figure S1C).

The effect of reduced NME1 expression on RFS was further analyzed based on pathologic stage
(Figure 2). The number of patients with stage IIIA NSCLC was five, which was too small to analyze
RFS. Therefore, patients with stage IIIA NSCLC were combined with those who had stage IIB NSCLC
to analyze RFS. Reduced NME1 expression was significantly associated with poor RFS in stage IA
(p = 0.0005; Figure 2A), stage IB (p = 0.001; Figure 2B), and stage IIA (p = 0.01; Figure 2C). It was
marginally associated with poor RFS in stage IIB–IIIA (p = 0.08; Figure 2D). The relationship between
β-catenin overexpression and RFS was also analyzed based on pathologic stage and histology. However,
no association was found between them.

 
Figure 2. Impact of NME1 on recurrence-free survival (RFS) according to pathologic stages. The effect of
reduced NME1 expression on RFS was estimated using the Kaplan–Meier survival curve in 77 patients
with stage IA (A), 161 with stage IB (B), 98 with stage IIA (C), and 89 stage IIB–IIIA (D). Statistical
difference between two survival curves was calculated using the log-rank test.
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3.3. Negative Effect of Reduced NME1 Expression on RFS in Patients with Cisplatin-Based Adjuvant
Chemotherapy and β-Catenin Overexpression

Cisplatin-based adjuvant chemotherapy was not associated with RFS irrespective of histologic
subtypes in univariate analysis. The effect of NME1 or β-catenin on RFS was further analyzed
considering cisplatin-based adjuvant chemotherapy. The negative effect of reduced NME1 expression
on RFS was worse in patients treated with (Figure 3A) cisplatin-based adjuvant chemotherapy than
in those treated without (Figure 3B). Reduced NME1 expression was not associated with β-catenin
overexpression in this study. However, it is known that there is a complex interplay between NME1
and β-catenin in a variety of cancers. Therefore, data were further stratified according to β-catenin
overexpression. The negative effect of reduced NME1 expression on RFS was much greater in patients
with overexpression of β-catenin (Figure 3C) than in those without (Figure 3D).

Figure 3. Effect of NME1 on recurrence-free survival, stratified by β-catenin expression and
cisplatin-based adjuvant chemotherapy. To understand whether the effect of NME1 on RFS was
confounded by β-catenin expression or cisplatin-based adjuvant chemotherapy, data were stratified by
β-catenin overexpression (A,B) or cisplatin-based adjuvant chemotherapy (C,D) and then the survival
curves were compared according to NME1. The survival was compared using the log-rank test in 425
non-small cell lung cancers (NSCLCs).
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3.4. Multivariate Cox Proportional Hazards Analysis

Multivariate Cox proportional hazards analysis was conducted to measure the effect of reduced
NME1 expression on RFS in early stage NSCLC, after adjusting for potential confounding effects
of variables. Considering the pathological stage, hazard ratios for RFS ranged from 1.64 to 3.93,
after adjusting for patient age, sex, β-catenin expression, adjuvant chemotherapy, and histology
(Supplementary Table S3). The hazard ratio for RFS in a total of 425 patients was 2.27 (95% CI =
1.70–3.03, p < 0.0001) times worse in patients with reduced NME1 expression than in those without
(Supplementary Table S4). However, the hazard ratio was not associated with age (HR = 1.01, 95% CI
= 0.99–1.03, p = 0.18), sex (HR = 1.02, 95% CI = 0.71–1.47, p = 0.93), adjuvant chemotherapy (HR = 1.03,
95% CI = 0.86–2.23, p = 0.89), and β-catenin expression (HR = 0.99, 95% CI = 0.75–1.34, p = 0.99).

To test our hypothesis that the effect of NME1 expression on RFS may be affected by Wnt signal
and cisplatin treatment, we stratified patients according to adjuvant chemotherapy and β-catenin
expression. The negative effect of reduced NME1 expression on RFS was exacerbated by cisplatin-based
adjuvant chemotherapy (adjusted hazard ratio = 3.26, 95% CI = 1.16–9.17, p = 0.03; Supplementary
Table S5). For patients who did not receive cisplatin-based adjuvant chemotherapy, the hazard ratio of
reduced NME1 expression was increased from 1.89 (95% confidence interval (CI) = 1.21–2.95, p = 0.005)
to 2.54 (95% CI = 1.66–3.89, p < 0.0001; Table 1) by β-catenin overexpression after adjusting for patient
age, sex, histology, and pathologic stage. Among patients with β-catenin overexpression who received
cisplatin-based adjuvant chemotherapy, patients with reduced NME1 expression were determined to
have 15.52 (95% CI = 2.94–82.38, p = 0.001; Table 1) times poorer RFS than those without. These results
suggest that the negative effect of reduced NME1 expression on RFS may be worsen by cisplatin-based
adjuvant chemotherapy and β-catenin overexpression in early stage NSCLC.

Table 1. Cox proportional hazards analysis a of RFS according to NME1 in early stage NSCLC stratified
by cisplatin-based adjuvant chemotherapy and β-catenin overexpression

Adjuvant
Chemotherapy

β-Catenin Reduced NME1
HR 95% CI p-Value

Overexpression Expression

No

No No 1
(N = 176) Yes 1.89 1.21–2.95 0.005

Yes No 1
(N = 217) Yes 2.54 1.66–3.89 <0.0001

Yes

No No 1
(N = 16) Yes 5.59 0.62–50.91 0.13

Yes No 1
(N = 16) Yes 15.52 2.94–82.38 0.001

a Adjusted for age, sex, histology, and pathologic stage. Abbreviations: HR, hazard ratio; CI, confidence interval.

3.5. Relationship between Ki-67 Labeling Index and Expression of NME1 and β-Catenin

Ki-67 proliferation index was analyzed to investigate whether the effect of NME1 and β-catenin
on cisplatin-resistance might be confounded by different cell proliferation activity. Ki-67 proliferation
was not significantly different according to abnormal expression of NME1 or β-catenin irrespective
of histology (Figure 4A) and cisplatin-based adjuvant chemotherapy (Figure 4B). These observations
suggest that NME1 and β-catenin may affect cisplatin-based adjuvant chemotherapy through other
mechanisms rather than through any changes in cell proliferation.
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Figure 4. Ki-67 (MKI67) proliferation index according to altered expression of NME1 and β-catenin.
Ki-67 proliferation was compared according to expression statuses of NME1 and β-catenin, stratified by
histology (A) and adjuvant chemotherapy (B). “Adenoca” and “Squamous” represent adenocarcinoma
and squamous cell carcinoma, respectively. “No” and “Yes” indicate the absence and presence of
altered expression, respectively. p-values were calculated using one-way ANOVA.

3.6. The Relationship between NME1 and Nuclear β-Catenin Expression

NME1 silencing is known to induce a redistribution of β-catenin from the cell surface into the
cytoplasm and nucleus by activating the Wnt pathway [17]. To understand whether NME1 expression
affects the nuclear translocation of β-catenin, we analyzed the levels of nuclear β-catenin expression
(Figure 5A) according to NME1 expression. The levels of nuclear β-catenin expression showed a linear
relationship with those of cytoplasmic β-catenin expression (Pearson’s correlation coefficient γ = 0.74,
p = 0.002; Figure 5B) but not to those of NME1 expression (γ = −0.03, p = 0.80; Figure 5C).

Figure 5. The relationship between NME1 and nuclear β-catenin expression. (A) β-catenin expression
(scale bar, 100 μm) are shown in nucleus. (B,C) X- and Y-axis scores were obtained by multiplying the
intensity score of staining with the proportion of positive stained cells. The linear relationship between
two variables was calculated using Pearson’s correlation coefficient.

4. Discussion

The epithelial–mesenchymal transition (EMT) plays a crucial role in promoting metastasis of
carcinoma derived from epithelial cells. Tumor cells lose their epithelial characteristics such as cell
polarity and gain mesenchymal features such as increased migratory and invasive potentials during
EMT. Our data did not show an association of NME1 expression with tumor growth (Figure 4),
consistent with a previous study showing that NME1 silencing does not provide epithelial cancer
cells with a selective growth advantage [17]. A number of groups have reported the relationship
between NME1 expression and patient prognosis in NSCLC with different results. Some groups have
reported no association between NME1 expression and overall survival [28,29]. In contrast, reduced
NME1 expression has been found to be associated with bone metastasis and poor survival in patients
with pulmonary adenocarcinoma [30]. Ohta et al. [31] have also reported that NME1 expression is
inversely correlated with the microdissemination of tumor cells in stage I NSCLC. In addition, stage
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I NSCLC patients with NME1-negative expression show a significantly poorer survival than those
without [32,33]. The present study also showed the negative effect of reduced NME1 expression on
RFS in early stage NSCLC, consistent with findings from previous groups [30–33].

The negative effect of reduced NME1 expression on RFS in this study was worse in patients
with β-catenin overexpression than in those without. How does β-catenin overexpression influence
the effect of reduced NME1 expression on RFS? Mechanisms underlying the metastasis suppression
of NME1 have been addressed in multiple types of cancer cells. Early efforts have revealed that
NME1 may mediate its inhibitory effects on cellular motility and invasion through interactions with
signaling cascades [16,34–36]. For example, NME1 negatively regulates Rac1 (Rac family small GTPase
1) and Cdc42 (Cell division cycle 42) GTPase by interacting with Rac1-specific nucleotide exchange
factors, TIAM Rac1 associated GEF1 (Tiam1) and TGF_BETA_2 domain-containing protein (Dbl-1),
respectively [36]. A splicing variant of NME1 inhibits the metastasis of lung cancer cells by interacting
with Inhibitor of nuclear factor Kappa-B Kinase subunit beta (IKKβ) in an isotype-specific fashion and
regulating tumor necrosis factor alpha (TNFα)-stimulated Nuclear Factor kappa-light-chain-enhancer
of activated B cells (NF-κB) signaling negatively [16]. In addition, NME1 inhibits the liver metastasis of
colon cancer cells by regulating the phosphorylation of myosin light chains in nude mice [35]. NME1
silencing induces the nuclear translocation of β-catenin by disrupting adherence junction complexes
mediated by E-cadherin and promotes extracellular matrix invasion by increasing invadopodia
formation and pericellular matrix metalloproteinase (MMP) activity [17].

In addition to its effect on signaling pathways, NME1 is also known to regulate gene transcription
by binding to single-stranded DNA. A promoter region between –922 to –846 of Kangai 1 (KAI1)
is known to suppress metastasis through the inhibition of cell movement. It responds to NME1 in
high-metastatic lung cancer cell line L9981 [37]. NME1 suppresses motile and invasive phenotypes
of melanoma cells by inducing the transcription of integrin beta-3 (ITGβ3) gene through direct
physical interaction with the promoter [38]. NME1 also plays a role as a co-regulator of transcription
by regulating expression of metastasis-related genes through direct or indirect interactions with
transcription-regulatory elements [39–42]. However, the present study showed no relationship
between NME1 expression and nuclear β-catenin expression (Figure 5), suggesting that the adverse
effect of NME1 on RFS exacerbated by β-catenin overexpression might not be due to the nuclear
translocation of β-catenin by reduced NME1. It is likely that NME1 may interact with β-catenin through
other mechanisms such as upregulation of many genes related to cell cycle, apoptosis, and metastasis.

Platinum derivatives such as cisplatin are widely used chemotherapeutic agents for NSCLC.
However, cisplatin resistance is a major challenge in the use of these drugs. The molecular mechanism
of cisplatin resistance in lung cancer cells is not fully understood. Therefore, there are few efficient
strategies to overcome such resistance. Cisplatin-based adjuvant chemotherapy in the present study
did not affect RFS in univariate analysis. However, it worsened the RFS in patients with reduced NME1
expression (Supplementary Table S5). A functional link between NME1 expression and responsiveness
to cisplatin-based adjuvant chemotherapy has been reported by several groups. Cisplatin increases
interstrand DNA cross-links and inhibits pulmonary metastatic colonization in NME1-transfected breast
cancer cells [43]. NME1 has 3′-5′ exonuclease activity potentially involved in DNA proofreading [44].
Thus, reduced expression of NME1 may contribute to chemoresistance by allowing metastatic cells
to escape from apoptosis. Knockdown of NME1 by shRNA transfection in head and neck squamous
carcinoma cells attenuates the chemosensitivity of cells to cisplatin by downregulating cyclins E and
A and reducing cisplatin-induced S-phase accumulation [45]. These lines of evidence suggest that
reduced NME1 expression might be involved in cisplatin resistance through various mechanisms.
Therefore, restoring NME1 expression might be a therapeutic intervention strategy to surmount
cisplatin resistance.

Previous studies have demonstrated Wnt/β-catenin-mediated resistance to cisplatin in various
types of cancers [23,24]. Transient interference of cytoplasmic GSK-3β increases cisplatin resistance
by activating Wnt/β-catenin signaling in cisplatin-resistant A549 cells [23]. Recently, Zhang and
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colleagues [24] have reported that the interference of β-catenin expression by siRNA can decrease
mRNA and protein levels of anti-apoptotic gene Bcl-xl and increase cisplatin sensitivity in A549
wild-type cells. Despite these associations of β-catenin overexpression and cisplatin resistance in
various types of cancer cells, β-catenin overexpression alone was not associated with cisplatin resistance
in the present study. However, β-catenin overexpression aggravated RFS when patients with reduced
NME1 received cisplatin-based adjuvant chemotherapy (Table 1). Further studies are needed to better
understand the combined effect of β-catenin and NME1 on RFS of patients receiving platinum-based
adjuvant chemotherapy in early stage NSCLC.

This study was limited by several factors. First, this was a retrospective study that was prone to
selection and surveillance biases. Second, it is necessary to investigate combined effects of β-catenin
and NME1 on apoptosis, migration, invasion, or metastasis in different cell types of lung cancer
to clearly understand the molecular mechanisms underlying the effect of β-catenin and NME1 on
poor RFS. Third, the lack of a negative effect of β-catenin in the univariate analysis (Supplementary
Table S2) in this study might be due to the small sample size and short duration of follow-up. Fourth,
EcoR1 (rs34214448-G/T) polymorphism in NME1 gene is associated with increased susceptibility to
NSCLC [46] and could potentially affect the results of the current analysis, which is based only on
expression levels. Fifth, the relationship between the Th1 (T helper cell type 1) and Th 2 (T helper cell
type 2) ratio and β-catenin levels were not analyzed in this study. The balance between Th1 and Th2
in the tumor microenvironment is regulated by several factors, and β-catenin may affect the tumor
microenvironment. Thus, for the understanding of their relationship and the analysis of β-catenin
levels, it may be informative to know the Th1/Th2 ratio of patients. Sixth, the number of patients
receiving adjuvant chemotherapy was too small. Accordingly, prospective large-scale studies are
needed to validate the effect of β-catenin and cisplatin-based adjuvant chemotherapy on NME1-related
RFS in early stage NSCLC.

In conclusion, the present study suggests that the adverse effect of reduced NME1 expression
on RFS may be exacerbated by cisplatin-based adjuvant chemotherapy and β-catenin overexpression
through other mechanisms rather than through the nuclear translocation of β-catenin in early stage
NSCLC. Accordingly, it is recommended that cisplatin-based adjuvant chemotherapy in patients with
completely resected stage I–IIIA NSCLC be carefully applied after examining the expression levels of
β-catenin and NME1.
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Abstract: Clinical data suggest that only a subgroup of non-small cell lung cancer (NSCLC) patients
has long-term benefits after front-line platinum-based therapy. We prospectively investigate whether
KRAS status and DNA polymerase β expression could help identify patients responding to platinum
compounds. Prospectively enrolled, advanced NSCLC patients treated with a first-line regimen
containing platinum were genotyped for KRAS and centrally evaluated for DNA polymerase β

expression. Overall survival (OS), progression-free survival (PFS), and the objective response rate
(ORR) were recorded. Patients with KRAS mutations had worse OS (hazard ratio (HR): 1.37, 95%
confidence interval (95% CI): 0.70–2.27). Negative DNA polymerase β staining identified a subgroup
with worse OS than patients expressing the protein (HR: 1.43, 95% CI: 0.57–3.57). The addition of
KRAS to the analyses further worsened the prognosis of patients with negative DNA polymerase β

staining (HR: 1.67, 95% CI: 0.52–5.56). DNA polymerase β did not influence PFS and ORR. KRAS
may have a negative role in platinum-based therapy responses in NSCLC, but its impact is limited.

J. Clin. Med. 2020, 9, 2438; doi:10.3390/jcm9082438 www.mdpi.com/journal/jcm15



J. Clin. Med. 2020, 9, 2438

DNA polymerase β, when not expressed, might indicate a group of patients with poor outcomes.
KRAS mutations in tumors not expressing DNA polymerase β further worsens survival. Therefore,
these two biomarkers together might well identify patients for whom alternatives to platinum-based
chemotherapy should be used.

Keywords: NSCLC; KRAS; DNA polymerase beta; platinum-based first-line

1. Introduction

Over the last 40 years, several million lung cancer patients have received platinum-based regimens,
and despite the clinical use of an impressive variety of targeted agents, these drugs are still one of
the main therapeutic options for certain patients [1]. Platinum compounds are also the best choice
in first-line immunotherapy combinations [2]. However, despite the good impact of platinum-based
therapies, only a small proportion of patients have durable benefits [3]. Therefore, biomarkers to
explain the resistance mechanisms to platinum compounds are urgently needed.

KRAS mutations have long been considered potential biomarkers to predict the outcome of
platinum-based chemotherapy in NSCLC [4]. The TAILOR trial data shed light on the possibility that
there was a small negative prognostic effect of KRAS mutations in advanced NSCLC patients treated
with a platinum-based doublet when EGFR-mutant patients were excluded from the analysis [5].

Platinum adducts are repaired by different DNA repair systems. The Fanconi anemia (FA) pathway
is thought to coordinate these systems, including homologous recombination (HR), nucleotide excision
repair (NER), and translesion synthesis (TLS) repair [6,7]. Other DNA repair systems, such as base
excision repair (BER), are involved in cisplatin-induced DNA damage, but so far, they have been
assigned only a marginal role in repairing this damage [8].

Our group recently reported in a preclinical study that DNA polymerase β, an important
component of the BER pathway, could be involved in platinum-based chemotherapy responses.
Our results suggested a different pattern of sensitivity/resistance to cisplatin, dependent on KRAS
mutational status [9].

The present work explores whether DNA polymerase β, alone or in combination with KRAS
mutational status, can identify tumors with different abilities to respond to platinum compounds.
This is the first study to prospectively assess the combined role of the selected biomarkers to identify
patients who could benefit from platinum-based therapy.

2. Material and Methods

2.1. Study Population and Samples

The Fondazione IRCCS Istituto Nazionale dei Tumori (Milan, Italy), the Regina Elena National
Cancer Institute (Rome, Italy), the Hospital Papa Giovanni XXIII (Bergamo, Italy), and the Metropolitan
and Attikon Hospitals (Athens, Greece) were the centers involved. Consecutive patients with
metastatic NSCLC who received platinum-based chemotherapy in combination with either vinorelbine,
gemcitabine, or pemetrexed, according to the physician’s choice, as first-line therapy between February
2014 and April 2017 were included in the BioRaRe prospective multicenter trial.

All patients had an Eastern Cooperative Oncology Group (ECOG) Performance Status (PS)
between 0 and 2 and were at least 18 years of age. Exclusion criteria included any evidence of serious
comorbidities that the investigator judged as a contraindication to the participation in the study,
pregnancy, and breast-feeding.

Patients evaluable for tumor response according to the RECIST 1.1 criteria were examined,
and their demographics and clinical and pathological characteristics were retrieved. E-CRF and
medical records were used to collect data.
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The study was approved by the Fondazione IRCCS Istituto Nazionale dei Tumori Institutional
Review Board (INT18/13) and conducted according to the Declaration of Helsinki ethical principles for
medical research involving human subjects. All patients gave signed written informed consent.

2.2. Mutational Analysis

KRAS mutational status was determined by Sanger sequencing at each center, following
the protocol already used in a clinical trial by our group [10]. Briefly, DNA extraction was
performed on histological tumor specimens by using standard phenol–chloroform procedure after
macro/microdissection in order to recovery most of the cancer cells and to reduce contamination by
normal ones. DNA preparations were verified for their concentration and quality by spectrophotometric
measurement. Genomic DNAs were amplified by polymerase chain reaction (PCR) using high-fidelity
Taq polymerase and specific primers encompassing intronic regions for KRAS exons 2–4. PCR products
were then analyzed electrophoretically on agarose gel, and automated bidirectional sequencing was
performed using BigDye Terminator chemistry. Sequences were then automatically compared with
wild-type KRAS gene profiles by software analysis to assess the presence of possible mutations.

2.3. Immunohistochemical Analysis (IHC)

IHC was done centrally on single slides at the Fondazione Filarete, as previously reported [11].
Sections were immune-stained with anti-DNA polymerase β antibody ab26343 (Abcam, Cambridge,
UK), and incubated with biotinylated secondary goat anti-rabbit antibody (VC-BA-1000-MM15,
Vector Laboratories, Burlingame, CA, USA). Sections were labeled by the avidin–biotin–peroxidase
(ABC) procedure with a commercial immunoperoxidase kit (VECTASTAIN Elite ABC-Peroxidase Kit
Standard, VC-PK-6100-KI01, Vector Laboratories, Burlingame, CA, USA). The immune reaction
was visualized with 3,3′-diaminobenzidine peroxidase DAB substrate kit (VC-SK-4100-KI01,
Vector Laboratories, Burlingame, CA, USA) substrate and sections were counterstained with Mayer’s
hematoxylin. Figure S1 shows representative images of negative and positive DNA polymerase
β staining.

A semiquantitative H-score (percentage of positive tumoral cells x intensity: 0 = negative,
1 = slight, 2 = moderate, 3 = strong) was calculated independently by two pathologists. In case of
disagreement, a third opinion was requested.

2.4. Outcomes

The primary outcome of the study was progression-free survival (PFS). Secondary outcomes
were objective response rate (ORR) and overall survival (OS). PFS was defined as the time from the
start of the platinum-based first-line therapy to the date of progression or death from any cause,
whichever came first. ORR was defined as the proportion of patients with a complete or partial
response to treatment. OS was defined as the time from the platinum-based first-line therapy to the
date of death from any cause.

2.5. Statistical Methods

Chi-squared and Kruskal–Wallis tests were used to analyze the relations between the DNA
polymerase β H-score (Polβ) and categorical clinical variables. The Spearman correlation coefficient
was used to measure the correlation between Polβ and continuous clinical variables. Polβ was analyzed
as a continuous and dichotomous variable (Polβ = 0 as negative and Polβ > 0 as positive).

Patients who had not died or had no disease progression were censored at their last available
information on status. Survival curves were calculated with the Kaplan–Meier method and tested
by the log-rank test. Cox proportional hazard models were used to analyze the impact of DNA
polymerase β on PFS and OS, adjusting for clinical and pathological characteristics such as ECOG-PS,
age, histology, smoking, therapy, and, only for OS, immunotherapy. Results were expressed as hazard
ratios (HRs) with their 95% confidence intervals (95% CIs).
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The impact of DNA polymerase β on ORR was analyzed with logistic regression models and
expressed as odds ratios (ORs) with their 95% CIs, while for dichotomized analysis, the chi-square
test was used. A subgroup analysis was done for patients with both Polβ and KRAS mutational
status available.

All statistical tests were two-sided, and p < 0.05 was considered statistically significant.
Statistical analyses were done using SAS version 9.4 (SAS Institute, Cary, NC, USA).

3. Results

Of the 120 patients registered in the trial with material available, 109 had a DNA polymerase β

H-score (Polβ) and 74 had both Polβ and KRAS mutational status. Figure 1 reports the flowchart of
the study.

Figure 1. CONSORT diagram showing the flow of participants.

The main demographic characteristics of the population (n = 109) and the relationships between
characteristics and Polβ are reported in Table 1.

3.1. Progression-Free Survival

The median PFS was, respectively, 5.9 and 7.2 months in the mutated (mut) and wild-type (wt)
KRAS groups (adjusted HR mut vs. wt: 1.09, 95% CI: 0.56–2.08, p = 0.815).

Polβ, considered a continuous variable, did not have any significant impact on PFS in a
multivariable Cox model. HR was 0.99 for each 10-unit increment of the score, with 95% CI 0.97–1.02
and p = 0.579. The inclusion of KRAS mutational status in the statistical model did not modify the
impact of Polβ on progression or death risk (HR: 0.99, 95% CI: 0.96–1.02, p = 0.501). Considering Polβ
as a dichotomous variable, median PFS were, respectively, 4 and 6.3 months for negative (neg) and
positive (pos) staining. The absence or presence of DNA polymerase β had no impact on the risk of
PFS, considering the multivariable models, either including KRAS status or not in the analysis (HR
pos vs. neg: 1.10, 95% CI: 0.44–2.70, p = 0.847; HR pos vs. neg: 1.08, 95% CI: 0.49–2.38, p = 0.857).
Detailed results of the multivariable analysis for PFS are reported in Table 2, and the Kaplan–Meier
curves for PFS are shown in Figure 2A. The forest plot in Figure 2B graphically shows the effect of
KRAS status on the relationship between Polβ and PFS.
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3.2. Overall Survival

The median OS was, respectively, 12.4 and 20.5 months in the mutated and wild-type KRAS
groups (adjusted HR mut vs. wt: 1.27, 95% CI: 0.70–2.27, p = 0.441).

Polβ, analyzed as a continuous variable, had no impact on survival in the multivariable models
including KRAS status or not (HR: 0.99, 95% CI: 0.96–1.01, p = 0.39; HR = 0.99, 95% CI: 0.95–1.02,
p-value = 0.388).

Patients who were negative for DNA polymerase β staining had a median OS of 11.6 months
compared to 20.6 months in the positive group. The absence of DNA polymerase β caused a worse but
not statistically significant OS compared to DNA polymerase β-expressing patients (HR pos vs. neg:
1.43, 95% CI: 0.57–3.57, p = 0.439). With the inclusion of KRAS mutational status in the statistical model,
the effect on survival with Polβ was stronger (HR pos vs. neg: 1.67, 95% CI: 0.52–5.56, p = 0.386).
The results of the multivariate analyses for OS are reported in Table 3. Kaplan–Meier curves for OS,
reported in Figure 3A,B, show the effect of KRAS status on the relationship between Polβ and OS.

Table 1. Baseline characteristics of patients (n = 109) and their relation with Polβ as a continuous or
dichotomous variable. Pos, positive; neg, negative.

n (%)
p p

Polβ Continuous Polβ pos vs. neg

Age of diagnosis Median(Q1–Q3) 66.8 (60.0–71.4) 0.448 * 0.788 †
Missing 3

Gender Male 70 65.4 0.717 † 0.366 **
Female 37 34.6
Missing 2

ECOG-PS 0 78 81.3 0.157 † 0.443 **
1 17 17.7
2 1 1

Missing 13

Smoking Never 21 20 0.618 † 1.000 **
Former
smokers 42 40

Smokers 42 40
Missing 4

Stage at diagnosis IIIB 28 26.2 0.038 † 0.507 **
IV 79 73.8

Missing 2

Histotype Adenocarcinoma 90 82.6 0.291 † 0.184 **
Squamous 17 15.6

Other 2 1.8

Platinum-based therapy Cisplatin 33 34.7 0.726 † 0.486 **
Carboplatin 62 65.3

Missing 14

Immunotherapy No 62 58.5 0.248 † 0.352 **
Yes 44 41.5

Missing 3

Polβ Median(Q1-Q3) 160.0 (60.0–200.0) - -
negative 13 11.9 - -
positive 96 88.1

KRAS Mutated 35 47.3 0.053 † 0.125 **
Wild-Type 39 52.7

Missing 35

At a median follow-up of 18.8 months (Q1–Q3: 8.3–48.9), there were 90 progressions, 62 deaths, and 100 deaths
or progressions. Q1–Q3: first–third quartile, pos: positive, neg: negative, †: Kruskal–Wallis test, *: Spearman
correlation, **: Fisher test.
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Table 2. Multivariable Cox models adjusted for ECOG-PS, age, histology, smoking, and therapy for
progression-free survival, considering Polβ continuous or Polβ positive vs. negative. Pos, positive;
neg, negative.

Polβ Continuous Polβ pos vs. neg

HR (95% CI) p HR (95% CI) p

Polβ (10-unit increment) 0.99 (0.97–1.02) 0.579 - -

Polβ
Positive - - reference

Negative - - 1.07 (0.49–2.38) 0.857

Age at metastasis diagnosis (5 years increment) 0.82 (0.72–0.94) 0.005 0.82 (0.72–0.95) 0.006

Histology
Adenocarcinoma reference reference

Squamous 1.10 (0.60–2.03) 0.755 1.12 (0.60–2.10) 0.728
Nos or other 2.26 (0.27–18.6) 0.449 2.34 (0.28–19.5) 0.432

Smoke
Never reference reference

Previous 1.25 (0.69–2.26) 0.463 1.27 (0.70–2.29) 0.434
Current 0.79 (0.40–1.56) 0.495 0.81 (0.41–1.59) 0.543

ECOG-PS 1.51 (0.78–2.94) 0.223 1.51 (0.76–3.00) 0.244

Therapy
Cisplatin reference reference

Carboplatin 1.73 (1.02–2.92) 0.041 1.69 (1.01–2.85) 0.046

Table 3. Multivariable Cox models adjusted for ECOG-PS, age, histology, smoking, therapy,
and immunotherapy for OS, considering Polβ continuous and Polβ positive or negative. Pos: positive,
neg: negative.

Polβ Continuous Polβ pos vs. neg

HR (95% CI) p HR (95% CI) p

Polβ (10-unit increment) 0.99 (0.96–1.01) 0.390 - -
Polβ

Positive - - reference
Negative - - 1.43 (0.57–3.57) 0.439

Age at metastasis diagnosis (5 years increments) 0.87 (0.75–1.01) 0.066 0.87 (0.75–1.01) 0.065

Histology
Adenocarcinoma reference reference

Squamous 0.94 (0.46–1.95) 0.877 0.98 (0.47–2.06) 0.960
Nos or other 7.67 (0.83–70.6) 0.072 8.86 (0.94–83.3) 0.056

Smoke
Never reference reference

Previous 2.65 (1.15–6.12) 0.022 2.76 (1.21–6.30) 0.016
Current 1.58 (0.61–4.11) 0.350 1.63 (0.63–4.26) 0.316

ECOG-PS 1.18 (0.48–2.90) 0.724 1.12 (0.44–2.87) 0.812

Therapy
Cisplatin reference reference

Carboplatin 1.74 (0.94–3.21) 0.075 1.70 (0.93–3.12) 0.084

Immunotherapy
No reference reference
Yes 0.57 (0.32–1.03) 0.063 0.55 (0.31–0.98) 0.041
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Figure 2. (A) Kaplan–Meier curves for PFS according to the positive or negative DNA polymerase β

staining. (B) Effect of KRAS status on the relationship between Polβ and PFS adjusted for ECOG-PS,
age, histology, smoking, and therapy.
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Figure 3. (A) Kaplan–Meier curves for OS, according to the positive or negative DNA polymerase β

staining. (B) Effect of KRAS status on the relationship between Polβ and PFS adjusted for ECOG-PS,
age, histology, smoking, therapy, and immunotherapy.

3.3. Overall Response Rate

There were no differences between the DNA polymerase β negative and positive staining groups,
or among different Polβ as a continuous variable in ORR to platinum-based first-line therapy (Table 4).

Table 4. Objective response rates by DNA Polymerase β H-score (Polβ). CR, complete response; PR,
partial response; SD, stable disease; PD, progressive disease.

Polβ neg
n = 12

Polβ pos
n = 64

Chi-Squared Test Logistic Regression Model

CR + PR −n (%) 4 (33.3) 23 (35.9) Chi = 0.03 OR = 1.002
95% CI 34.9–90.1 51.1–75.7 Df = 1 95%CI = 0.997–1.006

SD + PD −n (%) 8 (66.7) 41 (64.1) p = 0.864 p = 0.505
95% CI 9.9–65.1 24.3–48.9

4. Discussion

KRAS mutations have often been investigated as possible biomarkers for selecting chemotherapy,
but results have varied, casting doubt on the true utility of this protein. In a previously published
randomized prospective trial from our group, an analysis of 247 patients showed that those carrying
KRAS mutations and treated with a first-line platinum-based regimen had worse PFS than patients
with wild-type KRAS [5]. The present study detected a not-statistically-significant effect for OS,
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KRAS-mutated patients having a worse prognosis than KRAS wild-type patients. A possible
explanation, although the trend is in line with previous observations, is that the statistical power of this
cohort of patients was half that in our earlier study, where KRAS status was significantly associated
with survival. On the other hand, the LACE-Bio pooled analysis, including data of 1543 patients
participating in four clinical trials, showed that there is no difference in terms of outcomes in early-stage
lung cancer patients with either wild-type or mutated KRAS [12]. Our different result may suggest
that KRAS mutations could play different roles in early and advanced disease. In advanced stages,
KRAS could be a condition necessary, but not sufficient, to explain a more aggressive phenotype.

There is preclinical evidence that KRAS and its mutated versions modulate DNA repair,
hence the cellular response to genotoxic agents. Oncogenic RAS can inactivate BRCA-1 dependent
homologous recombination (HR) by favoring the dissociation of BRCA-1 from chromatin [13]. Moreover,
activated KRAS can suppress the expression of DNA repair genes (including BRCA1, BRCA2, EXO-1,
and TP53) [14]. In leukemic cells, mutant KRAS promoted the upregulation of components of the
alternative nonhomologous end-joining (NHEJ) pathway, such as DNA ligase IIIα, PARP1, and XRCC1,
and the inhibition of the alternative NHEJ pathway selectively sensitized KRAS-mutated cells to
chemotherapy [15].

Our group also suggested KRAS-dependent specific alterations in the BER system, where we
found DNA polymerase β as a possible selection factor. We demonstrated at the preclinical level
that DNA polymerase β could play a role in the response to cisplatin-based chemotherapy, and the
data indicated a pattern of sensitivity or resistance depending on the KRAS mutational status [9].
These findings support the hypothesis that the combination of mutant-KRAS status with DNA repair
could be a predictive biomarker for response to platinum-based therapy.

On the basis of these assumptions, we planned a translational study to clinically validate KRAS
and DNA polymerase β as “biomarkers” for poor response and outcome to platinum-based first-line
chemotherapy. We investigated DNA polymerase β as a possible selection marker, alone or in
combination with KRAS status. DNA polymerase β expression, summarized in the H-score and
considered as a continuous variable, was meaningless to both PFS and OS, alone or with KRAS.

When we compared negative or positive DNA polymerase β staining patients, we detected an
interesting, though not statistically significant, difference: OS patients negative for DNA polymerase β

staining had worse outcomes than the positive staining group. This result was confirmed even when
KRAS status was considered in the analysis.

These data, although interesting and calling for further analysis, are not supported by the literature,
where DNA polymerase β upregulation was described as causing resistance to cisplatin in an ovarian
cancer model [16]. In a colorectal cancer model expressing high levels of DNA polymerase β, cisplatin
was ineffective compared to the same model in which DNA polymerase β was downregulated. In the
same paper, 5-year OS curves showed that patients with high DNA polymerase β expression had a
significantly poorer prognosis than those with low expression [17]. However, DNA polymerase β has
been investigated as a selection marker in very few, only retrospective studies, and our is the first
attempt to investigate it, prospectively, in NSCLC.

A recent report suggests that if cells are not able to repair DNA single-strand break lesions through
BER (as should be the case here for cells negative for DNA polymerase β), these lesions are channeled
to the HR system [18]. We do not know whether this is also true for cisplatin-induced DNA lesions
and whether these patients have HR alterations, but it does suggest an intriguing explanation for the
worse outcome observed in DNA polymerase β-negative patients.

To our knowledge, this is the first investigation of the role and value of DNA polymerase β,
alone or in combination with KRAS status, as a marker of response to platinum-based therapy in
NSCLC. Besides the results, this paper also stimulates the idea to further investigate the combination of
biomarkers that indicate how different biological pathways coexist or work together in those scenarios,
where no single biomarker has been shown to have strong value.
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In conclusion, KRAS may have a negative role in platinum-based therapy responses in NSCLC,
but its impact is limited. The absence of DNA polymerase β might indicate a group of patients
with poor outcomes compared to patients positively staining for this protein. In addition, a mutated
form of KRAS in tumors not expressing DNA polymerase β further worsens survival. Therefore,
these two biomarkers together might well identify patients for whom alternatives to platinum-based
chemotherapy should be used.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/8/2438/s1,
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Abstract: Epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) are used for
treating EGFR-mutated lung cancer, and osimertinib is effective in cases that acquired T790M
mutations after treatment with the first- and second-generation EGFR-TKIs. However, no study has
evaluated its safety and efficacy in older patients. This phase II trial (jRCTs071180002) evaluated
osimertinib in T790M mutation-positive Japanese patients who were≥75 years old and had experienced
relapse or progression after previous EGFR-TKI treatment. Our previous report that enrolled 36
patients showed the overall response rate (58.3%) and disease control rate (97.2%), while this report
describes the results for the progression-free survival (PFS), overall survival (OS), and safety
analyses. The median PFS was 11.9 months (95% confidence interval (CI): 7.9–17.5), and the
median OS was 22.0 months (95% CI: 16.0 months–not reached). The most frequent adverse
events were anemia/hypoalbuminemia (27 patients, 75.0%), thrombocytopenia (21 patients, 58.3%),
and paronychia/anorexia/diarrhea/neutropenia (15 patients, 41.7%). Pneumonitis was observed in
four patients (11.1%), including two patients (5.6%) with Grade 3–4 pneumonitis. These results
suggest that osimertinib was relatively safe and effective for non-small cell lung cancer that acquired
T790M mutations after previous EGFR-TKI treatment, even among patients who were ≥75 years old.

Keywords: non-small cell lung cancer; EGFR-TKI; T790M; osimertinib

1. Introduction

Treatment for epidermal growth factor receptor (EGFR)-mutated non-small cell lung cancer
(NSCLC) typically involves EGFR tyrosine kinase inhibitors (EGFR-TKIs). Gefitinib and erlotinib are
the first-generation EGFR-TKIs that provide significant survival benefits compared with platinum-based
chemotherapy in clinical trials [1–6]. Afatinib and dacomitinib are the second-generation EGFR-TKIs
that provide significantly longer progression-free survival (PFS) compared to that of platinum-based
chemotherapy and first-generation EGFR-TKIs, although the second-generation EGFR-TKIs did not
significantly improve overall survival (OS) [7–11]. In addition, these drugs are associated with more
severe toxicity profiles, such as skin disorders, relative to the first-generation EGFR-TKIs.

Various mechanisms are responsible for resistance to the first-generation and second-generation
EGFR-TKIs, with more than one-half of the cases involving the EGFR exon 20 T790M mutation [12].
Osimertinib is a third-generation EGFR-TKI that was developed to address this issue [12], and he AURA3
study revealed that it provided significantly longer PFS compared to platinum-based chemotherapy
among patients with T790M-mutated lung cancer [13]. Moreover, the FLAURA trial conducted on
first-line treatment revealed that osimertinib administered as an initial treatment for EGFR-mutated
cases significantly prolonged PFS and OS compared with the first-generation EGFR-TKIs, with a
median OS of >3 years [14,15]. Furthermore, osimertinib is expected to have good central nervous
system translocation and a limited inhibition of the wild-type EGFR, which may make it less toxic,
and therefore, the first choice for EGFR-mutated NSCLC [16–18]. Nevertheless, additional evidence is
needed to support this application based on various patient populations. We have performed a phase
II study to investigate the efficacy and safety of osimertinib in elderly Japanese patients (≥75 years old)
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with NSCLC containing the T790M mutation who progressed or experienced a relapse while receiving
the first- and second- generations of EGFR-TKI treatment. In our previous report, the response rate
was the primary endpoint, and the disease control rate was the secondary endpoint [19]. This report
presents the results from our final analyses of PFS, OS, and safety events, which were the additional
secondary endpoints in that trial.

2. Experimental Section

2.1. Patients

The study eligibility and exclusion criteria have been previously reported [19,20]. Patients were
enrolled in this study between July 2016 and May 2018 if they met the following eligibility criteria:
recurrence of NSCLC after achieving stable disease or better as their best overall response after
treatment with the first- and second-generation of EGFR-TKIs; harboring an EGFR mutation (activating)
and being T790M-positive; aged over 75 years; performance status of ≤1 based on the Eastern
Cooperative Oncology Group (ECOG) scale; adequate bone marrow function (leukocyte count
3000–12,000/μL, platelet count ≥100,000/μL, and hemoglobin level ≥9.0 g/dL), adequate hepatic
function (bilirubin level ≤1.5 mg/dL, aspartate aminotransferase of ≤100 IU/L, alanine aminotransferase
of ≤100 IU/L), and adequate renal function (serum creatinine ≤2.0 mg/dL); a measurable lesion
according to the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines version 1.1;
and provision of written informed consent. The exclusion criteria were pulmonary disorders; including
idiopathic pulmonary fibrosis; interstitial pneumonia; pneumoconiosis; active radiation pneumonitis
and drug-induced pneumonia, active infection; symptomatic brain metastasis; uncontrollable
diabetes mellitus or severe comorbidities such as heart disease or renal disease; watery diarrhea;
active concomitant malignancy; pregnancy or other medical problems that could prevent compliance
with the protocol. The trial protocol was registered at Japan Registry of Clinical Trials (jRCTs071180002)
and was approved by the ethical review board of Clinical Research Network Fukuoka Certified Review
Board (CRB7180004). All patients provided written informed consent before enrollment.

2.2. Study Design, Treatments, and Endpoints

This single-arm-multicenter study involved daily oral administration of osimertinib (80 mg/day).
Osimertinib had to be started at 80 mg/day, and if adverse events (AEs) occurred, dose reduction was
performed according to the dose reduction criteria. Administration of osimertinib was continued until
the patient met the discontinuation criteria or disease progression. Tumor assessments were performed
at baseline, every 6 weeks (± 2 weeks) for 6 months, and then every 9 weeks (± 2 weeks) until disease
progression. Baseline brain imaging was performed on a similar schedule. Among patients with
T790M mutations, the objective response rate (ORR) was 62% (95% confidence interval [CI]: 54–68)
in the AURA extension study (201 patients). In the AURA2 study (210 patients) the ORR was 70%
(95% CI: 64–77) and the median PFS was 9.9 months (95% CI: 9.5–12.3) [21–23]. Docetaxel is the standard
treatment for elderly patients based on the Japanese guidelines, as it provided an ORR of 22.7% in a
study that compared docetaxel to vinorelbine [24]. Another recent study evaluated carboplatin plus
pemetrexed for elderly Japanese patients and revealed an ORR of 41.2% [25]. Based on these findings,
a required sample size of 31 patients was calculated according to the normal approximation method,
with an expected response rate of 60%, a threshold response rate of 35%, two-sided alpha = 0.05,
and 1 – beta = 0.8. However, the target sample size was increased to 35 patients to account for potential
dropout cases. The primary endpoint for the trial was the overall response rate (ORR), while the
secondary endpoints were PFS, OS, disease control rate (DCR), and safety events.

2.3. Statistical Methods

The ORR was calculated as the proportion of subjects with complete response or partial response
as their best treatment responses. The DCR was calculated as the proportion of subjects who achieved
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stable disease (or better) as their best treatment response. The PFS interval was calculated from the date
of enrollment to the first instance of disease progression, death from any cause, or the last follow-up
without evidence of progression (for surviving patients with no evidence of progression). The OS
interval was calculated from the date of enrollment to the date of death from any cause. Adverse events
were evaluated from the first drug administration to 30 days after the last drug administration and
were graded based on the Japanese JCOG translation of version 4.0 of the Common Terminology
Criteria for Adverse Events.

The Wilson method was used to estimate the ORR and DCR with their two-sided 95% CIs.
Statistical significance was considered present when the lower limit of the estimated 95% CI was above
the threshold of 35% for ORR. The Kaplan–Meier method was used to evaluate the survival curves for
PFS and OS, as well as the median and annual values. The Brookmeyer and Crowley method was
used to estimate the CI values for median values, and Greenwood’s formula was used to estimate the
standard error for annual values.

3. Results

3.1. Patient Characteristics

The study enrolled 36 patients between July 2016 and May 2018, with 23 female patients (63.9%)
with a median age of 80 years, and 19 patients (52.8%) who were ≥80 years old. The histological
types were adenocarcinoma in 35 patients (97.2%) and a mixed type with small cell lung cancer
in only 1 patient. Based on the 7th edition of the AJCC system for staging lung cancer, 25 cases
(69.4%) were considered stage IV, 10 cases (27.8%) involved relapse after surgery, and 1 case (2.8%)
was considered stage IIIB. Among the enrolled patients, 30.6% were former smokers. The EGFR gene
mutations involved the exon 20 T790M mutation in all cases, as well as exon 19 deletion in 22 cases
(61.1%) and the exon 21 L858R point mutation in 11 cases (30.6%). Brain metastasis was detected in
15 patients (41.7%) (Table 1).

Table 1. Patient characteristics.

n (%)

Sex Male 13 (36.1)
Female 23 (63.9)

Age Median (range) 80 (75–92)
≥80 years 52.8 %
>85 years 11.1 %

PS 0
1

8 (22.2)
28 (77.8)

Histology Adenocarcinoma 35 (97.2)
Adenocarcinoma +

SCLC 1 (2.8)

Stage IIIB 1 (2.8)
IV 25 (69.4)

Relapse after surgery 10 (27.8)
EGFR mutation T790M 36 (100.0)

Exon 19 deletion 22 (61.1)
L858R 11 (30.6)
G719X 1 (2.8)

Smoking status Ex-smoker 11(30.6)
Pre-treatment Surgery 12 (33.3)
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Table 1. Cont.

n (%)

Chemotherapy
EGFR-TKI
Afatinib
Erlotinib
Gefitinib

13 (36.1)
36 (100.0)
5 (13.9)

10 (27.8)
21 (58.3)

Radiotherapy 10 (27.8)
Thoracic drainage 4 (11.1)

Metastasis site Lung 18 (50.0)
Pleural dissemination 12 (33.3)

Brain 15 (41.7)
Bone 12 (33.3)
Liver 8 (22.2)

PS: performance status, SCLC: small cell lung cancer.

3.2. Efficacy

The ORR from our previous report was 58.3% (95% CI: 42.2–72.9), which included a complete
response rate of 2.8% and a partial response rate of 55.6%. The stable disease rate was 38.9%, and the
DCR was 97.2%. The median response duration was 54.9 weeks (95% CI: 26.9–69.1), and a waterfall plot
revealed that 33 patients (91.6%) experienced tumor shrinkage, which indicated favorable antitumor
activity. Sixteen patients (44.4%) continued treatment beyond progression.

The median PFS was 11.9 months (95% CI: 7.9–17.5), with 1-year PFS rate of 50.0% and 2-year PFS
rate of 18.3% (Figure 1). The median OS was 22.0 months (95% CI: 16.0–not reached), with 1-year OS
rate of 77.8% and 2-year OS rate of 49.5% (Figure 2).

Figure 1. Progression-free survival.
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Figure 2. Overall survival.

3.3. Safety

Adverse events occurred in 31 cases (86.1%), with Grade 3 or higher adverse events observed in
10 cases (27.8%). Seven patients (19.4%) required dose reductions, 10 patients (27.8%) discontinued
treatment because of adverse events, and 1 patient died (2.8%). The adverse event leading to
death was a pulmonary infection, although this was judged unlikely to have been caused by the
osimertinib treatment. There were no death events caused by drug-induced lung injury. The most
frequent adverse event was anemia/hypoalbuminemia (27 patients, 75.0%), which was followed
by thrombocytopenia (21 patients, 58.3%), paronychia/anorexia/diarrhea/neutropenia (15 patients,
41.7%), leukopenia/aspartate aminotransferase increase (14 patients, 38.9%), fatigue/acneiform eruption
(13 patients, 36.1%), and alanine aminotransferase increase/alkaline phosphatase increase/creatinine
increase (11 patients, 30.6%). The Grade 3–4 adverse events included fatigue, anorexia, diarrhea,
cardiac ejection fraction decreased, prolonged QT, leukopenia, neutropenia, and aspartate
aminotransferase increase. The cases of cardiac ejection fraction were decreased and the cases of
prolonged QT were different cases, and delirium and hallucinations were observed in the same patient.
Pneumonitis was observed in four patients (11.1%), including two patients (5.6%) with Grade 3–4
pneumonitis (Table 2).

Table 2. Adverse events.

Any Grade Grade 3–4

All adverse events > 15%, n (%)
Anemia 27 (75.0) 0 (0.0)
Hypoalbuminemia 27 (75.0) 0 (0.0)
Platelet count decreased 21 (58.3) 0 (0.0)
Neutrophil count decreased 15 (41.7) 1 (2.8)
Paronychia 15 (41.7) 0 (0.0)
Decreased appetite 15 (41.7) 4 (11.1)
Diarrhea 15 (41.7) 1 (2.8)
White blood cell decreased 14 (38.9) 1 (2.8)
Aspartate aminotransferase increased 14 (38.9) 2 (5.6)
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Table 2. Cont.

Any Grade Grade 3–4

Fatigue 13 (36.1) 3 (8.3)
Dermatitis acneiform 13 (36.1) 0 (0.0)
Alanine aminotransferase increased 11 (30.6) 0 (0.0)
Alkaline phosphatase increased 11 (30.6) 2 (5.6)
Creatinine increased 11 (30.6) 0 (0.0)
Pruritus 8 (22.2) 0 (0.0)
Mucositis oral 8 (22.2) 0 (0.0)

Grade 3–4 adverse events, n (%)
Pneumonitis 4 (11.1) 2 (5.6)
Left ventricular systolic dysfunction 1 (2.8) 1 (2.8)
Electrocardiogram QT prolongation 1 (2.8) 1 (2.8)
Delirium 1 (2.8) 1 (2.8)
Hallucination 1 (2.8) 1 (2.8)
Dyspnea 1 (2.8) 1 (2.8)
Dehydration 1 (2.8) 1 (2.8)
Lung infection 2 (5.6) 1 (2.8)
Sinusitis 1 (2.8) 1 (2.8)

4. Discussion

Treatment of NSCLC has advanced dramatically after the introduction of molecularly targeted
drugs, such as EGFR-TKIs for EGFR-mutated cases. The first- and second-generation of EGFR-TKIs
proved to be highly effective in several studies, although the effects tended to only last for approximately
1 year [1–11]. Approximately one-half of the resistant cases involved a gatekeeper mutation in exon
20 (T790M), and osimertinib was developed and approved for the treatment of these cases [12,13].
The results of the FLAURA trials positioned osimertinib as a standard treatment option, and even as
an initial treatment option [14,15]. However, many cases still involve treatment in the second line or
later, as the T790M mutation was identified via re-biopsy in patients who received first-generation or
second-generation EGFR-TKIs as their initial treatment. When the T790M mutation was identified in
these cases, patients typically received osimertinib.

Aging populations are becoming increasingly common worldwide, and many lung cancer
cases involve older patients [26,27]. There are concerns that older patients have a higher risk of
developing adverse events, which may necessitate dose reduction or treatment discontinuation,
and subsequently result in decreased efficacy. Thus, this phase II study aimed to evaluate the safety
and efficacy of osimertinib in elderly patients with EGFR-mutated lung cancer involving the T790M
mutation. The primary endpoint was the ORR, and our previous report found that the ORR was 58.3%
(95% CI: 42.2–72.9), which fulfilled the efficacy criterion (the lower limit of the CI exceeded the threshold
response rate of 35%) [19]. This report describes the secondary endpoints, which include the DCR
(97.2%), median PFS (11.9 months), and median OS (22.0 months). In terms of efficacy, the pooled
results from the AURA expansion and AURA2 studies revealed an ORR of 66%, a DCR of 91%,
a median PFS of 9.9 months, and a median OS of 26.8 months [23]. In addition, phase 3 AURA3
studies revealed an ORR of 70.6%, a DCR of 93.2%, a median PFS of 10.1 months, and a median OS
of 26.8 months [13,28]. Thus, while our ORR was lower than that shown in the previous studies,
it agrees with the slightly lower ORR (61.1%) that was retrospectively observed in another sample
of elderly Japanese patients [29]. Furthermore, our findings regarding PFS and OS do not appear
inferior to the results from previous studies, thereby suggesting that osimertinib was effective in elderly
Japanese patients. Regarding the effects based on the PS, the ORR of PS0 and PS1 was 75% and 53.6%,
respectively, and the PFS was 13.7 months and 11.9 months, respectively. Since there were few cases,
it was impossible to discuss the significant differences, but the PS0 group tended to be superior.

It is also important to compare the results from osimertinib treatment to those from cytotoxic
anticancer drugs, which are the alternative options if osimertinib is not used for T790M-positive
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cases. For example, the control group for the AURA3 study received platinum plus pemetrexed,
which provided an ORR of 31%, a DCR of 74%, a median PFS of 4.4 months, and a median OS of
22.5 months [13,28]. A subgroup analysis of ≥70-year-old Japanese patients from the JACAL study
evaluated carboplatin plus pemetrexed and revealed an ORR of 24%, a DCR of 68%, a median PFS
of 5.2 months, and a median OS of 16.8 months [30,31]. Thus, our OS findings may be comparable
to the results from the entire AURA3 population, although our ORR, DCR, and PFS outcomes are
comparable or even slightly better. Interestingly, 71% of the patients in the group that received platinum
plus pemetrexed subsequently received additional treatment, with 60% experiencing a greater effect
after crossing over to osimertinib treatment. Therefore, while the JACAL study had only included
EGFR-mutated cases and did not specifically consider older patients, we believe that osimertinib may
provide good outcomes among older patients with EGFR-mutated (T790M) NSCLC.

Safety is also an important consideration in this setting, given the concerns regarding the
potentially higher risk of adverse events among older patients. In the AURA3 study, it appears that
Japanese patients had a higher risk of paronychia, diarrhea, and skin pruritus, although no clear
increase was observed among elderly patients. However, elderly patients had a clearly increased
frequency of myelosuppression events, such as anemia (75% in this study vs. 8% in AURA3 study),
leukopenia (38.9% in this study vs. 8% in AURA3 study), neutropenia (41.7% in this study vs. 8%
in AURA3 study), and thrombocytopenia (58.3% in this study vs. 10% in AURA3 study), although
the frequencies of Grade 3–4 adverse events were generally comparable. Osimertinib has also been
reported to be more frequently myelosuppressed than in other EGFR-TKI in a pivotal study [13,14].
In addition, myelosuppression was reported to be stronger in the analysis of the Japanese population [32].
Although the obvious mechanism was unclear, it was suggested that racial differences might be involved.
Since myelosuppression was observed more frequently in the present study than in the aforementioned
analysis of the Japanese population, caution should be exercised in the elderly Japanese. Fiala et al.
reported that pre-treatment hypoalbuminemia correlated with poor prognosis in advanced NSCLC
patients treated with erlotinib [33]. The present study also revealed that anorexia and exhaustion were
common (30–40% of cases vs. 16-18% of cases in AURA3 study, including some Grade 3–4 cases),
as well as hypoalbuminemia (75% of cases vs. N/A in AURA3 study). Therefore, careful follow-up
is needed for elderly patients who are receiving osimertinib. Elevated alkaline phosphatase and
creatinine values were also observed, albeit not serious cases, and related follow-up testing is also
important. Cardiac adverse events, such as decreased left heart ejection fraction and QT prolongation,
were observed in some cases, although only one patient experienced a Grade 3–4 cardiac adverse event.
Central nervous system events, such as delirium and hallucination, may be explained by the large
proportion of cases with brain metastasis (41.7%), although caution should be exercised if these events
present in conjunction with sinusitis and pulmonary infection. Regarding AE by PS, no clear difference
was observed between PS0 and PS1.

All-grade pneumonitis was observed in 11.1% of cases, and Grade 3–4 pneumonitis was observed
in 5.6% of cases. The rates after conventional EGFR-TKI treatment were 4% in the AURA3 study and
7.3% in the Japanese subset of patients, which suggests that Japanese patients may have a higher rate
of pneumonitis [13,34]. The difference between our findings and the previous findings may be related
to differences in the proportions of patients with a history of smoking (69.4% for the present study,
32.2% for the AURA3 study, and 31.7% for the Japanese subset of the AURA3 population). In addition,
the Japanese subset of the FLAURA study population had a higher frequency of pulmonary disorders
(all grades: 12%, Grade 3 or higher: 2%); it should be noted that this is a first-line trial. Other reports
have also suggested that osimertinib may be associated with an increased incidence of pulmonary
disorders relative to other EGFR-TKIs [32]. Nevertheless, the odds ratio for pulmonary disorders
after gefitinib treatment was 1.92-fold higher among Japanese patients who were ≥55 years old,
which suggests that careful follow-up is required for patients who are ≥75 years old [35].

The present study revealed all-grade AEs in 86.1%, Grade 3 or worse AEs in 27.8%, and fatal
AEs in 2.8% of the patients. These rates did not appear to be substantially elevated among elderly
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patients, based on results from the AURA3 study and its Japanese subgroup (all-grade: 97.8% and
100%, Grade 3 or higher: 22.6% and 31.7%, and fatal AEs: 1.4% and 0%). However, AEs leading to
treatment discontinuation occurred in 12 patients (33.3%) in our study, which was more common than
the rates of 6.8% in the AURA3 study and 7.3% in the Japanese subgroup. For example, we observed
drug-induced lung injury in four patients (11.1%), and these patients needed to stop treatment.
In addition, three patients (8.3%) discontinued treatment because of Grade 4 AEs (pulmonary infection,
hallucinations, and hepatic dysfunction), although those events were judged unlikely to be associated
with their treatment. One patient (2.8%) required a two-step dose reduction, and two patients
(5.6%) were unable to continue the treatment protocol because of a ≥4-week treatment disruption.
Treatment was also stopped in one case involving Grade 3 aspiration pneumonia, one case at the
attending physician’s discretion, and one case because the patient refused to continue treatment.
Thus, although the safety of osimertinib outside the study protocol has not been evaluated, most of
these AEs and treatment discontinuations were likely not to have been caused by a drug-induced
pulmonary injury.

Most all-grade adverse events involved anorexia, fatigue, myelosuppression, and gastrointestinal
symptoms. These complications were generally not serious and could be addressed using conventional
management strategies. However, it is important to note that the frequency of drug-induced lung
injury may increase, which highlights the importance of a careful follow-up in this population. Despite
the potential need for a careful follow-up and the small sample size, which was the limitation in this
study, it appears that osimertinib can be a standard treatment even for the elderly patients harboring
T790M mutation.

While the present study provided encouraging data, we are conducting an additional phase
II study (SPIRAL-0) to confirm the safety and efficacy of osimertinib in ≥75-year-old patients with
untreated NSCLC harboring EGFR-activating mutations [36]. This may provide further information to
guide the increasing use of osimertinib treatment in this setting.
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Abstract: This study aimed to understand the clinicopathological significance of runt-related
transcription factor 1 (RUNX1) in non-small cell lung cancer (NSCLC). The methylation and
mRNA levels of RUNX1 in NSCLC were determined using the Infinium HumanMethylation450
BeadChip and the HumanHT-12 expression BeadChip. RUNX1 protein levels were analyzed using
immunohistochemistry of formalin-fixed paraffin-embedded tissues from 409 NSCLC patients.
Three CpGs (cg04228935, cg11498607, and cg05000748) in the CpG island of RUNX1 showed
significantly different methylation levels (Bonferroni corrected p < 0.05) between tumor and matched
normal tissues obtained from 42 NSCLC patients. Methylation levels of the CpGs in the tumor tissues
were inversely related to mRNA levels of RUNX1. A logistic regression model based on cg04228935
showed the best performance in predicting NSCLCs in a test dataset (N = 28) with the area under the
receiver operating characteristic (ROC) curve (AUC) of 0.96 (95% confidence interval (CI) = 0.81–0.99).
The expression of RUNX1 was reduced in 125 (31%) of 409 patients. Adenocarcinoma patients
with reduced RUNX1 expression showed 1.97-fold (95% confidence interval = 1.16–3.44, p = 0.01)
higher hazard ratio for death than those without. In conclusion, the present study suggests that
abnormal methylation of RUNX1 may be a valuable biomarker for detection of NSCLC regardless
of race. And, reduced RUNX1 expression may be a prognostic indicator of poor overall survival in
lung adenocarcinoma.

Keywords: lung cancer; RUNX1; methylation; biomarker; survival

1. Introduction

Lung cancer is the leading cause of cancer-related death in the world. Despite significant advances
in the diagnosis and treatment of the disease over the past 20 years, its prognosis is still very poor,
with the overall 5-year survival rate staying at 15%–20% [1]. The prognosis of cancer patients is
mostly determined by disease stage. The occult metastatic spread of cancer cells to surrounding
tissues in more than 50% of lung cancer patients at the time of diagnosis affects a poor prognosis.
The majority of patients undergoing curative surgical resection at an early stage and, if necessary,
adjuvant chemotherapy have achieved favorable long-term survival. Patients with surgically resected
stage IA, stage IB, and stage II non-small cell lung cancers (NSCLCs) had an overall five-year survival
rate of 83%, 69%, and 48%, respectively [2]. Targeted therapy has a great effect on the prognosis
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of specific patients; however, it is applicable to only about 10%–20% of patients. Accordingly, it is
important to identify novel diagnostic and therapeutic biomarkers for the detection of early-stage lung
cancer and for the development of new molecular-targeted therapies for NSCLC.

Runt-related transcription factor 1 (RUNX1) is one of the RUNX family proteins (RUNX1, RUNX2,
and RUNX3), which forms a heterodimeric complex with the core binding factor β (CBFβ), resulting
in enhanced transcription of the RUNX gene family by stimulating the DNA binding ability and
stability of the family proteins [3,4]. RUNX1 is essential for hematopoiesis and is involved in the
generation of hematopoietic stem cells. Mutations and translocations in RUNX1 are well established as
causes of myelodysplastic syndrome or acute myelogenous leukemia [5–7]. Gain- or loss-of-function
mutations of RUNX1 have also been reported in various solid tumors. Missense mutations of RUNX1
were reported in luminal-type breast cancer [8], and loss-of-function somatic mutations or deletion of
RUNX1 have been reported in breast cancer and lung cancer [9,10].

To understand the clinicopathological significance of RUNX1 in NSCLC, we analyzed the
methylation status of RUNX1 in different types of samples from a total of 118 NSCLC patients and
60 healthy individuals. The prediction performance of classifiers was validated in The Cancer Genome
Atlas (TCGA) lung cancer. Expression levels of RUNX1 were also analyzed using HT-12 array and
immunohistochemistry in tissue specimens from 42 and 409 NSCLC patients, respectively.

2. Materials and Methods

2.1. Study Population

Formalin-fixed paraffin-embedded tumor tissues were obtained from 409 NSCLC patients who
underwent curative surgical resection at the Department of Thoracic and Cardiovascular Surgery,
Samsung Medical Center, Seoul, Korea, between August 1994 and May 2014. All samples were obtained
from operative patients. Follow-up of patients for the detection of recurrence or death following
curative resection was conducted by a nurse specialized in oncology as described previously [11].
The pathological stage of NSCLC was determined using the tumor/node/metastasis (TNM) system
provided by the American Joint Committee on Cancer (AJCC) [12]. This study was conducted in
accordance with the ethical principles stated in the Declaration of Helsinki and approved by the
Institutional Review Board (IRB#: 2010-07-204) of the Samsung Medical Center. Written informed
consent to use pathological specimens for research was obtained from all patients prior to surgery.
All data are not publicly available due to privacy and ethical restriction.

2.2. Analysis of RUNX1 Methylation and mRNA Levels

We previously analyzed the DNA methylation and mRNA expression at the level of genome
using the Infinium HumanMethylation450 BeadChip and the HumanHT-12 expression BeadChips
(Illumina, San Diego, CA, USA), respectively, in 42 surgically resected tumor and matched normal
tissues, 136 bronchial washings, 12 sputums, or 6 bronchial biopsy specimens obtained from a total of
118 NSCLC patients and 60 cancer-free patients [13]. We used the reported data for the analysis of
methylation and mRNA levels of RUNX1. Preprocessing such as background or batch effect correction,
probe filtering, and adjustment of the background signal difference between types I and II probes was
conducted using the R software package called wateRmelon [14]. Methylation level (β-value), ranging
from 0 (no methylation) to 1 (100% methylation), was estimated as the ratio of fluorescence signal
intensity between methylated alleles and the sum of methylated and unmethylated alleles at each CpG
locus. The levels of mRNA expression from HT-12 chips were normalized using the R lumi package
(https://bioconductor.org/biocLite.R).

2.3. Feature Selection for Prediction of Lung Cancer

To select candidate CpGs for lung cancer prediction among differentially methylated CpGs and to
build models for lung cancer prediction, we divided the normal and tumor tissues from 42 patients
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into training and test datasets, according to a 7:3 ratio. Supervised machine learning algorithms were
applied to select features in the training dataset. Age-related CpGs or any CpGs that were significantly
correlated in the normal or tumor tissues were removed during the model building. Supervised
machine learning algorithms for feature selection and model building were applied using RapidMiner
Studio version 8.2 (RapidMiner Inc, Boston, MA, USA).

2.4. Evaluation of Prediction Performance of Models in The Cancer Genome Atlas (TCGA) Lung Cancer

Prediction performance of selected models was further tested using 899 TCGA lung cancers,
including 75 normal and 824 tumor tissues. The performance was tested without distinction between
adenocarcinoma and squamous cell carcinoma. The prediction performance of models was evaluated
using receiver operating characteristic (ROC) curves, plotted using the MedCalc statistical Software
version 19.0.5 (MedCalc Softward bvba, Ostend, Belgium).

2.5. Immunohistochemistry

The expression of RUNX1, Ki-67, phospho-pRb (Ser-807/811) proteins in the 409 NSCLC patients
was determined using immunohistochemistry of tissue microarrays (TMAs). In brief, the 4-mm–thick
TMA tissue sections on glass slide were deparaffinized in xylene and rehydrated in a series of
decreasing concentrations of alcohol. Antigens were recovered by putting sections into 10 mmol/L
citrate buffer solution (pH 6.0) and by heating in a microwave oven for 10 min. The sections were
then incubated overnight at 4 ◦C with a mouse monoclonal antibody to RUNX1 (AML1/RUNX1
Antibody (clone 3A1) IHC-plus™ LS-B5382, LifeSpan BioSciences, Seattle, WA, USA), a polyclonal
anti-phospho-pRb (Ser-807/811) antibody (Cell Signaling, Danvers, MA, USA), and a mouse monoclonal
anti-Ki-67 (DAKO; clone MIB-1) antibody. Immunoreactivity of the proteins was detected using the
Envision-Plus/horseradish peroxidase system (Dako, Carpinteria, CA, USA), and the antibody-bound
peroxidase activity was visualized by incubating in 0.05% 3,3′-diaminobenzidine tetrahydrochloride
(DAB) for 3 min at room temperature. All sections were counterstained with Mayer’s hematoxylin
and a negative control was included by excluding the primary antibody each time. Three samples
with RUNX1 expression in normal bronchial epithelial cells were used as a positive control for RUNX1
staining, and IHC was performed in duplicate.

2.6. Interpretation of Immunohistochemical Staining

The immunohistochemical stainings were interpreted by two authors (EY Cho and D-H Kim) in
a double-blinded fashion, and samples showing poor inter-rater reliability (κ < 0.20) were removed
from data analysis. RUNX1 expression was considered positive when nuclear staining was present,
and the intensity and proportion of positive nuclear staining was assessed for scoring. A composite
score of RUNX1 protein expression was semi-quantitatively calculated by multiplying the proportion
score of positive cells (0, absent; 1, 0%–10%; 2, 10%–50%; 3, 50%–80%; and 4, >80%) with the staining
intensity score (0, none; 1, weak; 2, moderate; and 3, strong). A cutoff for the reduced expression
of RUNX1 protein was determined by taking into account the distribution of the composite scores
between normal and tumor tissues and by comparing both false-negative and false-positive rates
at different cutoffs. RUNX1 expression was considered reduced in a tumor with a composite score
less than two. To score for phospho-pRb (Ser-807/811) and Ki-67, positive staining was determined
according to the percentage of positively stained nuclei.

2.7. Statistical Analysis

Univariate analysis was performed using the t-test (or Wilcoxon rank sum test) and the chi-square
test (or Fisher’s exact test) for continuous and categorical variables, respectively. The correlation
between methylation levels of CpGs in the RUNX1 gene was analyzed using Spearman’s rank
correlation coefficient. The effect of reduced RUNX1 expression on survival was estimated using the
Kaplan–Meier survival curves, and the difference between the survival curves of any two groups

41



J. Clin. Med. 2020, 9, 1694

was evaluated by the log-rank test. Cox proportional hazards analysis was conducted to estimate the
hazard ratios of reduced RUNX1 expression for survival after controlling for potential confounding
factors. Statistical analysis was conducted using R software version 3.3.3. (R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

3.1. RUNX1 Hypermethylation Is Inversely Associated with Its Expression

Data reported previously were used to identify differentially methylated CpGs in RUNX1 gene in
tumor and matched normal tissues from 42 NSCLC patients. The Wilcoxon rank-sum test was applied
because the distribution of β-values obtained from tumor tissues using a 450 K array was negatively
skewed and did not follow a normal distribution (Shapiro-Wilk test, p < 0.05). Three CpGs with a
p-value less than or equal to 1.03 × 10−7 (Bonferroni significance threshold) were identified from the
450K array: three CpGs (cg11498607, cg04228935, cg05000748) at the CpG island of RUNX1 showed
hypermethylation in tumor tissues compared with normal tissues (Figure 1A). The methylation levels
of the three CpGs did not vary significantly with histology (Figure 1B). Altered methylation of three
CpGs was not significantly correlated with a patient’s age (Figure 1C).The methylation levels were not
also associated with smoking status (Figure 1D) and recurrence (Figure 1E). However, the methylation
levels were found to be higher in the poorly differentiated type of NSCLC than in the well differentiated
type (Figure S1). The RUNX1 mRNA levels were analyzed using the HT-12 array to determine the
association between methylation changes and changes in RUNX1 gene expression. The methylation
levels of individual CpGs were negatively associated with the mRNA levels of RUNX1 (p < 0.05;
Figure 1F).
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Figure 1. Relationship between methylation and mRNA levels of runt-related transcription factor 1
(RUNX1) in 42 lung tumor and matched normal tissues. (A) Methylation levels of three CpGs at the CpG
island of RUNX1 gene were compared between the tumor and matched normal tissues obtained from
42 NSCLC patients. Y-axis indicates β-values. (B) Methylation levels of the three CpGs were compared
according to histologic subtypes. (C) Correlations between the patient’s age and the methylation
levels of the three CpGs were analyzed in 42 tumor tissues. Spearman’s correlation coefficient was
used to calculate p-values. Magenta color indicates p < 0.05. (D) Methylation levels of three CpGs
at a CpG island of RUNX1 were compared in never-smokers, former smokers, and current smokers.
Y-axis indicates sample identification numbers. Methylation levels are represented using gradient-based
colors from green (0%–20%) to yellow (21%–50%) to red (51%–100%). (E) The association between
recurrence and the methylation levels at three CpGs were analyzed in 42 NSCLCs. (F) The correlation
between methylation levels of three CpGs and the mRNA expression of RUNX1 was analyzed in
42 tumor tissues from patients with NSCLC. Y-axis indicates the log2 fold change (= log2(tumor/normal))
between tumor and matched normal tissues. X-axis indicates β-values in tumor tissues.

3.2. Prediction of Non-Small Cell Lung Cancer (NSCLC) Using Abnormal Methylation Levels of RUNX1

Features for prediction of NSCLC were selected in 42 tumors and matched normal tissues.
Lung tumor and matched normal tissues were divided into training and test datasets at a ratio of 7:3,
respectively. We built models using the training dataset and tested the performance of the models
using the test dataset. Supervised machine learning algorithms such as k-nearest neighbor (kNN),
support vector machine (SVM), neural network, logistic regression, and decision tree were applied for
feature selection. Since individual CpGs were correlated with each other, only one CpG was included
in the models. Among the applied algorithms, a logistic regression model based on cg04228935 showed
the best performance in classifying NSCLCs in a test dataset (N = 28) with a sensitivity of 92.9% and
a specificity of 92.9% (area under the curve (AUC) = 0.96; 95% confidence interval (CI) = 0.81–0.99,
p < 0.0001; Figure 2A).
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Figure 2. Evaluation of prediction performance of five supervised machine learning algorithms in
non-small cell lung cancer (NSCLC). (A) The true and false positive rates of logistic regression model
based on three CpGs were evaluated in a test dataset (N = 28) of 42 NSCLCs, and the receiver operating
characteristic (ROC) curves were plotted using the MedCalc software. (B) The prediction certainty of
the support vector machine model was evaluated in the test dataset of our data and TCGA lung cancer.
The X-axis indicates the degree (0% to 100%) of certainty for prediction of our and TCGA tissues as
normal or tumor for each β-value on the Y-axis. The sky blue and red orange circles indicate tumor and
normal tissues, respectively. (C) The β-values of the three CpGs in our and TCGA data were compared
to understand the difference of RUNX1 hypermethylation among other ethnic groups or populations.

To determine if RUNX1 hypermethylation may be a biomarker for the detection of NSCLC in
other races, we tested RUNX1 hypermethylation in the 899 TCGA primary lung cancers (75 normal
tissues and 824 tumor tissues). As with our data, the TCGA data was divided into a training dataset
(N = 630) and a test dataset (N = 269), and the performance of logistic regression model based on
three CpGs was evaluated on the test dataset (Table S1). The sensitivity and specificity of the model
based on cg04228935 in a test dataset (N = 269) were 91.8% and 96.4%, respectively. AUC was 0.95
(95% confidence interval = 0.93–0.98, p < 0.0001). The degree of prediction certainty of NSCLC in the
test datasets was high in our data and TCGA lung cancer data (Figure 2B). We finally compared the
methylation levels of three CpGs at a CpG island of RUNX1 between our data and TCGA lung cancer
data. No significant difference was found between the two data (Figure 2C).

3.3. Methylation Pattern of RUNX1 in Tumor Tissue Is Similar to that in Bronchial Biopsy Specimen

To test if bronchial washing, sputum, and bronchial biopsy specimens could be used as surrogate
samples for analyzing RUNX1 methylation in the lung, we compared the methylation levels of the CpG
(cg04228935) in 42 tumors and matched normal tissues, 136 bronchial washings, 12 sputum samples,
and 6 bronchial biopsy specimens. The clinical and pathological characteristics of the NSCLC patients
were previously reported [13]. The methylation levels of the CpG in lung tumor tissues were not
significantly different from those in bronchial biopsy specimens from lung cancer patients (p > 0.05,
Wilcoxon rank sum test), unlike bronchial washings and sputum samples (Figure 3A). The CpG
methylation levels were further compared between paired bronchial washing and sputum samples
from 12 NSCLC patients (Figure 3B) and between bronchial washing and paired bronchial biopsies
from 6 NSCLC patients (Figure 3C). The methylation levels of the CpG were found to be similar
between bronchial washings and sputum samples but significantly higher in bronchial biopsy than in
bronchial washing (p < 0.05, Wilcoxon signed-rank test). These findings suggest that a detection model
for NSCLC using abnormal methylation of RUNX1 is applicable to bronchial biopsy specimens.
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Figure 3. Comparison of RUNX1 methylation levels among different types of specimens.
(A) The methylation levels of a CpG (cg04228935) selected for NSCLC prediction were compared among
bronchial biopsies from 6 lung cancer patients (biopsy), bronchial washing samples from 60 healthy
individuals (bronchial washing normal, BWN) and 76 lung cancer patients (bronchial washing tumor,
BWT), tumor (lung tumor tissue, LTT) and matched normal (lung normal tissue, LNT) tissues from 42
NSCLC patients, and sputum specimens from 12 lung cancer patients (sputum). (B,C) Methylation
levels of a CpG (cg04228935) were compared using parallel coordinate plots between paired bronchial
washing and sputum specimens from 12 NSCLC patients (B) and between paired bronchial washing
and biopsy samples from six NSCLC patients (C). Methylation levels in bronchial washings were
similar to those in sputum samples but were significantly low compared with those in bronchial biopsy
(Wilcoxon signed-rank test). Y-axis indicates β-values from the 450 K array.

3.4. RUNX1 Affects Overall Survival in Adenocarcinoma

To elucidate the effect of RUNX1 expression on survival of NSCLC patient, we analyzed the
expression of RUNX1 using immunohistochemistry of formalin-fixed paraffin-embedded tumor tissues
from 409 NSCLCs. Representative positive staining patterns of RUNX1 are shown in adenocarcinoma
and squamous cell carcinoma (Figure 4A). Clinicopathological characteristics of 409 non-small cell
lung cancer patients are listed in Table S2. The median follow-up period of patients was 5.2 years.
RUNX1 expression was reduced in 31% of the samples. Reduced RUNX1 expression was not
related to pathologic stage (Figure S2), but was found more frequently in woman (Figure 4B)
and in adenocarcinoma (Figure 4C) and was significantly associated with poor overall survival
in adenocarcinoma (p = 0.005; Figure 4D) but not in squamous cell carcinoma (p = 0.87). The median
survival of adenocarcinoma patients with and without reduced RUNX1 expression was 41 and
81 months, respectively. Cox proportional hazards analysis also showed that overall survival of
adenocarcinoma patients with reduced RUNX1 expression was approximately 1.97 (95% CI = 1.16–3.44;
p = 0.01) times poorer than in those without, after controlling for age, recurrence, and pathologic stage
(Table 1). However, RUNX1 expression was not associated with recurrence-free survival irrespective of
histology in NSCLC (p = 0.21).

Table 1. Cox proportional hazards analysis of overall survival according to RUNX1 expression.

Histology RUNX1 Expression HR 95% CI p-Value

Adeno (N = 189) Normal 1.00
Reduced 1.97 1.16–3.44 0.01

Squamous (N = 192) Normal 1.00
Reduced 1.46 0.78–5.32 0.21

Abbreviations: Adeno, adenocarcinoma; squamous, squamous cell carcinoma; HR, hazard ratio; CI, confidence
interval; RUNX1, runt-related transcription factor 1.
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Figure 4. The effect of RUNX1 expression on overall survival in NSCLC. (A) RUNX1 expression was
analyzed using immunohistochemistry in 409 NSCLC patients. Positive staining occurred in the nucleus
of adenocarcinoma (upper) and squamous cell carcinoma. (X200). (B,C) Reduced expression levels
were compared according to gender (B) and histologic subtypes (C). p-values are based on Student
t-test. (D) The effect of reduced RUNX1 expression on overall survival of patients with adenocarcinoma
was analyzed using Kaplan-Meier survival curve. p-value was calculated using log-rank test.

3.5. No Correlation between Reduced RUNX1 Expression and Expression Levels of Phospho-Rb and Ki67
Proliferation Index

RUNX proteins are implicated in diverse signaling pathways and cellular processes, including
the cell cycle and stress response. In order to elucidate the effect of RUNX1 on the cell cycle and cell
proliferation in NSCLC, we analyzed the phospho-pRb (Ser-807/811) levels and Ki-67 proliferation
index according to the expression status of RUNX1. The average phospho-pRb (Ser-807/811) levels
were 2.7% in tumor tissues with reduced RUNX1 expression and 2.1% in tumor tissues without reduced
RUNX1 expression. The difference was not statistically significant (p = 0.18), irrespective of histology
(Figure 5A). The Ki-67 proliferation index in tumor tissues with reduced RUNX1 expression was
slightly higher than in tumor tissues without reduced RUNX1 expression, but the difference was also
not statistically significant (28.8% vs. 22.3%, p = 0.18), irrespective of histology (Figure 5B).
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Figure 5. The effect of RUNX1 expression on phospho-pRb (Ser-807/811) level and Ki-67 proliferation
index. The expression levels of phosphorylated pRb stained using polyclonal anti-phospho-pRb
(Ser-807/811) antibody (Cell Signaling, Danvers, MA, USA) (A) and Ki-67 proliferation index (B) were
compared according to the expression status of RUNX1 using Student t-test. The phospho-pRb levels
and Ki-67 proliferation index were not significantly different between tumor tissues with normal or
reduced RUNX1 expression irrespective of histologic subgroup.

4. Discussion

RUNX1 causes a wide range of leukemias through translocation with genes such as
eight-twenty-one (ETO) [7] and acts as an oncogene in various solid tumors such as ovarian cancer [15],
and endometrial cancer [16], as well as in the mouse mammary tumor virus-polyoma middle
tumor-antigen (MMTV-PyMT) transgenic mouse model of breast cancer [17], and in the transgenic
adenocarcinoma of mouse prostate (TRAMP) model of prostate cancer [18]. RUNX1 is also known
to function as a tumor suppressor in different types of cancer. For example, the ectopic expression
of RUNX1 in esophageal adenocarcinoma cells reduced the anchorage-independent growth [19],
and the knockdown of RUNX1 by siRNAs enhanced androgen-independent proliferation of prostate
cancer cells [20]. In addition, the inhibition of endogenous RUNX1 using short-hairpin RNA targeting
RUNX1 (shRunx1) in breast cancer cells resulted in loss of epithelial morphology and promotion of
epithelial-mesenchymal transition [9], and the ectopic expression of RUNX1 reduced the population of
breast cancer stem cells [21]. RUNX1 also inhibited the migration and stemness of mammary epithelial
cells [22]. Ramsay et al. [10] reported that lentiviral-mediated RNAi knockdown of RUNX1 increased
the proliferation and migration of lung cancer cells. In the present study, RUNX1 showed abnormal
methylation in primary NSCLCs, and the reduced expression of RUNX1 was associated with poor
overall survival, suggesting that RUNX1 may play a role as a tumor suppressor in normal bronchial
epithelial cells.

Functional disruption of RUNX1 usually occurs by chromosomal translocation, point mutation,
or deletion in leukemia and some solid tumors. RUNX1 mutation has been reported rarely in lung
cancer [23], although changes in its methylation have been reported by a couple of studies [24,25].
In this study, RUNX1 was found to be abnormally methylated at the CpG island of RUNX1 in NSCLC
tumor tissues, and the methylation and mRNA levels of RUNX1 showed a linear negative correlation.
Unlike most genes whose transcription is regulated by a single promoter, RUNX1 is regulated by
two promoters in the upstream region of 5′ UTR [26]. The three hypermethylated CpGs in this study
might affect the transcription of RUNX1, which may also be affected by tissue-specific control factors.
Further studies are needed to understand the mechanisms underlying transcriptional repression
mediated by abnormal methylation of RUNX1 in NSCLC.
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A CpG (cg04228935) for the prediction of NSCLC was identified using tumor and matched
normal tissues obtained from 42 NSCLC patients. Although the number of normal samples in the
TCGA lung cancer data is small and the prevalence of lung cancer is not the exact same between
Koreans and Americans, the present study suggests that RUNX1 hypermethylation may be a useful
biomarker for the early detection of NSLC in other populations worldwide. Screening of lung cancer
using low-dose computed tomography (LDCT) reduces mortality; however, approximately 20% of
pulmonary nodules were found to be false positive [27,28]. A biopsy is needed for a more accurate
diagnosis of lung cancer, but it is very difficult to obtain tissue in some patients. Methylation levels of
a CpG (cg04228935) from bronchial biopsy were comparable to those from surgically resected lung
tumor tissues. Accordingly, bronchial biopsy specimens may be used for the molecular analysis
of RUNX1, and advances in technology such as electromagnetic navigation bronchoscopy (ENB)
and endobronchial ultrasonography using a guided sheath (EBUS-GS) may provide more adequate
specimens with fewer complications.

The association of RUNX1 mutations or changes in expression with the prognosis of patients
has been reported in various carcinomas, and the effect of RUNX1 on prognosis varies considerably
depending on the type of cancer. RUNX1 mutations are associated with poor overall survival in adult
acute myelogenous leukemia (AML) as well as in pediatric AML [29,30]. The RUNX1 expression in
prostate cancer tissues was negatively associated with poor prognosis [20]. The low RUNX1 expression
in breast cancers is associated with metastasis to lymph nodes and poor survival [9,21]. In addition,
the RUNX1-RUNX3 expression showed a significant effect on the survival of breast cancer patients
with high YAP-signature expression levels [22]. Lung adenocarcinomas with low RUNX1 expression
were associated with poor overall survival compared to tumors with high RUNX1 expression [10].
Our data also showed that reduced RUNX1 expression was associated with poor overall survival in
adenocarcinomas. Based on these observations, it is likely that the reduced expression of RUNX1 may
serve as an indicator of poor prognosis in patients with lung adenocarcinoma.

RUNX proteins are known to regulate a wide range of biological processes via various interacting
proteins in human cancer and to be implicated in carcinogenesis mediated via TGF-β and Wnt signaling
pathways, and in cell cycle or stress response. For example, RUNX1 promoter is regulated by EZH2
(enhancer of zeste homolog 2)-dependent histone H3 lysine 27 (K27) trimethylation in prostate cancer
cells [20]. RUNX1 directly regulates E-cadherin, and rescues TGFβ-induced EMT phenotype in breast
cancer cells [9]. RUNX1 suppresses breast cancer growth by repressing the activity of breast cancer stem
cells and inhibiting ZEB1 expression directly [21]. RUNX1 acts as a negative regulator of oncogenic
function of YAP that is involved in solid tumor progression [22]. The effect of RUNX1 on cell cycle in
lung cancer differs between study groups. RUNX1 stimulated G1 to S progression in hematopoietic
cells, partly via transcriptional induction of cyclin D2 promoter [31], whereas RUNX1 depletion
resulted in an increased E2F1 mRNA levels in lung cancer cells [10]. In this study, tumor tissues with
reduced RUNX1 expression did not show high levels of pRb phosphorylation (Ser-807/811) or the
Ki67 proliferation index, suggesting that the reduced expression of RUNX1 may be involved in lung
carcinogenesis through other mechanisms rather than cell-cycle regulation and growth control.

This study was limited by several factors. First, the effect of the two promoters on abnormal
methylation of three CpGs in RUNX1 gene and the tissue-specific factors affecting the expression of
RUNX1 were not fully elucidated. Second, we failed to analyze RUNX1 methylation in circulating
cell-free DNA and to evaluate the prediction performance of the model due to assay failure.
Third, the present study was a retrospective case-control study, which can result in a biased estimate
of the population prevalence of NSCLC. In addition, sputum analysis was limited to the very few
specimens from NSCLC patients only. Accordingly, the prediction performance of the model needs
to be validated using several molecular techniques such as droplet digital polymerase chain reaction
(ddPCR) in sputums and cell-free DNAs from a large cohort. Fourth, it is unclear the abnormal
methylation of RUNX1 as a predictive biomarker can also be applied to tissue samples from metastatic
lesions because the data from the present study and TCGA was from surgical specimens of early stage
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tumors. Fifth, methylation levels from benign lung tumors such as localized organizing pneumonia
and hamartoma were not analyzed due to lack of samples.

In conclusion, the present study suggests that abnormal methylation at the CpG island of the
RUNX1 gene may be a valuable biomarker for the detection of NSCLC regardless of races. Reduced
expression of RUNX1 may be associated with poor overall survival in patients with lung adenicarcinoma.
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Abstract: Huntingtin-interacting protein 1-related protein (HIP1R) plays an important role in the
regulation of programmed death-ligand 1 (PD-L1). The aim of this study was to investigate the expression
of HIP1R and confirm its predictive or prognostic roles in anti-PD-1 therapy in nonsmall cell lung cancer
(NSCLC) patients. HIP1R and PD-L1 immunohistochemical expression was examined in 52 refractory
advanced NSCLC patients treated with anti-PD-1 inhibitors. We performed gene set enrichment analysis
(GSEA) to detect HIP1R-specific gene sets. Patients in the PD-1 inhibitor responder group had lower
HIP1R expression by univariate logistic regression analysis (odds ratio (OR) = 0.235, p = 0.015) and
multivariate logistic regression analysis (OR = 0.209, p = 0.014). Patients with high HIP1R expression
had poorer progression-free survival (PFS) than patients with low HIP1R expression in univariate
analysis (p = 0.037) and multivariate Cox analysis (hazard ratio = 2.098, p = 0.019). The web-based
mRNA dataset also showed that high HIP1R expression correlated with inferior overall survival in lung
adenocarcinoma (p = 0.026). GSEA revealed that HIP1R levels correlate with a set of genes that reflect
PD-L1-related immune pathways. HIP1R expression may be a promising predictor for determination of
patient responses to anti-PD-1 treatment.

Keywords: nonsmall cell lung cancer; HIP1R; PD-L1; biomarker

1. Introduction

Emergence of immune checkpoint inhibitors was a turning point in the treatment of advanced
nonsmall cell lung cancer (NSCLC). Therapies targeting the programmed cell death protein 1 (PD-1)
checkpoint, such as nivolumab and pembrolizumab, have yielded impressive responsive rates in
advanced NSCLC patients otherwise refractory to multiples lines of therapy [1–3]. However, the overall
response rate for PD-1 inhibitor therapy is approximately 15–20% in unselected patients with NSCLC,
and between 15% and 45% in patients with PD-L1-expressing NSCLC [4]. We need a biomarker that
can more accurately predict the response to PD-1 inhibitors.

Expression of programmed death ligand-1 (PD-L1), the PD-1 ligand, is currently the most
widely used biomarker for PD-1 inhibition. To identify patients who preferentially respond to
PD-1 blockade, we need to better understand how the PD-1 pathway is regulated. Recently,
several mechanisms have been reported to underlie PD-1 pathway regulation. CKLF-like MARVEL
transmembrane-domain-containing 6 (CMTM6) regulates the PD-1 pathway by maintaining the
expression of PD-L1, and CMTM6 is a predictor of the response to PD-1 inhibitors [5,6]. F-box only
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protein 38 (FBXO38) mediates PD-1 ubiquitination of T cells, and knockout of FBXO38 in such cells
induces tumor progression in a mouse model due to increased PD-1 expression by tumor-infiltrating T
cells [7]. AXL expression displays a positive correlation with PD-L1 expression in lung adenocarcinoma
with epidermal growth factor receptor (EGFR) mutation, and abolition of AXL kinase activity inhibits
PD-L1 mRNA expression in a lung adenocarcinoma cell line with EGFR mutation [8].

Recent research has uncovered new strategies to remove specific unwanted proteins by using cellular
protein degradation mechanisms, including lysosome-targeting molecules [9], proteolysis-targeting
chimeras (PROTACs) [10], and tag-based degradation systems (dTAG) [11]. Wang et al. reported that
Huntingtin-interacting protein 1-related protein (HIP1R) promotes lysosomal degradation of PD-L1,
inhibits HIP1R-induced PD-L1 accumulation, and alters T cell–mediated cytotoxicity in a human colorectal
cancer cell line [12]. A chimeric peptide including a lysosomal sorting signal and the HIP1R PD-L1-binding
sequence significantly inhibits PD-L1 protein expression [12]. Although immune checkpoint inhibition
is the most popular treatment for lung cancer, relationships involving HIP1R and immune checkpoint
inhibitors in lung cancer have not been studied.

The present study was conducted to determine whether HIP1R protein expression affects the
response of NSCLC patients to anti-PD-1 inhibitors and their prognosis. The relationship between
HIP1R and PD-L1 was also evaluated, employing immunohistochemical and web-based mRNA
expression data. In addition, we performed gene set enrichment analysis (GSEA) on RNA-sequencing
data from The Cancer Genome Atlas (TCGA) to confirm the molecular pathways associated with
HIP1R expression.

2. Materials and Methods

2.1. Patients

We retrospectively selected 52 advanced NSCLC patients who were administered PD-1 inhibitor
from 2016 to 2019, and they previously received one or two lines of chemotherapy. This study was
approved by the Institutional Review Board of Ajou University School of Medicine. Informed consent
was waived due to the retrospective nature of the study (AJIRB-BMR-KSP-19-050 and 2019-03-26).

Patients treated with PD-1 inhibitor were assigned to either a responder group (complete response,
partial response, or stable disease) or a nonresponder group (disease progression), according to the
response evaluation criteria for solid tumors (RECIST) version 1.1 [13].

2.2. Immunohistochemical Staining and HIP1R Expression Scoring

One board-certified pathologist (YWK) reviewed hematoxylin and eosin (H&E)-stained tissue
samples to determine a definitive pathologic diagnosis according to the 2015 World Health Organization
Classification of Lung Tumors [14]. All patients were pathologically staged according to the eighth
edition of the TNM classification.

HIP1R immunohistochemical (IHC) staining was performed with a Benchmark XT automatic
IHC staining device (Ventana Medical Systems, Tucson, AZ, USA). The samples were incubated
with an anti-HIP1R antibody (dilution 1:1000, 16814-1-AP, polyclonal, Proteintech, Rosemont,
IL, USA). We used a human placenta tissue as positive control according to the manufacturer’s
recommendations (Figure S1). We also evaluated the intensity of HIP1R staining on a four-point
intensity scale: 0 (no staining), 1 (light yellow= faint staining), 2 (yellow-brown =moderate staining),
and 3 (brown = strong staining) (Figure 1). We also evaluated the percentages (0–100%) of
cytoplasmic versus membranous localization of HIP1R. We used H-scores to interpret HIP1R
staining [15], where H-score = [1 × (% cells 1+) + 2 × (% cells 2+) + 3 × (% cells 3+)]. H-scores (0–300)
were obtained by multiplying the percentage of cells by the intensity score.
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Figure 1. Huntingtin-interacting protein 1-related protein (HIP1R) expression in nonsmall cell carcinoma.
(A) No staining of HIP1R, x400. (B) Faint HIP1R staining, X400. (C) Moderate HIP1R staining, X400.
(D) Strong HIP1R staining, X400.

2.3. Immunohistochemical Staining and PD-L1 Expression Scoring

Two PD-L1 antibodies (clone name SP263 or 22C3) were used to detect PD-L1 expression.
Sp263 was a companion diagnostic assay for OPDIVO® (nivolumab), and 22c3 was a companion
diagnostic assay for KEYTRUDA® (pembrolizumab). We performed SP263 and/or 22C3 assays prior
to PD-1 inhibitor treatment for all NSCLC patients. Thirteen (25%) of the 52 specimens were tested for
both SP263 and 22C3, 27 (51.9%) for only SP263, and 12 (23.1%) for only 22C3. Two PD-L1 tests used
prediluted antibody (ready to use) according to the protocol. The SP263 assay was performed using
a VENTANA BenchMark ULTRA instrument (Roche, Basel, Switzerland), and the 22C3 assay was
conducted using the Dako Link-48 platform (Dako, Carpinteria, California, US), as recommended by
the manufacturers [16]. PD-L1 intensity was also evaluated on a four-point intensity scale (0, none;
1, faint; 2, moderate; and 3, strong), and the percentage of membranous expression of PD-L1 was
determined (Figures S2 and S3). When both the 22C3 and SP263 tests were conducted, mean values
were used. High PD-L1 expression was defined as ≥ 50% of definitive tumor cells exhibiting PD-L1
staining, because 50% was the cut-off used for NSCLC [17].

2.4. Web-Based mRNA Profiling, GSEA, and Kaplan Meier Analysis

The mRNA sequencing data of 517 lung adenocarcinoma patients and 501 lung squamous
cell carcinoma patients were downloaded from The Cancer Genome Atlas (TCGA) cBioportal
(http://cbioportal.org) [18]. We conducted correlation analysis involving PD-L1 and HIP1R mRNA
sequencing data.

GSEA is a method of analyzing associations between gene expression and biological information.
We conducted GSEA using GSEA version 4.0.3 from the Broad Institute at MIT and Harvard (http:
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//www.broadinstitute.org/gsea/index.jsp) [19]. TCGA mRNA sequencing data derived from lung
adenocarcinoma and lung squamous cell carcinoma patients was used. Depending on the median
value, it is divided into low and high HIP1R. Hallmark gene sets representing well-defined biological
states or processes were used for GSEA. 1000 permutations were used for estimating nominal p values.
If the p value was less than 0.05 and the False Discovery Rate (FDR) was less than 0.25, the findings
were considered statistically significant.

We conducted survival analyses using an online Kaplan Meier plotter tool [20]. The online Kaplan
Meier plotter tool provides mRNA expression data of cancer patients and allows for survival analysis.
Survival analyses were performed in 719 patients with lung adenocarcinoma and 524 lung squamous
cell carcinoma cases according to their HIP1R mRNA expression.

2.5. Statistical Analyses

Spearman’s rank order correlation coefficient analysis was used to measure monotonic relationships
between continuous variables. Mann Whitney U-tests were used to compare differences between
two independent groups. Univariate and multivariate logistic regression analyses were performed
to determine factors that predicted a response to PD-1 inhibitors. Receiver operating curve (ROC)
analysis was used to determine the cut-off values for HIP1R expression. The progression-free survival
(PFS) or overall survival (OS) difference between the cohorts was determined using the log-rank test.
Univariate and multivariate prognostic analyses were performed for PFS using a Cox proportional
hazards regression model. SPSS Statistics for Windows (Version 25.0, IBM, Armonk, NY, USA) was
used for all analyses, and p values <0.05 were considered to be statistically significant.

3. Results

3.1. Patient Demographics

Detailed patient and tumor characteristics are summarized in Table 1. Forty-six tissues were
collected from lung lesions, and six were obtained from metastatic sites. Twenty-seven (51.9%) patients
had been treated with nivolumab, and 25 (48.1%) patients received pembrolizumab. All patients
were refractory to conventional treatments such as chemotherapy, radiotherapy, or target therapy.
Therefore, they received PD-1 inhibitor as a second line or later setting. Twenty-seven (51.9%) patients
were classified as responders, and 25 (48.1%) were classified as nonresponders. Four patients were
treated with epidermal growth factor receptor (EGFR) inhibitors before PD-1 inhibitor administration.
Patients with anaplastic lymphoma kinase (ALK) fusion were not identified in the present study.

3.2. Relationships Between HIP1R and PD-L1 Analyzed by IHC and mRNA Expression

We performed correlation analysis of HIP1R and PD-L1 expression using IHC techniques. There was
no statistically significant correlation between HIP1R and PD-L1 expression (p = 0.905, Figure 2A).

Correlation analyses of HIP1R and PD-L1 expression were performed using mRNA data. From the
TCGA dataset, HIP1R mRNA expression levels were negatively correlated with PD-L1 mRNA levels
in adenocarcinoma and squamous cell carcinoma. (Spearman’s rho = −0.233, p < 0.001, Figure 2B;
Spearman’s rho = −0.224, p < 0.001, Figure 2C).
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Table 1. Demographic and clinical characteristics of patients.

Variable Number (%)

Age, Median (Range) (Years) 64 (38–85)
Male Sex 43 (82.7%)

Smoking Sistory 31 (73.8%)
Histologic Subtype
Adenocarcinoma 22 (42.3%)

Squamous Cell Carcinoma 19 (36.5%)
Pleomorphic Carcinoma 4 (7.7%)

NSCLC, NOS 7 (13.5%)
Clinical Stage at Diagnosis

III 13 (25%)
IV 39 (75%)

Genetic Alteration Status
EGFR-Mutated 4 (9.1%)

ALK-Rearranged 0 (0%)
Wild Type 44 (92.3%)

Type of PD-1 Blockade
Nivolumab 27 (51.9%)

Pembrolizumab 25 (48.1%)
PD-L1 Expression

Low (<50%) 17 (32.7%)
High (≥50%) 35 (67.3%)

Response to PD-1 Blockade
Responder 27 (51.9%)

Nonresponder 25 (48.1%)

Smoking history was collected for 42 patients. EGFR test was performed in 44 patients. ALK test was performed in
47 patients. Abbreviations: epidermal growth factor receptor; EGFR, nonsmall-cell lung cancer—not otherwise
specified; NSCLC, NOS, programmed cell death protein 1, PD-1; programmed death-ligand 1, PD-L1.

Figure 2. Correlation analyses involving Huntingtin-interacting protein 1-related protein (HIP1R)
and programmed death-ligand 1 (PD-L1) expression. (A) Correlation between HIP1R and PD-L1
detected immunohistochemically. (B) Correlation between HIP1R and PD-L1 mRNA expression in
lung adenocarcinoma. (C) Correlation between HIP1R and PD-L1 mRNA expression in lung squamous
cell carcinoma.
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3.3. Associations Involving HIP1R, PD-L1, Clinicopathologic Parameters, and Response to PD-1 Inhibitors

ROC analysis was performed to determine the cut-off value for HIP1R expression. Cut-offwas
determined as the value corresponding to the maximum joint sensitivity and specificity of the ROC
curve. The area under the curve (AUC) was 0.659 for the expression of HIP1R, and the cut-off value
was 180 (66% sensitivity and 68% specificity, Figure 3).

Figure 3. Receiver operating characteristic (ROC) and area under the curve (AUC) analysis of
HIP1R expression.

We explored the predictive capacity of HIP1R, PD-L1, and clinicopathologic factors in terms
of responses to PD-1 inhibition. By univariate analysis, the expression of HIP1R was found to be a
predictor of the response to anti-PD-1 therapy (OR) = 0.235, p = 0.015; Table 2). PD-L1 expression
was also found to be a predictor of the response to anti-PD-1 therapy (OR = 4.062, p = 0.028; Table 2).
By multivariate analysis, the expression of HIP1R was an independent predictor of anti-PD-1 therapy
response (OR = 0.209, p = 0.014, Table 2).

Table 2. Univariate and multivariate logistic regression analysis for predicting clinical response to
PD-1 blockade.

Univariate Analysis Multivariate Analysis

Covariate OR 95% CI p-Value † OR 95% CI p-Value †

Age (≥65 Years vs. <65 Years) 1.591 0.532–4.757 0.406
Sex (Male vs. Female) 2.526 0.558–11.44 0.229

Smoking History (+ vs. −) 3.238 0.720–14.56 0.126
Presence of EGFR Mutation (+ vs. −) 0.222 0.021–2.330 0.210

Type of PD-1 Blockade (Nivolumab vs. Pembrolizumab) 1.875 0.622–5.649 0.264
PD-L1 (>50% vs. ≤50%) 4.062 1.166–14.15 0.028 4.664 1.198–18.15 0.026
HIP1R (>180 vs. ≤180) 0.235 0.074–0.751 0.015 0.209 0.060–0.731 0.014

† logistic regression analysis. Abbreviations: confidence interval; CI, epidermal growth factor receptor; EGFR,
Huntingtin Interacting Protein 1 Related; HIP1R, odd ratio; OR, programmed cell death protein 1, PD-1;
programmed death-ligand 1, PD-L1.

3.4. GSEA According to HIP1R mRNA Expression

We performed GSEA to identify gene sets associated with HIP1R mRNA expression in the TCGA
mRNA data of lung adenocarcinoma and lung squamous cell carcinoma cases. In lung adenocarcinoma,
we identified the top 20 most prominent pathways that were upregulated in the low HIP1R mRNA
expression group (Table S1). Four of the 20 were immune-related gene sets and were statistically
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significant (HALLMARK_ALLOGRAFT_REJECTION, HALLMARK_INFLAMMATORY_RESPONSE,
HALLMARK_IL6_JAK_STAT3_SIGNALING, and HALLMARK_IL2_STAT5_SIGNALING) (Figure 4).
HALLMARK_INTERFERON_GAMMA_RESPONSE is also upregulated in the low HIP1R mRNA
expression group, although the statistical significance was marginal (p = 0.063). Core enrichment gene
lists for HALLMARK_ALLOGRAFT_REJECTION, HALLMARK_INFLAMMATORY_RESPONSE,
HALLMARK_IL6_JAK_STAT3_SIGNALING and HALLMARK_IL2_STAT5_SIGNALING are
summarized in Tables S2–S5. In lung squamous cell carcinoma, there were no statistically significant
immune-related gene sets associated with HIP1R mRNA expression (Table S6).

Figure 4. Gene set enrichment analysis (GSEA) according to HIP1R mRNA expression. (A) HALL
MARK_ALLOGRAFT_REJECTION pathway; (B) HALLMARK_INFLAMMATORY_RESPONSE
pathway; (C) HALLMARK_IL6_JAK_STAT3_SIGNALING pathway; (D) HALLMARK
_IL2_STAT5_SIGNALING pathway.
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3.5. Prognostic Significance of HIP1R and PD-L1

Patients with high HIP1R expression had inferior PFS to patients with low HIP1R expression
(p = 0.037, Figure 5A). Patients with high HIP1R expression also showed an inferior OS than patients
with low HIP1R expression, however the statistical significance was not reached (p = 0.11, Figure 5B).
Patients with high PD-L1 expression had superior PFS or OS than patients with low PD-L1 expression
(p = 0.028, Figure 5C and p = 0.031, Figure 5D, respectively). Furthermore, patients with high HIP1R
expression and low PD-L1 expression had lower PFS or OS than patients with other expression patterns
(p < 0.001, Figure 5E and p = 0.001, Figure 5F, respectively). In multivariate analysis, high HIP1R
expression was an independent prognostic factor for PFS (HR = 2.098, p = 0.019, Table 3).

Figure 5. Comparison of survival rates according to HIP1R and PD-L1 expression. (A) Progression-free
survival (PFS) and expression of HIP1R. (B) Overall survival (OS) and expression of HIP1R (C) PFS
and PD-L1. (D) OS and PD-L1. (E) PFS, HIP1R, and PD-L1. (F) OS, HIP1R, and PD-L1.

Table 3. Univariate and multivariate analyses of progression-free survival.

Univariate Analysis Multivariate Analysis

Covariate HR 95% CI p-Value † HR 95% CI p-Value †

Age (≥65 Years vs. <65 Years) 1.120 0.597–2.101 0.724
Sex (Male vs. Female) 0.553 0.251–1.218 0.141

Smoking History (+ vs. −) 1.121 0.517–2.429 0.773
Presence of EGFR Mutation (+ vs. −) 1.603 0.482–5.329 0.441

Type of PD-1 Blockade (Nivolumab vs. Pembrolizumab) 1.482 0.785–2.800 0.225
PD-L1 (>50% vs. ≤50%) 0.489 0.254–0.942 0.032 0.432 0.222–0.844 0.014
HIP1R (>180 vs. ≤180) 1.935 1.027–3.648 0.041 2.098 1.136–4.133 0.019

† Cox proportional hazards regression model. Abbreviations: CI, confidence interval; EGFR, epidermal growth
factor receptor; HIP1R, Huntingtin Interacting Protein 1 Related; HR, hazard ratio; PD-1, programmed cell death
protein 1; PD-L1, programmed death-ligand 1.

We used a Kaplan Meier plotter tool and performed survival analysis according to HIP1R mRNA
expression in lung adenocarcinoma and lung squamous cell carcinoma patients. The group with high
HIP1R mRNA expression exhibited poorer OS in patients with adenocarcinoma (p = 0.026, Figure S4A).
However, in lung squamous cell carcinoma, HIP1R mRNA expression was not correlated with OS
(p = 0.63, Figure S4B)
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4. Discussion

This study had several novel discoveries. First, we found that the expression of HIP1R was
an independent predictive factor for anti-PD-1 treatment response by NSCLC patients. Second,
the expression of HIP1R was an independent prognostic factor of PFS in patients treated with
anti-PD-1 inhibitors. Third, GSEA revealed that HIP1R mRNA expression was tightly correlated with
immune-related gene sets in lung adenocarcinoma. These GSEA results suggested that HIP1R mRNA
expression plays an important role in regulating the expression of PD-L1.

GSEA revealed that low HIP1R mRNA expression was closely associated with allograft rejection,
inflammatory responses, IL6-JAK-STAT3, IL2-STAT5, and interferon gamma response pathways in
lung adenocarcinoma. PD-L1 expression is correlated with marked expression of adaptive immune
responses (CD8+ T-cells) [21]. In our study, CD8 was also included in the core enrichment gene list of
HALLMARK_ALLOGRAFT_REJECTION. Previous studies have also reported that the IL6-JAK-STAT3
pathway induces PD-L1 upregulation. IL-6 is positively correlated with PD-L1 expression in human
hepatocellular carcinoma (HCC) cells, and IL-6 induces PD-L1 stability through glycosylation in
a HCC cell line [22]. Glioblastoma-derived IL6 is required for up-regulation of myeloid PD-L1 in
glioblastoma through a STAT3-dependent mechanism [23]. Combined blockade of IL6 and PD-L1
signaling achieves synergistic antitumor immune responses in colon carcinoma and murine melanoma
models [24]. PD-L1 expression is also regulated by interferon gamma signaling in a melanoma cell
line [25]. GSEA suggested that HIP1R expression plays an important role in adaptive immune responses
associated with PD-L1.

In the present study, no correlation was identified between HIP1R and PD-L1 protein expression,
However, HIP1R mRNA expression was negatively correlated with the mRNA expression level of
PD-L1 in adenocarcinoma and squamous cell carcinoma. There are several possible explanations for
this discrepancy. Post-transcriptional and post-translational modifications affect the level of protein
expression [26]. Proteins can have significantly different half-lives in vivo [27]. There were no cases
of surgery in our study, therefore the only sample we received was a biopsy. We cannot conduct
additional experiments for mRNA testing of HIP1R and PD-L1, because very little tumor tissue remains
in paraffin tissue.

Patients with high HIP1R mRNA expression exhibited poor clinical outcomes in web-based
mRNA data of adenocarcinoma cases; however, HIP1R mRNA expression was not correlated with OS
in squamous cell carcinoma. From our IHC data, HIP1R expression was correlated with poor clinical
outcomes. However, we did perform subgroup analysis according to histologic type because of our
small sample size. HIP1R levels also correlate with a set of genes that reflect PD-L1-related immune
pathways in GSEA analysis of adenocarcinoma cases; however, there were no statistically significant
immune-related gene sets associated with HIP1R mRNA expression in squamous cell carcinoma.
Currently, lung adenocarcinoma and squamous cell carcinoma are known to involve different biologic
mechanisms and prognoses. Therefore, the role of HIP1R in adaptive immune responses and its effect
on clinical outcomes may vary depending on the histological type.

Despite some surprising discoveries, our study has certain limitations. First, our cohort was small.
We performed multivariate logistic regression and prognostic analyses on only 52 samples. However,
the web-based mRNA dataset also revealed results similar to ours. These results encourage further
investigations involving larger populations. Second, we used an IHC method to detect HIP1R protein
expression. There is no information regarding standardization, reliability, and reproducibility of IHC
staining. We used the same antibody that Wang et al. used [12]. However, Wang et al. used HIP1R
antibody (16814-1-AP) in Western Blott (WB) and immunofluorescence alone. Only recently has HIP1R
attracted attention in cancer research, so few studies have been done on HIP1R. Therefore, there are
no antibodies that are commonly used in immunohistochemistry. In the catalog of HIP1R antibody
(16814-1-AP), it can be used in IHC, immunoprecipitation (IP), WB, and ELISA. According to the
manufacturer’s guidelines, this antibody was validated by western blot in HeLa cells and human liver
tissue. We used a human placenta tissue as positive control as recommended. An automatic IHC staining
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device (Benchmark XT) may improve the reproducibility of IHC staining. The H-scoring method
is widely used for immunochemical staining, and is known to have relatively high reproducibility
among pathologists [28,29]. Third, we examined the protein expression of HIP1R and PD-L1 in
refractory advanced NSCLC; however, the mRNA profiles of HIP1R and PD-L1 were not evaluated.
Because protein expression of HIP1R did not correlate with PD-L1 expression, the relationship between
HIP1R and PD-L1 mRNA expression profile is very important. To verify the results of GSEA, we should
evaluate the mRNA expression profiles of HIP1R. However, the sample we have is a small biopsy,
and we have already performed several immunohistochemical stainings for diagnosis and ALK and
EGFR mutation tests. Therefore, currently, very little tumor tissue remains in paraffin tissue and we
cannot conduct additional experiments for mRNA testing. To confirm our experiments, future research
should measure the mRNA expression level of HIP1R on many samples and investigate the relationship
with the PD-1 blocker and PD-L1 expression.

In conclusion, we examined the expression of HIP1R in 52 refractory NSCLC samples from
patients treated with PD-1 inhibitors. HIP1R expression was an independent biomarker predicting
patient response to PD-1 inhibitors. High HIP1R expression was an independent predictor of poor PFS.
In addition, HIP1R mRNA expression was significantly correlated with immune-related gene sets in
lung adenocarcinoma. These immune-related gene sets are known to play important roles in PD-L1
regulation. Based on our findings, HIP1R expression may be a promising predictor for the therapeutic
determination of responses to anti-PD-1 treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1425/s1,
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Abstract: The eighth edition of the American Joint Committee on Cancer (AJCC) staging system for
lung cancer was introduced in 2017 and included major revisions, especially of stage III. For the
subgroup stage IIIA-N2 non-small-cell lung cancer (NSCLC), surgical resection remains controversial
due to heterogeneous disease entity. The aim of this study was to evaluate the clinicopathologic features
and prognostic factors of patients with completely resected stage IIIA-N2 NSCLC. We retrospectively
evaluated 77 consecutive patients with pathologic stage IIIA-N2 NSCLC (AJCC eighth edition) who
underwent surgical resection with curative intent in China Medical University Hospital between
2006 and 2014. Survival analysis was conducted, using the Kaplan–Meier method. Prognostic
factors predicting overall survival (OS) and disease-free survival (DFS) were analyzed, using log-rank
tests and multivariate Cox proportional hazards models. Of the 77 patients with pathologic stage
IIIA-N2 NSCLC examined, 35 (45.5%) were diagnosed before surgery and 42 (54.5%) were diagnosed
unexpectedly during surgery. The mean age of patients was 59 years, and the mean length of
follow-up was 38.1 months. The overall one-, three-, and five-year OS rates were 91.9%, 61.3%,
and 33.5%, respectively. Multivariate analysis showed that tumor size <3 cm (hazards ratio (HR):
0.373, p = 0.003) and video-assisted thoracoscopic surgery (VATS) approach (HR: 0.383, p = 0.014) were
significant predictors for improved OS. For patients with surgically treated, pathologic stage IIIA-N2
NSCLC, tumor size <3 cm and the VATS approach seemed to be associated with better prognosis.

Keywords: non-small-cell lung cancer; stage IIIA-N2; surgery

1. Introduction

Lung cancer is the most commonly diagnosed cancer and the leading cause of cancer death in
the world. In 2018, an estimated 2.1 million new cases (1,368,524 in men and 725,352 in women) of
lung and bronchial cancer were diagnosed, and 1.8 million individuals (1,184,947 in men and 576,060
in women) were expected to die of the tumor [1]. Despite recent advances in molecularly targeted
therapy and immunotherapy, the long-term survival of patients with lung cancer remains poor, and the
five-year-survival rate is below 20% [2,3]. While more than 80% of tumors were unresectable, surgical
resection is the major treatment modality for curative intent, with the five-year survival rate being
about 60% [4].
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The most important prognostic factor for lung cancer is the stage at presentation, which also
guides the clinical management of these patients. Based on a global database of lung-cancer cases
assembled by the International Association for the Study of Lung Cancer (IASLC) [5], the eighth edition
of the American Joint Committee on Cancer (AJCC) staging system for lung cancer was published
in 2017 [6], and it was implemented in clinical practice worldwide in 2018 [7]. In addition to the
reclassification of extra-thoracic disease into M1b and M1c, the most significant change distinguishing
the eighth edition from the seventh edition is the modification of T classification, which may result in
different stage allocations. In the eighth edition, stages T1–T4 are redefined according to tumor size
(T1a ≤ 1 cm; 1 cm < T1b < 2 cm; 2 cm < T1c < 3 cm; 3 cm < T2a < 4 cm; 4 cm < T2b < 5 cm; 5 cm < T3
< 7 cm; T4 > 7 cm). For patients with former stage IIIA-N2 disease, the reclassification of tumor size
more than 5 cm shifting from T2b to T3 (> 5 cm but < 7 cm) and from T3 to T4 (> 7 cm) results in a
change of stage from IIIA to IIIB.

Due to heterogeneous disease entity, the role of surgical resection for patients with former
stage IIIA-N2 non-small-cell lung cancer (NSCLC) remains controversial. According to the
guidelines [7,8], multidisciplinary team assessment prior to treatment is warranted to evaluate
the resectability, depending on single N2 lymph node station involvement and/or small lymph
node size (<3 cm). The treatment options include resection, followed by adjuvant chemotherapy;
induction therapy, followed by surgery; definitive concurrent chemoradiation; and consolidation
therapy with Durvalumab. However, despite the complexity in treatment planning and major changes
in T description and stage allocation of the eighth edition, the guidelines do not address the consequent
changes to treatment algorithms for patients with clinical stage IIIA-N2 NSCLC. Furthermore, the role
of surgical resection with curative intent in such patients has not been well evaluated. Hence, the aim
of this study was to evaluate the clinical features and surgical–pathological factors that affect the
prognosis of patients with resected stage IIIA-N2 NSCLC.

2. Materials and Methods

This study was approved by the Institutional Review Board of China Medical University Hospital
(CMUH109-REC1-037, date of approval: 11 March 2020), and informed consent was waived because of
the retrospective nature of the study.

2.1. Inclusion Criteria

From 1 January 2006 to 31 December 2014, 748 patients with lung cancer underwent surgical
resection with mediastinal lymph node dissection or sampling at China Medical University Hospital.
The tumor-node-metastasis (TNM) staging system was reclassified according to the eighth edition of
the AJCC staging system. A total of 77 (10.3%) patients with stage IIIA-N2 NSCLC who underwent
surgical resection with curative intent were enrolled in the study. Smoking status was classified as ever
(including current and former smoker) or never smoker. Family history of cancer was defined as any
first-degree relative diagnosed with any form of cancer. The preoperative staging workup included
complete blood count, serum biochemistry, carcinoembryonic antigen (CEA), chest radiography,
chest computed tomography (CT) scan, bronchoscopy, and nuclear medicine exam. Patients with
positive surgical tumor margin and incomplete medical record were excluded. There were weekly
multidisciplinary lung cancer meetings where thoracic radiologists, radiation oncologist, surgeons,
and pulmonologists from the China Medical University Hospital jointly reviewed and discussed the
management plan of patients with lung cancer.

2.2. Surgical Technique

Only patients having the Eastern Cooperative Oncology Group (ECOG) performance of 0 or 1 were
considered as surgical candidates, and all surgery was performed with curative intent. All patients
underwent surgery either with preoperatively clinical N2 disease or unexpectedly during surgery.
Tumor location was analyzed as dichotomous variables (lower versus upper or middle lobes; peripheral
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(outer one-third of lung field) versus central (inner two-thirds of lung fields)). Induction therapy
was defined as preoperative chemotherapy and/or radiotherapy. Adjuvant therapy was defined as
treatment with either chemotherapy, radiotherapy, or a combination of both after surgical resection.
The type of surgery included standard (pneumonectomy, bilobectomy, or lobectomy) and limited
resection (wedge resection or segmentectomy). Mediastinal lymph node dissection or sampling with
a minimum of three different stations was performed according to the surgeon’s experience, and
all resected lymph nodes were labeled separately. All pulmonary resections were performed either
through open thoracotomy or video-assisted thoracoscopic surgery (VATS).

2.3. Histopathological Evaluation

All surgical specimens were evaluated for pathologic staging. Histological typing was performed
according to the World Health Organization classification. The recorded variables included tumor size,
differentiation grade, visceral pleural involvement, lymphovascular permeation, perineural invasion,
multiple N2 station, and N2 ratio. Multiple N2 station was defined as lymph node metastasis involving
more than one N2 station. N2 ratio was calculated by dividing the total number of metastatic by the
total number of N2 lymph nodes examined.

2.4. Statistical Analysis

All statistical analyses were performed by using MedCalc Statistical Software version 19.0.7
(MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org; 2019). Normally and
non-normally distributed continuous data were expressed as mean (standard deviation (SD)) and
median (interquartile range (IQR)), respectively. Categorical variables were reported as number (%).
Overall survival (OS) was defined as the time from the date of pathological diagnosis until the date
of death or last follow-up. Disease-free survival (DFS) was defined as the time from the date of
pathological diagnosis until the date of recurrence, death, or last follow-up. Survival curves were
estimated by using the Kaplan–Meier method. The prognostic factor analyses were performed by
log-rank tests and Cox proportional-hazards regression model. Statistical analysis was considered to
be significant when the p-value was < 0.05.

3. Results

3.1. Demographic and Clinicopathologic Characteristics

Of the 77 patients with pathologic stage IIIA-N2 NSCLC, 35 were male, and 42 were female,
with a mean age of 59 years (SD, 12.2 years; range, 34 to 82 years). Thirty-five (45.5%) patients were
diagnosed as N2 disease before surgery, and 42 (54.5%) were diagnosed unexpectedly during surgery.
Forty-one (53.2%) patients underwent VATS, and 36 (46.8%) underwent open thoracotomy. The most
common histology was adenocarcinoma (62, 80.5%), followed by squamous cell carcinoma (9, 11.7%).
The mean size of tumor was 2.9 cm (SD, 1.0 cm). Forty-five (58.4%) patients had tumors of 3 cm or
less in diameter, and 32 (41.6%) patients had tumors greater than 3 cm. With respect to lymph node
involvement, multiple N2 station was seen in 21 (27.3%) patients and median N2 ratio was 33.3% (IQR,
13.8–50%). Sixty-five (84.4%) patients received adjuvant chemotherapy, of which 23 patients received
postoperative radiotherapy. Demographic and clinicopathologic characteristics of the patients are
shown in Table 1.
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Table 1. Demographic and clinicopathologic characteristics of 77 patients with resected stage IIIA-N2
non-small-cell lung cancer.

Parameter Value

Age, Mean (SD), y 59 (12.2)
Male, No. (%) 35 (45.5)

Ever smoker, No. (%) 29 (37.7)

Family History of Cancer, No. (%)
Comorbidities, No. (%)

Hypertension
Cardiovascular Disease

Chronic Obstructive Pulmonary DiseaseLiver Disease
Chronic Kidney Disease

Diabetes Mellitus

14 (18.2)

24 (31.2)
8 (10.4)
6 (7.8)
6 (7.8)
4 (5.2)

10 (13.0)
Performance status, No. (%)

ECOG 0
ECOG 1

39 (50.6)
38 (49.4)

Clinical N2, No. (%) 35 (45.5)
Surgical Procedure, No. (%)

Limited Resection
Standard Resection

8 (10.4)
69 (89.6)

Surgical Approach, No. (%)
VATS 41 (53.2)

Open Thoracotomy 36 (46.8)
Tumor size, mean (SD), cm 2.9 (1.0)

Tumor Size, No. (%)
≤3 cm
3–5 cm

45 (58.4)
32 (41.6)

Histology, No. (%)
Adenocarcinoma

Squamous Cell Carcinoma
Others

62 (80.5)
9 (11.7)
6 (7.8)

Differentiation, No. (%)
Well–moderate

Poor
Unknown

48 (62.3)
27 (35.1)
2 (2.6)

CEA, Median (IQR), ng/mL 4.0 (2.3–13.1)
Visceral Pleural Involvement, No. (%) 35 (45.5)
Lymphovascular Permeation, No. (%) 66 (85.7)

Perineural Invasion, No. (%)
Number of Examined Lymph Nodes, Median (IQR)
Number of Positive Lymph Nodes, Median (IQR)

12 (15.6)
14 (9–20)
3 (1–6)

N2 Ratio, Median (IQR), % 33.3 (13.8–50.0)
Tumor Location, No. (%)

Central Location
Lower Lobe Location

44 (57.1)
31 (40.3)

Multiple N2 Station, No. (%) 21 (27.3)
Induction therapy, No. (%) 10 (13.0)
Adjuvant Therapy, No. (%) 65 (84.4)

Postoperative Radiotherapy, No. (%) 23 (29.9)

SD, standard deviation; IQR, interquartile range; ECOG, Eastern Cooperative Oncology Group; VATS, video-assisted
thoracoscopic surgery; CEA, carcinoembryonic antigen; y, years.

3.2. Overall Survival

Figure 1 depicts that the one-, three-, and five-year OS rates were 91.9%, 61.3%, and 33.5%,
respectively. The mean length of follow-up was 38.1 months.
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Figure 1. Overall-survival curves of 77 patients with completely resected stage IIIA-N2 non-small-cell
lung cancer.

In univariate analysis, the median OS was significantly influenced by tumor size. The median OS
was 52.0 months (95% CI: 45.3–66.1) in patients with tumors of 3 cm or less, worsening to 32.6 months
(95% CI: 23.2–43.6) in patients with tumors greater than 3 cm (log-rank p = 0.002) and corresponding to
a five-year OS rate of 43.3% and 21.7%, respectively (Figure 2). Moreover, patients with VATS approach
had significantly better OS compared with those who received open thoracotomy (five-year OS: 63.5%
vs. 18.3%; log-rank p = 0.009). On the other hand, OS rates were significantly worse in patients with
elder age (versus those with age under 65 years, five-year OS: 24.2% vs. 39.0%; log-rank p = 0.031) and
those with ECOG 1 (versus those with ECOG 0, 5-year OS: 19.3% vs. 49.4%; log-rank p = 0.016).

Figure 2. Overall survival curves of patients stratified by tumor size.

Multivariate analysis showed that tumor size <3 cm (HR: 0.373, 95% CI: 0.194–0.714, p = 0.003)
and VATS approach (HR: 0.383, 95% CI: 0.178–0.824, p = 0.014) were significant predictors for OS.
Univariate and multivariate data are shown in Tables 2 and 3.
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Table 2. Univariate analysis of factors associated with overall survival.

Parameter Hazard Ratio (95% CI) p-Value

Age (≥65 y versus <65) 1.939 (1.050–3.582) 0.034
Gender (Male versus Female) 1.084 (0.582–2.020) 0.799
Ever Smoker (Yes versus No) 0.987 (0.526–1.851) 0.967

Family History of Cancer (Yes versus No)
Hypertension (Yes versus No)

Cardiovascular Disease (Yes versus No)
Chronic Obstructive Pulmonary Disease (Yes versus No)

Liver Disease (Yes versus No)
Chronic Kidney Disease (Yes versus No)

Diabetes Mellitus (Yes versus No)

0.681 (0.302–1.532)
0.630 (0.310–1.279)
0.523 (0.161–1.692)
2.094 (0.741–5.916)
1.662 (0.698–3.960)
0.395 (0.054–2.877)
1.040 (0.438–2.469)

0.352
0.201
0.279
0.163
0.251
0.359
0.930

Performance Status (ECOG 1 versus ECOG 0) 2.093 (1.133–3.867) 0.018
Clinical N2 (Yes versus Unsuspected) 0.963 (0.525–1.767) 0.903

Limited Resection (Yes versus Anatomical) 1.453 (0.612–3.449) 0.397
VATS (Yes versus Open Thoracotomy) 0.429 (0.223–0.824) 0.011

Tumor Size (≤3 versus 3–5) 0.390 (0.213–0.715) 0.002
Histology (Adenocarcinoma versus Others) 1.442 (0.689–3.018) 0.332

Differentiation (Poor versus Others) 0.618 (0.311–1.226) 0.168
CEA (≥3 versus <3) 1.593 (0.729–3.482) 0.243

Visceral Pleural Involvement (Yes versus No) 1.359 (0.743–2.486) 0.319
Lymphovascular Permeation (Yes versus No) 1.314 (0.513–3.352) 0.567

Perineural Invasion (Yes versus No) 0.483 (0.173–1.354) 0.166
N2 Ratio (≥40% versus <40%) 1.167 (0.632–2.154) 0.622

Central Location (Yes versus Peripheral) 1.061 (0.576–1.955) 0.848
Lower Lobe Location (Yes versus Upper or Middle) 1.408 (0.757–2.619) 0.280

Multiple N2 Station (Yes versus No) 1.056 (0.550–2.028) 0.870
Induction Therapy (Yes versus No) 0.793 (0.281–2.236) 0.660
Adjuvant Therapy (Yes versus No) 1.147 (0.483–2.725) 0.756

Postoperative Radiotherapy (Yes versus No) 0.551 (0.263–1.151) 0.113

Variables with p-values of less than 0.2 were tested in multivariate analysis. CI, confidence interval; ECOG, Eastern
Cooperative Oncology Group; VATS, video-assisted thoracoscopic surgery; CEA, carcinoembryonic antigen.

Table 3. Multivariate analysis of factors associated with overall survival.

Parameter Hazard Ratio (95% CI) p-Value

Age (≥65 y versus <65) 1.576 (0.799–3.111) 0.190
Performance Status (ECOG 1 versus ECOG 0) 1.669 (0.878–3.173) 0.118

VATS (Yes versus Open Thoracotomy) 0.383 (0.178–0.824) 0.014
Tumor Size (≤3 versus 3–5) 0.373 (0.194–0.714) 0.003

Differentiation (Poor versus Others) 0.732 (0.358–1.499) 0.394
Perineural Invasion (Yes versus No) 0.681 (0.229–2.023) 0.489

Postoperative Radiotherapy (Yes versus No) 1.173 (0.501–2.745) 0.713

CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; VATS, video-assisted thoracoscopic surgery.

3.3. Disease-Free Survival

The one-, three-, and five-year DFS rates were 53.4%, 24.5%, and 12.5%, respectively.
In univariate analysis, the median DFS was significantly influenced by tumor size. The median

DFS was 18.4 months (95% CI: 11.9–33.6) in patients with tumors of 3 cm or less, worsening to
11.0 months (95% CI: 7.1–15.6) in patients with tumors greater than 3 cm (log-rank p = 0.016) and
corresponding to a three-year DFS rate of 33.4% and 12.5%, respectively (Supplementary Materials
Figure S1). There was a non-significant trend between poor prognosis and both clinical N2 disease
(versus unsuspected N2 disease, three-year DFS: 16.2% vs. 31.1%; log-rank p = 0.077) and elevated
CEA level (versus CEA level less than 3 ng/mL, three-year DFS: 18.2% vs. 33.3%; log-rank p = 0.053).

Multivariate analysis showed that tumor size <3 cm (HR: 0.451, 95% CI: 0.235–0.865, p = 0.017) and
clinical N2 versus unsuspected N2 disease (HR: 2.525, 95% CI: 1.340–4.757, p = 0.004) were significant
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predictors for DFS. Both univariate and multivariate data are shown in Supplementary Materials
Tables S1 and S2.

4. Discussion

The AJCC TNM staging system is the global standard for lung cancer staging [8]. Compared with
the seventh edition, the eighth edition has been validated in several cohorts [9,10], demonstrating better
survival stratification and prognosis prediction. With regard to the major changes in the T classification,
former stage IIIA-N2 disease is further separated into stage IIIA and IIIB, based on tumor size, which is
suggestive of distinct prognosis between the two subgroups. Sui et al. [9] retrospectively analyzed a
Chinese cohort including 3599 patients with pathological stage IA to IIIA between 2005 and 2012. Of 772
former stage IIIA patients, stage migration to IIIB was found in 180 (23.3%) patients, and associated
with lower five-year survival rate (26.1% vs. 41.7%, p < 0.001). Therefore, we focused on updated stage
IIIA-N2 NSCLC, which represents a heterogenic group of patients and complex treatment modalities,
including surgical resection.

The role of surgical resection for patients with stage IIIA-N2 NSCLC remains controversial,
with different management preferences between Europe and America [11]. In Europe, surgeons tend
to perform upfront resection, without induction therapy, for single-station, non-bulky N2 disease.
The European Society for Medical Oncology (ESMO) guideline recommends that surgical resection,
followed by adjuvant chemotherapy, is a reasonable treatment option for single-station N2 disease [8].
By contrast, in America, the standard treatment has been induction chemotherapy or chemoradiation,
followed by surgical resection. A Cardiothoracic Surgery Network survey [12] demonstrated that more
than 80% of thoracic surgeon preferred induction therapy for stage IIIA-N2 NSCLC, whereas only 12%
preferred surgical resection followed by adjuvant therapy. For macroscopic single station N2 disease,
62% would consider surgical resection only if N2 clearance was achieved, whereas 18% considered
this inoperable and offer definitive concurrent chemoradiation. Regarding the preference of induction
therapy followed by surgical resection in America, considerations include better tolerance to full-dose
chemotherapy preoperatively, better control of the systemic micro-metastases, assessment of treatment
response before decision of surgery, and possible parenchymal sparing surgery [13]. Therefore,
the approach of induction therapy is supported by the National Comprehensive Cancer Center
Network (NCCN) guideline [7]. However, despite the high agreement and guideline recommendation,
substantial variation in clinical practice existed in The Society of Thoracic Surgeons General Thoracic
Surgery Database [14]. Of 3319 clinical stage III-N2 patients, 54% received direct surgical resection and
46% received induction therapy, with five-year survival rates of 36% and 35%, respectively. Considering
the controversial role of surgical resection for patients with updated stage IIIA-N2 NSCLC, our study
was aimed to investigate prognostic factors to guide therapeutic decisions.

For former stage IIIA-N2 NSCLC, previous studies have well demonstrated prognostic factors,
including number of positive lymph nodes [15], microscopic N2 [16], single-station N2 [17–20], VATS
approach [21], lobectomy approach [22], postoperative radiotherapy [23,24], and pathological response
after induction therapy [25,26]. However, there is still some concern about changes of T classification
and stage migration in the eighth edition. In the study, we presented a single-center retrospective
study of 77 surgically resected IIIA-N2 NSCLC patients, staged according to the eighth edition of the
AJCC staging system. Our first finding is that tumor size <3 cm was associated with better prognosis
(HR: 0.373, p = 0.003). The possible reason is that tumor size was correlated with occult systemic
micro-metastases. Yang et al. [27] reported that the proportions of cases with N0M0 status with tumor
size <2 cm and >7 cm were 70.79% and 33.33%, respectively. Cho et al. [28] analyzed the data of
1821 patients with clinical N0-1 NSCLC, in which they found that tumor size >3 cm was a common
predictor for unsuspected N2 and multiple-station N2 disease. Based on our finding and major changes
of T classification, further large-scale studies are warranted to confirm the role of tumor size in patient
selection and treatment strategy. Our second finding is that VATS approach was associated with better
prognosis (HR: 0.383, p = 0.014). Previous studies showed similar results [21,26]. Despite the possible
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selection bias of our study, the consistency of these findings suggests that the VATS approach can be
employed safely, without compromised prognosis.

Our 33.5% five-year OS rate is slightly lower than that of the IASLC database [5], in which
the five-year OS rates for clinical and pathological stage IIIA disease are 36% and 41%, respectively.
The relatively poorer prognosis in our patients highlights the importance of patient selection and the
multimodality treatment approach. First, in patients with stage IIIA-N2 NSCLC undergoing surgical
resection, the prognostic value of degree of lymph node involvement has been well documented.
The ESMO guideline [8] highlights that single-station N2 disease is the most important features
while evaluating resectability. Several studies [17–20] have also demonstrated that multiple-station
N2 involvement indicates a poorer prognosis, regardless of whether the induction therapy is given:
five-year OS rate is usually below 25%. Given the poorer prognosis and higher risk of systemic
micro-metastases, upfront surgical resection should be avoided in patients with multiple-station N2
disease. However, in our study, 21 (27.3%) patients with multiple-station N2 disease received surgical
resection, whereas only 10 (13%) patients received induction therapy. Second, regardless of whether to
offer surgical resection, the implementation of multimodality treatment is of most importance [7,8].
There is pooled evidence in a network meta-analysis [29] where patients with stage IIIA-N2 NSCLC
treated with single modality treatment of either surgery or radiotherapy alone seemed to have the worst
outcomes. Nevertheless, in our study, 12 (15.6%) patients received surgical resection, only without
adjuvant therapy. The lack of multimodality treatment would also explain the poorer outcome of
the study.

Our study has some limitations. First, given the nature of retrospective analysis, patients in our
study were highly selected by multidisciplinary team screening and not representative of all patients
with stage IIIA-N2 NSCLC. In addition, it is not possible to answer the question whether upfront
surgical resection is superior to other multimodality approaches. Second, the number of cases in
our study was small. The uneven distribution of clinicopathologic characteristics (e.g., single- or
multiple-station N2) and treatment approaches (e.g., induction therapy) complicated the interpretation,
and the statistical power could be limited.

5. Conclusions

In conclusion, we retrospectively reviewed the clinical and pathological characteristics of patients
with completely resected stage IIIA-N2 NSCLC, according to the eighth edition of the AJCC staging
system. Tumor size <3 cm was the only independent factor for better OS and DFS. In addition, the VATS
approach was also a good prognostic factor regarding OS rate. These findings may be helpful to
identify patients with stage IIIA-N2 NSCLC eligible to surgical resection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/5/1307/s1.
Figure S1: Disease-free survival curves of patients stratified by tumor size. Table S1: Univariate analysis
of factors associated with disease-free survival. Table S2: Multivariate analysis of factors associated with
disease-free survival.
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Abstract: This study aims to investigate the efficacy of targeted therapies in the treatment of non-small
cell lung cancer (NSCLC) by using a network meta-analysis of clinical trials. PubMed, EMBASE,
Cochrane Library, and Clinicaltrials.gov were searched by using keywords related to the topic on
19 September 2018. Two investigators independently selected relevant trials by pre-determined
criteria. A pooled response ratio (RR) for overall response rate (ORR) and a hazard ratio (HR) for
progression-free survival (PFS) were calculated based on both the Bayesian and frequentist approaches.
A total of 128 clinical trials with 39,501 participants were included in the final analysis of 14 therapeutic
groups. Compared with chemotherapy, both ORR and PFS were significantly improved for afatinib,
alectinib, and crizotinib, while only PFS was significantly improved for cabozantinib, ceritinib,
gefitinib, and osimertinib. Consistency was observed between the direct and indirect comparisons
based on the Bayesian approach statistically and the frequentist approach visually. Cabozantinib and
alectinib showed the highest probability for the first-line treatment ranking in ORR (62.5%) and PFS
(87.5%), respectively. The current network meta-analysis showed the comprehensive evidence-based
comparative efficacy of different types of targeted therapies, which would help clinicians use targeted
therapies in clinical practice.

Keywords: non-small cell lung cancer; targeted therapy; network meta-analysis

1. Introduction

Lung cancer is the most common cancer and the leading cause of cancer death worldwide,
with approximately 2.1 million new cases (11.6% of the total new cases) and 1.76 million deaths (18.4%
of the total deaths) [1,2]. Of the two major types of lung cancer, non-small cell lung cancer (NSCLC)
accounts for about 85% to 90% of all lung cancers, which typically has a slower rate and double time
than small cell lung cancer [3,4].
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Among several treatment options for NSCLC treatment recommended by the latest updated
National Comprehensive Cancer Network (NCCN) guideline, targeted cancer therapy with various
pathways is one of the new generations of cancer treatments [5]. Some cell surface receptors such
as epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), and receptor of
silencing 1 (ROS1) are overactive in the pathology of NSCLC [6,7]. Also, B-Raf proto-oncogene (BRAF),
kirsten rat sarcoma 2 viral oncogene homolog (KRAS) and a kinase upstream of mitogen-activated
protein kinase (MEK) have generated recent interest [8]. Other inhibitors of human epidermal growth
factor receptor 2 (HER2), ‘rearranged during transfection’ proto-oncogene (RET), and tyrosine-protein
kinase Met (MET) have also been approved for the treatment of NSCLC [9–11]. Although the efficacy
of targeted therapies has been evaluated through large-scale randomized controlled trials and has
already been approved by the Food and Drug Administration (FDA), their comparative efficacy has
not been investigated.

Therefore, we performed a network meta-analysis (NMA) of clinical trials to compare and rank
targeted therapies for the treatment of patients with NSCLC.

2. Materials and Methods

2.1. Search Strategy and Keywords

Eligible studies were identified by searching PubMed, EMBASE, Cochrane library,
and Clinicaltrials.gov databases from their inception until September 19, 2018, limiting to human subjects
and a clinical trial. The keywords for literature search were as follows: ‘ado-trastuzumab’, ‘afatinib’,
‘alectinib’, ‘bevacizumab’, ‘brigatinib’, ‘cabozantinib’, ‘ceritinib’, ‘cetuximab’, ‘crizotinib’, ‘dabrafenib’,
‘erlotinib’, ‘gefitinib’, ‘osimertinib’, ‘ramucirumab’, ‘trametinib’, ‘vandetanib’, and ‘vemurafenib’
for intervention factors; ‘non-small cell lung cancer’ for an outcome factor; and ‘clinical trial’ and
‘randomized controlled trial’ for type of study. The bibliographies of relevant articles were also
reviewed to identify additional studies related to this topic. The literature search was restricted to
studies published in English.

2.2. Selection of Relevant Studies

We included head-to-head or controlled trials that: compared the efficacy of FDA-approved
targeted drugs with chemotherapy or placebos in the treatment of NSCLC; reported the outcomes on
overall response rates (ORRs) and/or hazard ratios (HRs) for progression-free survival (PFS).

Two investigators (Hoang and Myung) independently selected relevant trials searched from
the databases. The following variables were extracted from all the included studies: study name
(first author, published year, and specific trial title, if possible), period and country, regimen of the
intervention and the comparison, number of participants, and main outcomes.

2.3. Data Analysis

The pooled response ratio (RR) for ORRs based on an arm-based approach, HR for PFS based on a
contrast-based approach, and their 95% confidence intervals (95% CIs) were calculated for estimating
the differences between treatment groups.

We measured inconsistency, which implies statistical disagreement between direct and indirect
comparisons [12,13]. The generalized linear model was applied for the Bayesian NMA [14].
Binomial likelihood and logit link function were applied for arm-based data of ORR, while normal
likelihood and identity link function were used for contrast-based data of natural logarithm HR in the
Bayesian approach [14]. Also, Bayesian model assumptions in the Bayesian analysis were assessed by
the convergence diagnostics of the Markov chain Monte Carlo [14].

Based on the ranking probabilities of each therapy in different treatment lines, we calculated the
surface under the cumulative ranking line (SUCRA) value and performed k-means clustering analysis
to group the similar treatments [15,16].
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For the statistical analysis of this NMA, we used different packages including pcnetmeta, gemtc,
and netmeta in the R statistical environment [17–19]. Results from both the Bayesian approach
(pcnetmeta and gemtc packages) and the frequentist approach (netmeta package) and were presented.

Finally, we calculated a decremental hazard-response ratio (DHRR) to obtain a decreased amount
of HR per a unit of RR (compared to a dummy group) as in the following formula:

DHRR = −HR−HRo

RR−RRo

where HRo and RRo are a baseline hazard ratio and a response ratio of chemotherapy vs. a dummy
group, respectively.

3. Results

3.1. Selection of Relevant Studies

Figure S1 shows the flow diagram for selection of relevant studies. We identified 7279 articles
from four different databases (PubMed, EMBASE, Cochrane Library, and Clinicaltrials.gov) using the
keywords and hand-search from relevant bibliographies. After excluding 845 duplicated records and
5815 irrelevant studies, the full text of the remaining 619 articles were reviewed. Overall, a total of 128
parallel clinical trials were included in the current network meta-analysis.

3.2. Study Characteristics

The general characteristics of the included studies (eReferences in the Supplement) were
summarized in Table S1. A total of 39,501 study participants were assigned to receive 14 different
treatments including 12 targeted therapies, 1 chemotherapy, and 1 dummy. Sixty-four % of all the
studies involved the comparisons between EGFR-targeted drugs and other treatments.

3.3. Network Geometry

Figure 1 shows the network geometry for ORR and PFS to represent graphical comparisons among
various treatments. The comparative efficacy between erlotinib vs. chemotherapy/bevacizumab vs.
dummy/erlotinib vs. dummy was frequently investigated for ORR, while the comparative efficacy
between erlotinib vs. chemotherapy/gefitinib vs. chemotherapy/gefitinib vs. dummy/bevacizumab vs.
dummy/erlotinib vs. dummy was done for PFS.

Figure 1. Network geometry of comparisons for overall response rate (ORR) and progression-free
survival (PFS).
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3.4. Assumption Checking

Figures S2 and S3 show a heat map, which provides visual inconsistency between direct and
indirect comparisons in the frequentist approach. There was a big difference between inconsistency
before and after the detachment in some treatment comparisons. However, no inconsistency was
observed in the Bayesian approach (Figures S4 and S5).

Substantial heterogeneity was detected in both ORR and PFS, with the global I2 = 78% for both
outcomes as well as for either a pairwise pooled effect or a consistency effect (Table S2).

The width of every line reflects the number of studies. The size of the circles is proportional
to the number of study participants. A dummy group is a placebo or a control group without
additional treatment.

3.5. Comparative Efficacy

Compared to chemotherapy, afatinib, alectinib, ceritinib, and crizotinib were found to have
a higher ORR with RRs ranging between 2.26 (95% CI, 1.34–3.82) for crizotinib and 3.75 (95% CI,
1.80–7.94) for ceritinib (Figure 2). Also, cabozantinib, gefitinib, and osimertinib vs. chemotherapy were
found to improve PFS with HRs ranging from 0.17 (95% CI, 0.10–0.29) for alectinib to 0.78 (0.67–0.91)
for gefitinib (Figure 3).

Figure 2. Response ratio for overall response rate of each targeted therapy vs. chemotherapy.
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Figure 3. Hazard ratio for progression-free survival of each targeted therapy vs. chemotherapy.

Tables 1 and 2 show the league tables representing the comparative efficacy of targeted therapies
for ORR and PFS in the network meta-analysis based on the Bayesian approach.

Among EGFR inhibitors, ORR was found to be significantly higher in afatinib treatment, compared
to cetuximab (RR, 2.46; 95% CI, 1.25–4.90), erlotinib (RR, 2.64; 95% CI, 1.54–4.58), and gefitinib (RR,
2.08; 95% CI, 1.18-3.68) (Table 1). Also, afatinib had a significantly longer PFS, compared to cetuximab
(HR, 0.49; 95% CI, 0.33–0.71), erlotinib (HR, 0.59; 95% CI 0.44–0.80), and gefitinib (HR, 0.69; 95% CI,
0.50–0.95) (Table 2). Osimertinib was found to improve PFS, compared to cetuximab (HR, 0.27; 95% CI,
0.14–0.55), erlotinib (HR, 0.33; 95% CI, 0.17–0.64), and gefitinib (HR, 0.39; 95% CI, 0.20–0.75) (Table 2).
Gefitinib showed a better PFS compared to cetuximab (HR, 0.70; 95% CI, 0.53–0.94) (Table 2).

Regarding ALK/ROS1/MET targeted drugs, there were no significant differences in ORR between
each pair of crizotinib, ceritinib, and alectinib (Table 1). However, alectinib showed a superior efficacy
compared to either crizotinib (HR, 0.40; 95% CI, 0.25–0.64) or ceritinib (HR, 0.33; 0.17–0.67) for PFS
(Table 2).

As for VEGF pathway (bevacizumab and ramucizumab) and RET targeted therapy (cabozantinib
and vandetanib), only cabozantinib was found to improve PFS compared to vandetanib (HR, 0.36; 95%
CI, 0.20–0.66) (Table 2).

3.6. Sensitivity Analysis

Findings of the direct pairwise meta-analysis and the relative effect estimates for ORR and PFS
using the frequentist approach are presented in Tables S3–S5. The findings were similar to those by
using the Bayesian approach (Tables 1 and 2).
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3.7. Treatment Ranking

The Gelman plot for checking Bayesian model assumption shows a low chain reduction over
time for both ORR and PFS outcomes, and the chains seem roughly converged after maximum 10,000
iterations in chain (Figures S6 and S7). Also, cabozantinib and alectinib were found to become the
first-line therapies with the highest treatment ranking probabilities of 62.5% for ORR and 87.5% for PFS,
respectively (Tables S6 and S7 and Figure S8). In the k-means clustering analysis of SUCRA, ceritinib,
alectinib, crizotinib, osimertinib, cabozantinib, and afatinib showed the more efficacy compared with
the remaining treatment (Figure S9).

Figure S10 reports the two-dimensional graphs about RR for ORR and HR for PFS in the comparison
with dummy group. DHRR indicated the decrease of HR obtained per 1 unit increase of RR for
osimertinib (0.34), alectinib (0.28), bevacizumab (0.38), and vandetanib (0.14), which are higher than
that for other drugs relating to EGFR, ALK/ROS1/MET, VEGF, and RET pathways.

4. Discussion

4.1. Summary of Findings

In the current comprehensive network meta-analysis, compared to chemotherapy, most of the
targeted drugs including afatinib, alectinib, cabozantinib, ceritinib, crizotinib, gefitinib, and osimertinib
showed a significantly higher efficacy in ORR and PFS. Among EGFR inhibitors, afatinib was found to
improve both ORR and PFS, vs. cetuximab, erlotinib, or gefitinib treatment. Furthermore, alectinib and
cabozantinib also showed the lower risk of disease progression, compared to other drugs in the
ALK/ROS1/MET and RET pathways.

There was no inconsistency between direct and indirect comparisons in most treatments based on
the Bayesian approach. The findings of the NMA based on both the frequentist and Bayesian approach
were similar in pooled effect sizes as well as a significant direction. Also, Bayesian assumptions were
ensured by convergence diagnostics.

4.2. Comparison with Previous Studies

Previous reports related to EGFR inhibitors showed consistent findings with the current study.
A recent meta-analysis of 90 retrospective or prospective cohort studies and clinical trials showed
the comparable effect of gefitinib vs. erlotinib [20]. The RR (95% CI) for ORR and HR (95% CI) for
PFS were 1.05 (1.00–1.11) and 1.00 (0.95–1.04), respectively [20]. Another network meta-analysis of 11
clinical trials also showed the similar PFS between gefitinib and erlotinib [21]. However, unlike our
findings, the third-generation EGFR inhibitor osimertinib was found to have a longer PFS (HR 0.71,
95% CI 0.54–0.95), and the significant difference between the second-generation EGFR inhibitor afatinib
and standard of care (either gefitinib or erlotinib) was not observed (HR 0.96, 95% CI, 0.86–1.17) [21].

In a large medical chart review of 1471 participants with ALK-positive NSCLC among a total
of 27,375 recorded subjects from seven countries, crizotinib showed a significant improvement in
complete response (odds ratio (OR) = 2.65, 95% CI = 1.69–4.15) and reduction of recurrence/progression
(odds ratio = 0.38, 95% CI = 0.24–0.59) compared to controls [22]. Also, a recent network meta-analysis
of ALK inhibitors showed consistent findings among treatments in both ORR and PFS outcomes [23].
In Fan et al.’s study, a remarkable improvement in ORR was shown: the ORs (95%CI) for crizotinib,
ceritinib, and alextinib were 11.69 (4.29–36.56), 7.85 (3.44–19.27), and 6.04 (3.33–11.71), compared to
chemotherapy, respectively [23]. The superior efficacy of alectinib in PFS might be associated with the
resistance to crizotinib among ALK-positive NSCLC patients, which reduces therapeutic response to
crizotinib [24,25]. Although ceritinib is also a second-generation ALK inhibitor, our study showed that
there is no signicant difference in the efficacy between ceritinib and crizotinib. Similarly, the recent
meta-analyses of pooled estimates reported that crizotinib might have higher ORR [66% (58–74%) vs.
52% (38–66%)] and longer PFS [9.27 months (8.28–10.26) vs. 5.92 months (4.36–7.48)] than ceritinib,
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although no statistical test was performed [26]. It remains unclear why ceritinib did not show a
superior efficacy unlike alectinib.

4.3. Strengths and Limitations

To the best of our knowledge, this is the first network meta-analysis which summarized the direct
and indirect evidence on the comparative efficacy of targeted therapies in the treatment of NSCLC. Also,
this compiled a large dataset, and the method was valid by checking several assumptions. In addition,
this network meta-analysis included clinical trials only, which had a higher level of evidence than
observational studies and allowed us to obtain the precise estimates.

Despite the strengths, there are several limitations in the current study. The efficacy of targeted
therapies was evaluated through ORR and PFS surrogates only. We did not perform subgroup analyses
by different treatment lines and patients of different mutations as well. Also, the potential heterogeneity
was observed with approximately 78% for both ORR and PFS outcomes. Finally, among 34,969
subjects included for the analysis of ORR outcome, the small number of patients received cabozatinib
(38 subjects, Table S1). Also, a big difference in ORRs between the two arms (10.5% for cabozatinib vs.
2.6% erlotinib) might lead to the large error margins for the comparative effect of cabozantinib and
other treatments (Figure 2 and Table 1).

5. Conclusions

In summary, the current study showed the comprehensive evidence-based comparative efficacy
of different types of targeted therapies, which would help clinicians use targeted therapies in clinical
practice. Cabozantinib and alectinib showed the highest probability for the first-line treatment ranking
in ORR and PFS, respectively.
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Abstract: Background: Non-small cell lung cancer (NSCLC) is the primary cause of cancer-related
deaths worldwide. Epidermal Growth Factor Receptor (EGFR)-mutated patients usually benefit
from TKIs treatment, but a significant portion show unresponsiveness due to primary resistance
mechanisms. We investigated the role of TP53 mutations in predicting survival and response to
EGFR-TKIs in EGFR-mutated NSCLC patients, to confirm, on an independent case series, our previous
results. Methods: An independent retrospective cohort study was conducted, on a case series of
136 EGFR-mutated NSCLC patients receiving first or second generation TKIs as a first line therapy,
and a smaller fraction of patients who acquired the T790M resistance mutation and were treated with
third generation TKIs in the second or further line of treatment. TP53 mutations were evaluated
in relation to disease control rate (DCR), objective response rate (ORR), progression-free survival
(PFS) and overall survival (OS) of the patients. Results: Forty-two patients (30.9%) showed a TP53
mutation. Considered together, TP53 mutations had no significant impact on time-to-event endpoints.
Considering the different TP53 mutations separately, exon 8 mutations confirmed their negative effect
on PFS (HR 3.16, 95% 1.59–6.28, p = 0.001). In patients who developed the T790M resistance mutation,
treated with third generation TKIs, the TP53 exon 8 mutations predicted worse PFS (even though not
statistically significant), and OS (HR 4.86, 95% CI: 1.25–18.90, p = 0.023). Conclusions: TP53 exon
8 mutations confirmed their negative prognostic impact in patients treated with first and second
generation TKIs and demonstrated a role in affecting clinical outcome in patients treated with third
generation TKIs.
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1. Introduction

Epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors (TKIs) have changed the
natural history of non-small-cell lung cancer (NSCLC) patients harboring specific EGFR mutations at
exons 18, 19 and 21. Randomized trials have demonstrated a median progression-free survival (PFS)
of 9.7 and 9.5 months in patients harboring sensitizing EGFR mutations treated with first-generation
EGFR-TKIs versus platinum-based chemotherapy [1,2], and 11.1 months for second generation TKIs [3].
Third generation TKI osimertinib, initially designed to overcome the arising of T790M resistance
mutation in EGFR pre-treated patients [4], has recently become the gold standard for EGFR-mutated
patients, reaching a median PFS of 18.9 months [5].

Despite the high sensitivity of EGFR-mutated patients to EGFR-TKIs, the objective response rate
is of about 70–80% for 1st, 2nd and 3rd generation TKIs [2,3,5], meaning that a portion of patients
do not respond to EGFR-TKI treatment, notwithstanding the presence of sensitizing EGFR mutation,
suggesting the presence of primary resistance mechanisms.

Our previous study and several others showed that the concomitant presence of TP53 mutation
confers a worse prognosis in EGFR-mutated patients treated with first and second generation TKIs [6–8].
Subsequent studies performed using next generation sequencing methodologies showed that the presence
of concomitant mutation in different genes is associated with a lower response to EGFR-TKIs and, however,
TP53 mutation confirms to be the most significant predictor of worse outcome. In particular, it seems that
specific TP53 mutations are more implicated in predicting the worse prognosis [6,9,10], confirming
that different TP53 mutations confer different p53 functions. Within the coding region of the TP53 gene,
several studies have reported that a higher frequency of mutations occurs in the exons 5–8, and that
mutations in these exons are associated to differential functions of p53 protein [9,10]. As the different
published studies have analyzed principally patients treated with first and second generation TKIs, few
data are available with regard to the role of TP53 mutation in relation to response to third generation TKIs.

The main purpose of this research was to confirm our previously published results on the role
of TP53 mutations, in an independent cohort of advanced EGFR-mutated patients treated with first
or second generation TKIs in the first line setting, and to investigate the role of TP53 mutations in
predicting prognosis of patients with acquired T790M mutation treated with third generation TKIs.

2. Materials and Methods

To confirm our previous results on the role of TP53 mutations in relation to the effectiveness
of TKIs, an independent retrospective cohort study was conducted. All consecutive patients with
advanced EGFR-mutated NSCLC receiving a first line TKI treatment (i.e., gefitinib, erlotinib, or afatinib)
from July 2010 to May 2018 at the Medical Oncology Units of the Romagna catchment area (Area Vasta
Romagna, AVR) and at the S. Maria della Misericordia Hospital of Perugia, Italy, were included in
this study. Demographic and clinical characteristics of the patients were obtained using a medical
and radiographic records review including age, gender, smoking history, histology, and information
on death and response to treatment. EGFR status had been routinely determined at the Biosciences
Laboratory of IRST-IRCCS and the Laboratory of Molecular Biology of the S. Maria della Misericordia
Hospital, Perugia, by MassARRAY, pyrosequencing, direct sequencing or Next-Generation Sequencing
(NGS) methodologies.

To evaluate the independent role of TP53 mutations, that is, eventually adjusting for other
covariates, and to obtain a more accurate estimate of their prognostic effect, an analysis combining
the data of the present work with those from our previous one [6], was also performed, updating
follow-ups of the previous case series to 30 June 2018.
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Moreover, considering the two cohorts together, we identified a subgroup of 42 patients who
developed the T790M resistance mutation and were treated with third generation TKI, osimertinib.
All patients provided an informed consent, and the study was approved by the AVR Ethical Committee
(study code IRST-B053).

2.1. EGFR and TP53 Mutation Analysis

EGFR mutation analyses were performed on both cytologic and histologic samples, accurately
selected by a dedicated expert pathologist from each center at the time of diagnosis. The same DNA
specimens were used for the determination of TP53 mutation status, blindly to the clinical outcomes.
Quality controls were periodically performed during the course of the study to ensure concordance of
molecular results.

DNA was extracted by macro-dissection of an area comprising at least 50% of tumor cells. Cells
were lysed in a digestion buffer of 50 mmol/L KCl, 10 mmol/L Tris-HCl pH 8.0, 2.5 mmol/L MgCl2,
and Tween-20 0.45%; proteinase K at 1.25 mg/mL were added to each specimen, with an overnight
incubation at 56 ◦C. After proteinase K inactivation at 95 ◦C for 10 min, samples were centrifuged twice
to eliminate debris and supernatant DNA quantity and quality was assessed by Nanodrop (Celbio)
before molecular analyses.

Mutation status for exons 5–8 of TP53 gene was performed by PCR amplification and Direct
Sequencing using 3130 Genetic Analyzer (Applied Biosystems, Monza, Italy), or Next-Generation Sequencing
by Ion S5 platform (Thermofisher, Monza, Italy), or MySeq platform (Illumina, San Diego, CA, USA).

2.2. Response Evaluation

Best clinical response to treatment with TKI was classified on the basis of interval CT scans as
complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD) using
standard Response Evaluation Criteria in Solid Tumors criteria (RECIST) version 1.1. Patients with
both baseline imaging and at least one repeated evaluation after continuous EGFR-TKI monotherapy
were evaluable for radiographic response. The same criteria for response evaluation and periodicity
were used by all centers taking part in the study.

2.3. Statistical Analyses

Data were summarized by mean ± standard deviation (SD) for continuous variables and through
natural frequencies and percentages for categorical ones.

Treatment responses were reported as objective response rate (ORR) and disease control rate (DCR).
The time-to-event endpoints examined were progression-free survival (PFS) and overall survival (OS).
PFS was defined as the time from start of first line treatment (or from start of osimertinib for the subgroup
analysis) to disease progression or death for any cause, whichever occurred first. Patients who were alive
and progression-free at 30 June 2018, the last follow-up update, were censored at that date.

OS was defined as the time from start of first line treatment to death for any cause. Alive patients
were censored at the date of the last follow-up update. PFS and OS functions were estimated using the
Kaplan–Meier method, and the log-rank test was used to assess differences between groups. Median
PFS and OS were reported as point estimates and 95% confidence intervals (CI) in round brackets.
The Cox proportional hazards regression model was used to quantify the association between specific
covariates and the time-to-event endpoints. Results are reported as HR and 95% CI in round brackets.
To assess the association between mutations and the duration of response to TKIs, patients were divided
into short-term responders (PFS less than 6 months), intermediate-term responders (PFS ≥6 months
and ≤24 months) or long-term responders (PFS >24 months). The association between categorical
variables was tested by the Pearson’s χ2 test or Fisher exact test, when appropriate, whereas those
between a continuous variable and a categorical one was tested by means of the Student t-test or F test
for more than two categories. To evaluate the independent role of TP53 mutations in a multivariate
analysis and to obtain more accurate estimates of their prognostic effect, a combined analysis including
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data of the present work with those from our previous one, was performed. Follow-up of our previous
cohort was updated on 30 June 2018. A multivariable model was obtained using backward stepwise
variable selection, setting the significance level for variable removal from the model equal to 0.10.
In a perspective of parsimonious modelling, when appropriate, categories of some study variables
were grouped. The proportional hazards assumption was evaluated using a statistical test based on
Schoenfeld residuals. In case of non-proportional hazards for a specific variable, a Cox model with
time-dependent coefficient, β(t), was fitted. To simplify model interpretation, a step function for
β(t) was used, dividing the follow-up period in three time periods since treatment started: the first
6 months, 6–12 months, and greater than 12 months.

Overall and when not otherwise specified, a two-sided p-value (p)<0.05 was considered statistically
significant. All statistical analyses were performed using STATA 15.0 software (College Station, TX,
USA) and R version 3.6.1.

3. Results

3.1. Clinico-Pathologic and Molecular Features of Patients

Patients characteristics, EGFR mutations, type of TKI received and TP53 mutations are reported in
Table 1. All 136 patients carried an EGFR mutation (exon 19 deletions 53.7%, exon 21 L858R 35.3%,
other EGFR mutations 11.0%) and received a first line EGFR-TKI (36.7% Erlotinib, 5.1% Erlotinib plus
bevacizumab, 30.9% gefitinib, 27.2% afatinib). Of the patients with available information on smoking
habit, half were never smokers (50.8%), and half were former or current smokers (28.8% and 20.3%,
respectively). We found TP53 mutations in 42 (30.9%) of the 136 analyzed patients: 12 mutations
were in exon 5 (28.6%), 6 in exon 6 (14.3%), 13 in exon 7 (31.0%) and 11 in exon 8 (26.2%). Following
the classification of TP53 mutations into disruptive and non-disruptive ones [6], 11 patients had a
disruptive mutation whereas 31 had a non-disruptive one (26.2% and 73.8%, respectively).

Table 1. Demographic, clinicopathological and molecular characteristics of patients (n = 136).

Characteristic n (%)

Gender
Female 86 (62.2)
Male 50 (36.8)

Age at first line TKI
Mean ± SD 67.6 ± 11.2

Smoking habit †
Never smoker 60 (50.9)

Former smoker 34 (28.8)
Current smoker 24 (20.3)

Type of EGFR mutation
Exon 19 deletion 73 (53.7)
Exon 21 L858R 48 (35.3)

Other uncommon mutations 15 (11.0)
Type of EGFR exon 19 deletion

No exon 19 deletion 63 (46.3)
Deletion starts at codon 746 62 (45.6)
Deletion starts at codon 747 11 (8.1)

Type of TKI received in first line setting
Erlotinib * 57 (41.9)
Gefitinib 42 (30.9)
Afatinib 37 (27.2)

TP53 mutation
Wild type 94 (69.1)

Exon 5 12 (8.8)
Exon 6 6 (4.4)
Exon 7 13 (9.6)
Exon 8 11 (8.1)

Type of TP53 mutation
Wild type 94 (69.1)
Disruptive 11 (8.1)

Non-disruptive 31 (22.8)
† The sum does not add up to the total due to missing values. * Of these patients, 7 received Erlotinib plus Bevacizumab as a first
line therapy, as provided in the Beverly clinical trial.

90



J. Clin. Med. 2020, 9, 1047

While for patients with exon 19 deletion the three different TKIs were used in an almost similar
proportion (32.9% patients received erlotinib, 30.1% gefitinib, and 37.0% afatinib), patients with a
mutation in exon 21 L858R were predominantly treated with erlotinib or gefitinib (52.1% and 39.6% of
the patients, respectively), and those with uncommon mutations received predominantly erlotinib or
afatinib (53.3% and 40.0%, respectively, Table S1).

No statistically significant associations were observed between type of TP53 mutation, type of
EGFR mutation and patient characteristics (Table S2).

3.2. Patients Outcome in Relation to EGFR Mutations

Overall, ORR and DCR were 67.4%, and 89.3%, respectively. Considering the clinical responses
by type of EGFR mutation, ORR was considerably higher in the subgroup of patients with exon 19
deletion (77.5%), with respect to patients with L585R mutation (55.3%), and the subgroup with other
mutations (54.6%), p = 0.029. A higher percentage of long responders was observed in patients carrying
exon 19 deletion (12.3%), with respect to patients with L858R point mutation (7.3%), or patients with
the other EGFR mutations (6.6%), Table 2.

Table 2. Best clinical response according to EGFR mutations.

All EGFR Mutations
(n = 136)

Exon 19 Deletion
(n = 73)

Exon 21 L858R
(n = 48)

Other EGFR Mutations
(n = 15)

p

n (%) n (%) n (%) n (%)

Best response † 0.026
CR 13 (9.9) 8 (11.3) 4 (8.5) 1 (7.1)
PR 76 (57.6) 47 (66.2) 22 (46.8) 7 (50.0)
SD 29 (22.0) 7 (9.9) 17 (36.2) 5 (35.7)
PD 14 (10.6) 9 (12.7) 4 (8.5) 1 (7.1)

ORR 89 (67.4) 55 (77.5) 26 (55.3) 6 (54.6) 0.029
DCR 118 (89.4) 62 (87.3) 43 (91.5) 11 (100.0) 0.844

Duration of response 0.260
Short-term responders 36 (26.4) 19 (26.0) 10 (20.8) 7 (46.7)

Medium-term responders 87 (64.0) 45 (61.6) 35 (72.9) 7 (46.7)
Long-term responders 13 (9.6) 9 (12.3) 2 (6.3) 1 (6.6)

† The sum does not add up to the total due to missing values.

Median PFS and OS were 12.3 (95% CI: 9.9–13.8) and 27.3 (95% CI: 21.9–52.9) months, respectively.
No statistically significant association between PFS, OS and type of EGFR mutations was found
(p = 0.282 and p = 0.207, respectively).

3.3. Patients Outcome in Relation to TP53 Mutations

No statistically significant associations were found between TP53 mutations and ORR and DCR
(Table S3). When considering any type of TP53 mutation with regard to PFS, no association was found;
however, significant results were observed considering only TP53 exon 8 mutations. As previously
reported [6], patients with this gene mutation showed a shorter median PFS than non-exon 8 mutated
and wild type TP53 patients: 5.8 months (95% CI: 2.4–10.2) vs. 14.4 (95% CI: 6.7–21.8) and 12.4 (95% CI:
10.0–15.0), respectively (Figure 1A). These patients also showed a poorer OS as compared with the
other groups, even though this result was not statistically significant: median OS were 18.53 months
(95% CI: 7.3–NR), 34.8 (95% CI: 21.6–NR), 27.3 (95% CI: 20.2–52.9), respectively (Figure 1B).

The presence of TP53 exon 8 mutation seemed to be associated with a worse prognosis in a similar
way in the patients with the different EGFR mutations, both in terms of PFS and OS.

In particular, patients with wild type TP53 exon 8 had a better clinical outcome independently by
EGFR status: median PFS and OS were 12.9 (95% CI: 10.0–16.3) and 29.7 months (95% CI: 23.0–60.5)
for patients with EGFR exon 19 deletion vs. 12.4 months (95% CI: 7.9–15.0) and 23.2 months (95% CI:
19.2–63.7) for those with other EGFR mutations, respectively; in the subgroup of patients with TP53 exon
8 mutations, median PFS and OS were 5.8 months (95% CI: 2.5–NR) and 21.9 months (95% CI: 7.3–NR)
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for patients with EGFR exon 19 deletion vs. 6.4 (95% CI: 2.4–NR) and 18.5 months (95% CI: 7.6–NR) for
those with other EGFR mutations. In Table S4, the univariate Cox analysis results are reported.

 

 

Figure 1. Progression-free survival (A) and Overall Survival (B) of patients according to TP53.
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3.4. Multivariate Analysis of the Role of TP53 Mutation: Combined Cohorts of Patients

To obtain a more precise estimate of the effect of TP53 exon 8 mutation on PFS and OS,
and to determine its potential independent role considering other information, a pooled analysis
considering either data from our previously analyzed cohort and the one described in the present
study, was performed.

The final multivariate model for PFS included both EGFR exon 19 deletion as well as TP53
mutation. As soon as the effect of exon 19 deletion on the hazard of disease progression or death is
not constant over time, that is, the proportional hazards assumption underlying the Cox model was
violated, to obtain a better model fit, this variable was entered into the model with a time-dependent
coefficient. Table 3 shows that the effect of exon 19 mutation changes over time, showing a strong
protective effect over the first six months that vanishes afterward.

Table 3. Multivariate Cox analysis of progression-free survival (PFS) (n = 272).

PFS
HR 95% CI p

Exon 19 deletion
No 1
Yes

0–6 months 0.56 (0.35–0.89) 0.014
6–12 months 0.67 (0.40–1.12) 0.123
>12 months 1.27 (0.80–2.03) 0.314

TP53 exon 8 mutations
Wild-type TP53 1

Non-Exon 8 mutations 1.02 0.73–1.42 0.905
Exon 8 mutations 1.81 1.13–2.92 0.014

Adjusting for presence of EGFR exon 19 deletion, TP53 mutations affecting exon 8 demonstrated
to be the unique independent negative prognostic factor for PFS (HR 1.81, 95% CI: 1.13–2.92, Table 3).
With regard to OS, only deletion in EGFR Exon 19 resulted associated to OS, probably due to data from
our previous cohort (HR 0.52 (95% CI: 0.26–1.03) for the first 6 months of follow-up, HR 0.44 (95% CI:
0.22–0.90), for successive 6 months, and HR 1.08 (95% CI: 0.72–1.61) after 12 months).

3.5. TP53 Mutations in Relation to Responsiveness to Third Generation TKIs: Combined Cohorts of Patients

Considering both patients’ cohorts (n = 272 patients), we considered 42 patients who developed
a T790M resistance mutation and were treated with third generation TKI osimertinib, in the second
or further lines of therapy. Of these, 41 were evaluable for TP53 mutation status; we found 10 TP53
mutated patients (24.4%): 3 mutations in exon 5 (30%), 1 in exon 6 (10%), 2 in exon 7 (20%) and
4 in exon 8 (40%). Within the 41 patients with available clinical information, median PFS and OS
were 13.86 (95% CI: 5.5–18.53) and 44.38 months (95% CI: 10.64–24.28), respectively. Median PFS of
exon 8 TP53 mutated patients was 2.83 (2.17–NR) months, with respect to a median PFS of 16.79
(5.55–22.31) and 15.28 (1.91–NR) months, for wt TP53 and patients with mutations in other exons of the
gene, respectively (Figure 2A). Even though a good separation, the difference among curves was not
statistically significant (p = 0.304), due to small numbers of the exon 8 mutated patients. On the other
hand, exon 8 TP53 gene mutations significantly affected the survival of the patients, with a median OS
for exon 8 TP53 mutated patients of 18.53 (7.26–NR) months, with respect to 42.15 (29.43–NR) and
59.92 (29.73–NR) months of patients with mutations in other exons of TP53 and wt TP53, respectively
(p = 0.044) (Figure 2B). Table 4 shows the univariate hazard ratios for PFS and OS with respect to the
presence of TP53 exon 8 mutation.
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Figure 2. Progression-free survival (A) and Overall Survival (B) in relation to TP53 mutations of
patients with acquired T790M treated with third generation TKIs.
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Table 4. TP53 mutations in relation to progression-free survival (PFS) and overall survival (OS) of
patients receiving osimertinib in second or further lines of treatment.

PFS OS

HR (95% CI) p HR (95% CI) p

TP53 Exon 8
Wild type 1 1

Non-Exon 8 mutations 1.15 (0.37–3.59) 0.811 1.55 (0.42–5.76) 0.514
Exon 8 mutations 2.39 (0.77–7.45) 0.134 4.86 (1.25–18.90) 0.023

4. Discussion

In this study, we analyzed TP53 mutations in relation to clinical outcome in a large cohort
of EGFR-mutated NSCLC patients receiving first or second generation TKIs as a first line therapy.
Our results confirm that exon 8 TP53 mutations are associated with a shorter PFS, in all settings
of treatment.

Moreover, such a negative effect was also observed in the subgroup of patients treated with third
generation after the development of T790M mutation.

Numerous studies demonstrated the role of TP53 mutations in predicting poor prognosis of
advanced NSCLC patients [9,11–15], and this was confirmed also in the subgroup of NSCLC patients
carrying EGFR mutations [8,9,16]. In particular, different recent studies showed that the concurrent
presence of TP53 mutations negatively affects response to TKIs in EGFR-mutated NSCLC patients,
suggesting a role for these gene mutations in determining primary resistance to these drugs [6,7,17–20].
TP53 is the most frequently mutated gene in lung adenocarcinoma, with mutation rates reported up
to 55% [13,21–23], with a predominantly clonal expression [24]. In our case series, we found 30% of
patients carrying a TP53 mutation in the exons 5–8, the same percentage we previously reported in an
independent case series. It is well known that different TP53 mutations lead to changes in the P53 protein
that may have diverse biological significance [9,10,25], and mutations in the DNA-binding domain
(exons 5–8), are frequently associated with gain-of-function properties, resulting in pro-oncogenic
features of the P53 protein [26]. In our previous work, we found that exon 8 TP53 mutations were able
to predict worse response to EGFR TKIs, especially in the subgroup of patients with EGFR exon 19
deletion. In the present study we confirmed the negative prognostic value of TP53 exon 8 mutation in
an independent cohort of EGFR-mutated NSCLC treated with both first and second generation TKIs in
the first line setting. In the present study, the prognostic value of exon 8 TP53 mutation was evident
independently from the type of EGFR mutation. In a combined analysis, we showed that the effect was
evident on overall survival in EGFR-mutated patients who developed T790M at progression after first
line TKIs and osimertinib.

These results, in agreement with those reported by Kim et al. [7], suggest a negative predictive
role of TP53 mutation in all lines of therapy and in relation to all TKIs. Furthermore, our results are
consistent with a recent study that found that TP53 mutations in exon 8 are associated with shorter OS
of patients receiving a TKI as a first line treatment [27].

In another study, missense mutations in TP53 gene resulted in shorter PFS in EGFR mutated
patients treated with TKIs but showed no associations with PFS and OS in patients undergoing surgical
resection [28]. According to Xu et al., who reported TP53 mutations in 88% of NSCLC EGFR-mutated
patients that responded for <6 months to an EGFR TKIs, with respect to 13% of responders for
>24 months [29], our results show a higher rate of TP53 mutations in non-responders group, with no
TP53 mutated patients in the long responder group.

To investigate the role of TP53 mutations in predicting clinical outcome of patients treated with
third generation TKIs, we considered 42 patients’ developed T790M mutation to first line treatment
with first or second generation TKI and received a third generation drug in the second or further
line of therapy. In this subgroup, we found a diminished PFS in patients carrying TP53 mutations in
exon 8, even though without statistical significance, probably due to the small number of analyzed
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patients; exon 8 TP53 mutated patients had a significantly shorter OS, with respect to wt TP53
patients and patients with mutations in other exons of TP53. This observation is consistent with
previous observations, that identified TP53 mutations (not only in exon 8) as a negative prognostic
predictor [7,16]. This result was not confirmed by a study from Labbé et al., that found no differences
in ORR of patients treated with third generation TKIs, based on TP53 mutation status; this could be for
the small size of the analyzed case series [28]. In the light of the paradigm shift brought by FLAURA
trial [5], there is a need to identify which biomarkers could predict primary resistance to osimertinib as
a first line therapy; if confirmed in a larger case series treated with third generation TKI in the first line,
these results could help to better stratify patients, suggesting an EGFR-independent mechanism of
resistance, as others have already highlighted [30].

5. Conclusions

In conclusion, we confirmed that TP53 exon 8 mutations identify a subgroup of patients with
primary resistance to EGFR TKIs, and that this is true also in relation to third generation TKIs such
as osimertinib. These data suggest that patients with concomitant EGFR and exon 8 TP53 mutations
should be candidates for more aggressive therapeutic schemes and should be monitored with a
stricter follow-up.
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Abstract: Background and objective: Pre-existing interstitial lung disease (ILD) in lung cancer
patients is considered a risk factor for anti-cancer drug-induced pneumonia; however, a method for
evaluating ILD, including mild cases, has not yet been established. We aimed to elucidate whether
the quantitative high-resolution computed tomography fibrosis score (HFS) is correlated with the risk
of anti-cancer drug-induced pneumonia in lung cancer patients, even in those with mild pre-existing
ILD. Methods: The retrospective single-institute study cohort comprised 214 lung cancer patients who
underwent chemotherapy between April 2013 and March 2016. The HFS quantitatively evaluated
the grade of pre-existing ILD. We extracted data regarding age, sex, smoking history, and coexisting
factors that could affect the incidence of anti-cancer drug-induced pneumonia. Cox proportional
hazard models were used to analyze the effects of the HFS and other factors on the risk of anti-cancer
drug-induced pneumonia. Results: Pre-existing ILD was detected in 61 (29%) of 214 patients,
while honeycombing and traction bronchiectasis were observed in only 15 (7.0%) and 10 (4.7%)
patients, respectively. Anti-cancer drug-induced pneumonia developed in 19 (8.9%) patients. The risk
of anti-cancer drug-induced pneumonia increased in proportion to the HFS (hazard ratio, 1.16 per
point; 95% confidence interval, 1.09–1.22; p < 0.0001). Conclusions: The quantitative HFS was
correlated with the risk of developing anti-cancer drug-induced pneumonia in lung cancer patients,
even in the absence of honeycombing or traction bronchiectasis. The quantitative HFS may lead to
better management of lung cancer patients with pre-existing ILD.

Keywords: lung cancer; interstitial lung disease; pulmonary fibrosis; radiology and other imaging

1. Introduction

Anti-cancer drug-induced pneumonia is a potentially fatal disease in lung cancer patients.
Pre-existing chronic interstitial lung disease (ILD) is considered a risk factor for anti-cancer drug-induced
pneumonia, as is being male, being elderly, having a poor Eastern Cooperative Oncology Group
performance status (ECOG-PS), a history of smoking, and low forced vital capacity [1–4]. The American
Thoracic Society/European Respiratory Society/Japanese Respiratory Society/Latin American Thoracic
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Association guidelines for the classification of idiopathic interstitial pneumonia (IIP) are often employed
for evaluating ILD [5–7]. Several clinical trials of anti-cancer drugs have included lung cancer patients
with ILD, which was evaluated according to the IIP guidelines [8–12].

However, the IIP guidelines do not include and evaluate mild pre-existing ILD without
honeycombing or traction bronchiectasis. The 2018 idiopathic pulmonary fibrosis (IPF) guidelines
define mild ILD as “indeterminate for usual interstitial pneumonia (UIP) HRCT pattern” [13].
Nevertheless, few studies regarding anti-cancer drug-induced pneumonia have referred to mild
pre-existing ILD [1,2]. Thus, a quantitative method for evaluating pre-existing ILD, including mild
ILD, has not yet been established.

The quantitative high-resolution computed tomography (HRCT) scores of acute interstitial
pneumonia and acute respiratory distress syndrome (ARDS) have been reported to correlate with
pathology and prognosis [14–17]. The HRCT fibrosis score (HFS) was modified from this score in order
to evaluate lung fibrosis easily, with an increased HFS over the course of 6 months indicating poor
prognosis [18]. We hypothesized that the HFS could reflect the degree of the lung fibrosing process,
resulting in the exact evaluation of the risk of anti-cancer drug-induced pneumonia in lung cancer
patients with pre-existing ILD. This retrospective cohort study was designed to determine whether
the quantitative HFS correlates with the risk of anti-cancer drug-induced pneumonia in lung cancer
patients, including those with mild pre-existing ILD.

2. Methods

2.1. Study Design

This retrospective, single-institute, cohort study was performed at the Department of Respiratory
Medicine, Nagasaki University Hospital. Patients were enrolled based on the following three inclusion
criteria: admitted to our department between April 2013 and March 2016; pathologically diagnosed
with lung cancer; and receiving anti-cancer drugs, including cytotoxic drugs and molecular-target
agents. Patients were excluded from the analysis if they irregularly received adjuvant chemotherapy
with oral tegafur–uracil alone or if >50% of the lung fields could not be evaluated primarily due to the
extensive cancer lesions or postoperative status.

Eligible patients were extracted from lung cancer patients using the hospital’s electronic
medical record system. Anti-cancer drugs were administered in various clinical conditions,
including conventional or adjuvant chemotherapy, and concurrent or sequential radiotherapy.
All patients were followed up with until December 2017. A systemic follow-up survey of the
lesions was performed by physical examination, chest radiography, and blood tests at least once
a month. Chest HRCT was routinely conducted as scheduled for outpatient follow-up. The censored
cases were defined as death, transferring hospital, lost to follow-up, or the initiation of immune
checkpoint inhibitors.

2.2. Chest HRCT Scoring System

HRCT (Aquilion ONETM, Canon Medical Systems, Ohtawara, Japan) scans were obtained with
0.5 mm collimation and a 1 mm slice thickness at 1 mm intervals from the lung apices to the bases in
the supine position at full inspiration. Two experienced pulmonologists (H.G. and H.I. with 11 and
19 years of experience, respectively), who were blinded to the clinical data, individually assessed the
degree of pre-existing ILD using the HFS.

In detail, the HFS was calculated in three areas of each lung before the first administration of
anti-cancer drugs: the level of the carina, the level of the right inferior pulmonary vein, and the
middle of the two levels. First, the HRCT findings were scored as follows: normal attenuation
(score 1), reticular abnormality (score 2), both reticular abnormality and traction bronchiectasis (score
3), and honeycombing (score 4). We did not evaluate extensive pure ground glass opacity, and we
organized the lesions after pneumonia, operation, and radiotherapy. Second, the extent of the interstitial
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abnormalities was estimated as the percentage of the 5% intervals. We multiplied the score and the
extent percentage and summed the points for each of the six areas. Finally, we averaged the summed
points of the six areas. ILD was categorized as no ILD (HFS = 100), mild ILD (HFS = 101–200),
moderate ILD (HFS = 201–300), and severe ILD (HFS = 301–400).

Furthermore, the two independent pulmonologists also evaluated the degree of emphysema using
the Goddard score (GS) for the six areas analyzed above [19]. The extent of LAA (low-attenuation areas)
was scored as follows: < 5% LAA (score of 0), 6%–25% LAA (score of 1), 26%–50% LAA (score of 2),
51%–75% (score of 3), and > 75% LAA (score of 4). The six scores were summed, and emphysema was
graded as no emphysema (GS = 0), mild emphysema (GS = 1–7), moderate emphysema (GS = 8–15),
and severe emphysema (GS = 16–24).

2.3. Examples of HFS and GS in Lung Cancer Patients with Pre-Existing ILD

Two representative patients were evaluated using the HFS (Figure 1). Regarding the HFS, Patient A
scored 104 points, and patient B scored 122.5 points. The details are provided in Figure 1. Regarding the
GS, patient A scored 0 points according to the two pulmonologists. Patient B was awarded 18 points by
Dr. H.G. Each of six lung fields was evaluated as score 3; 3 × 6 = 18. In contrast, Patient B was awarded
15 points by Dr. H.I. Overall, patient B received an average GS of 16.5, indicating severe emphysema.

Figure 1. Imaging findings in two representative patients evaluated using the high-resolution computed
tomography fibrosis score. The black arrows indicate reticular abnormality (score 2). Patient A scored 104
points, and patient B scored 122.5 points. The scoring of each patient was as follows: Patient A scored 105
points, as evaluated by Dr. H.G. In detail, the (A-1) right field was evaluated as 100% of score 1; 100 × 1 =
100. The A-1 left, (A-2) right, (A-2) left, and (A-3) right fields were evaluated as 95% of score 1 and 5% of
score 2; (95 × 1) + (5 × 2) = 105. The (A-3) left field was evaluated as 90% of score 1 and 10% of score 2;
(90 × 1) + (10 × 2) = 110. Thus, the HFS was (100 × 1 + 105 × 4 + 110 × 1)/6 = 105. In contrast, patient A
scored 103 points, as evaluated by Dr. H.I. Overall, patient A received an average high-resolution computed
tomography fibrosis score (HFS) of 104. Patient B scored 125 points, as evaluated by Dr. H.G. In detail,
the (B-1) left were evaluated as 80% of score 1 and 20% of score 2; (80 × 1) + (20 × 2) = 120. The (B-1) right,
(B-2) right and left, and (B-3) left were evaluated as 75% of score 1 and 25% of score 2; (75 × 1) + (25 × 2) =
125. The (B-3) right was evaluated as 70% of score 1 and 30% of score 2; (70 × 1) + (30 × 2) = 130. Thus,
the HFS was (120 × 1 + 125 × 4 + 130 × 1)/6 = 125. In contrast, patient B scored 120 points, as evaluated by
Dr. H.I. Overall, patient A received an average HFS of 122.5.
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2.4. Anti-Cancer Drug-Induced Pneumonia

The definition of anti-cancer drug-induced pneumonia was interstitial lung disease developed
from anti-cancer drug exposure to 60 days after the final anti-cancer treatment. We determined the
diagnosis based on clinical and radiological findings and excluded apparent pulmonary infection,
radiation-induced lung injury, and heart failure. The evaluation of anti-cancer drug-induced pneumonia
was defined according to the Common Terminology Criteria for Adverse Events (CTCAE) version 4.0
from the National Cancer Institute (Bethesda, MD) [20]. The time to onset of anti-cancer drug-induced
pneumonia was defined as the interval between the first administration of anti-cancer drugs and the
diagnosis of anti-cancer drug-induced pneumonia.

2.5. Clinical Data Collection

We collected other clinical data, including age; sex; ECOG-PS; smoking history; tumor histology;
clinical stage; epidermal growth factor receptor mutations; anaplastic lymphoma kinase rearrangements;
and previous chemotherapy, thoracic surgery, and thoracic radiation.

2.6. Statistical Analysis

The inter-observer variations in the HFS and GS were assessed using intra-class correlation
coefficients (ICC). The prevalence of pre-existing ILD and anti-cancer drug-induced pneumonia was
accompanied by 95% confidence intervals (CIs), and the difference was evaluated by chi-square test.
The cumulative incidence of anti-cancer drug-induced pneumonia, which was stratified by HFS of
>110, 110 ≥ HFS > 100, and HFS = 100, was assessed via the Kaplan–Meier method and the trend
log-rank test. We evaluated the hazard ratio (HR) and 95% CI of each potential risk factor for anti-cancer
drug-induced pneumonia by simple Cox proportional hazard analysis. We selected variables according
to a literature review and clinical expertise. We confirmed whether HFS (per point) may be affected by
another potential risk factor using replaced multiple Cox proportional hazards analyses.

The plotting of Kaplan–Meier curves and the trend log-rank test were conducted using GraphPad
Prism version 7 (GraphPad Software Inc., La Jolla, CA, USA). The other statistical analyses were
performed using JMP pro version 14 (SAS Institute, Cary, NC, USA). A two-tailed p value of < 0.05 was
considered statistically significant.

2.7. Ethical Considerations

This study was performed in accordance with the Declaration of Helsinki. The institutional review
board of Nagasaki University Hospital approved this study protocol (approval number 17032713-3).
Informed consent was obtained from the patients by an opt-out system on the hospital website, in
accordance with the ethical guideline presented by the Ministry of Health, Labor, and Welfare in Japan.
This trial was registered with the University Hospital Medical Information Network in Japan (UMIN),
registry number UMIN000026964.

3. Results

3.1. Patient Characteristics and HFS

A total of 214 lung cancer patients were extracted and analyzed from 1280 patients with respiratory
diseases (Figure 2). The study population was composed of approximately 70% males and ever smokers
(Table 1). The inter-observer agreement on the HRCT findings was high for the HFS (ICC = 0.96) and
GS (ICC = 0.97) between the two pulmonologists. The prevalence of pre-existing ILD was 28.5% (61/214
cases; 95% CI, 22.5–34.5) in lung cancer patients undergoing anti-cancer drug therapy. Incidentally,
all pre-existing ILDs scored by the HFS were mild grade. Honeycombing and traction bronchiectasis
were observed in only 15 (7.0%) and 10 (4.7%) of 214 cases, respectively.
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Figure 2. Study flow diagram.

Table 1. Characteristics of lung cancer patients who underwent anti-cancer drugs.

Total (n = 214)

Age, range 67 (25–85)

Gender

Male 144 (67%)
Female 70 (33%)

Smoking history

Ever-smoker 148 (69%)
Never-smoker 66 (31%)

ECOG-PS

0–1 209 (98%)
2–4 5 (2%)

Histology

Adenocarcinoma 136 (64%)
Squamous cell carcinoma 35 (16%)

Small-cell lung cancer 31 (14%)
Others 12 (6%)

Clinical stage

I 4 (2%)
II 14 (7%)
III 53 (25%)

IV, Recurrence 143 (67%)

Genetic abnormalities

Wild type 151 (71%)
EGFR mutations 56 (26%)

ALK rearrangements 7 (3%)

GS

Normal 93 (43%)
Mild 77 (36%)

Moderate 36 (17%)
Severe 8 (4%)

ECOG-PS, Eastern Cooperative Oncology Group performance status; EGFR, epidermal growth factor receptor; ALK,
anaplastic lymphoma kinase; GS, Goddard score.
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The prevalence of anti-cancer drug-induced pneumonia was 8.9% (19/214 cases; 95% CI: 5.0–12.8).
Anti-cancer drug-induced pneumonia was likely to develop in patients with pre-existing ILD (Figure 3).
Although anti-cancer drug-induced pneumonia occurred twice in two patients with mild ILD,
we analyzed the first event only. The prevalence of anti-cancer drug-induced pneumonia was
24.6% (15/61 cases; 95% CI, 13.9–35.3) in patients with pre-existing ILD, and 2.6% (4/153 cases; 95% CI,
−0.4–5.6) in those without ILD. The development of anti-cancer drug-induced pneumonia was more
frequent in patients with pre-existing ILD than in those without ILD (p < 0.0001).

Figure 3. Bar graph of the incidence of anti-cancer drug induced pneumonia according to the
high-resolution computed tomography fibrosis score and Goddard score. (A) Relationship between
the high-resolution computed tomography fibrosis score (HFS) and the development of anti-cancer
drug-induced pneumonia in 214 patients with lung cancer. The red bars represent the patients with
anti-cancer drug-induced pneumonia, and the black bars represent those without. An HFS of >100
indicates the presence of pre-existing interstitial lung disease (ILD). (B) Relationship between the
Goddard score (GS) and the development of anti-cancer drug-induced pneumonia in lung cancer
patients. The red and black bars are defined as described above. Each pair of upper and lower panels
represents the same patient.

3.2. Potential Risk Factors of Anti-Cancer Drug-Induced Pneumonia

The cumulative risk of anti-cancer drug-induced pneumonia was significantly increased in patients
with a higher HFS (p < 0.0001, Figure 4). The simple Cox proportional hazard analysis showed a risk
factor for anti-cancer drug-induced pneumonia (Table 2A); a high HFS and being male were significant
risk factors for anti-cancer drug-induced pneumonia. The HFS in particular was a prominent risk
factor; an increase of one HFS point was associated with a 16% increased risk of developing anti-cancer
drug-induced pneumonia (HR, 1.16; 95% CI, 1.09–1.22; p < 0.001). Smoking history and high GS
(indicating severe emphysema) were not associated with a risk of anti-cancer drug-induced pneumonia.
The robustness of the HFS as a risk factor remained constant in the replaced multiple Cox proportional
hazard analyses of other potential risk factors (Table 2B). A multivariate Cox proportional hazard
analysis was not performed, because the simple and replaced multiple Cox proportional hazards
analyses revealed that the HFS was a prominent risk factor of anti-cancer drug-induced pneumonia.
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Figure 4. Kaplan–Meier estimated curves of the incidence of anti-cancer drug-induced pneumonia
stratified by the high-resolution computed tomography fibrosis score. The Kaplan–Meier estimated
curves indicated that the incidence of anti-cancer drug-induced pneumonia is increased in patients
with higher high-resolution computed tomography fibrosis scores (HFSs) (p < 0.0001 according to the
log-rank test).

Table 2. (A) Potential risk factors for anti-cancer drug induced pneumonia (n = 214) by the simple Cox
proportional hazards analysis. (B) Influence of other clinical factors to the hazard ratio of HFS by the
simple and replaced multiple Cox proportional hazards analyses.

HR 95% CI p-value

Age

< 70 1.00
≥ 70 1.37 0.51–3.42 0.51

Gender

Female 1.00
Male 3.29 1.09-14.18 0.034

ECOG-PS

0–1 1.00
2–4 3.61 0.20–17.67 0.30

Histology

Adenocarcinoma 1.00
Squamous-cell carcinoma 0.70 0.11–2.53 0.62

Small-cell carcinoma 0.72 0.11–2.62 0.65
Others 1.03 0.06–5.22 0.97

Clinical Stage

I–II n/c
III 1.00

IV, Recurrence 0.91 0.36–2.60 0.86
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Table 2. Cont.

HR 95% CI p-value

Smoking history

No 1
Yes 2.97 0.99-12.80 0.053

Genetic abnormalities †

No 1
Yes 0.65 0.21–1.73 0.40

GS (per point) 1.06 0.97–1.15 0.20
HFS (per point) 1.16 1.09–1.22 < 0.0001

Operation

No 1
Yes 0.49 0.16–1.30 0.16

Radiation

No 1
Yes 1.66 0.66–4.14 0.28

(A)
† Gene abnormalities includes anaplastic lymphoma kinase (ALK) and epidermal growth factor receptor (EGFR).
HR, hazard ratio; CI, confidence interval; ECOG-PS, Eastern Cooperative Oncology Group performance status; n/c,
not calculated; GS, Goddard score; HFS, HRCT fibrosis score.

HFS

Variables HR 95% CI p

Simple
HFS 1.16 1.09–1.22 < 0.0001

Replaced multiple
Variable to adjust the effect of HFS

Age 1.15 1.08–1.22 <0.0001
Gender 1.14 1.07–1.21 0.0002

ECOG-PS 1.16 1.09–1.22 <0.0001
Histology 1.16 1.09–1.23 <0.0001

Clinical stage 1.15 1.08–1.22 <0.0001
Smoking history 1.15 1.08–1.22 0.0001

Gene abnormalities 1.16 1.08–1.23 <0.0001
GS 1.16 1.08–1.23 <0.0001

Operation 1.16 1.09–1.22 <0.0001
Radiation 1.16 1.09–1.23 <0.0001

(B) HFS, HRCT fibrosis score; HR, hazard ratio; CI, confidence interval; ECOG-PS, Eastern Cooperative Oncology
Group performance status; GS, Goddard score.

3.3. Characteristics of Patients with Anti-Cancer Drug-Induced Pneumonia

The characteristics of the 19 patients with anti-cancer drug-induced pneumonia are listed in
Table S1. Although previous radiotherapy did not confer a risk for anti-cancer drug-induced pneumonia
(Table 2A), 10 of 19 these patients had received radiotherapy. The development of radiological interstitial
abnormalities in the ten patients did not correspond to the exposure to radiation. The HFS did not
correlate with the grade of anti-cancer drug-induced pneumonia. Specific regimens were not associated
with the risk of anti-cancer drug-induced pneumonia.

4. Discussion

To the best of our knowledge, the present study is the first to provide the following important
findings. The quantitative HFS is positively correlated with the risk of anti-cancer drug-induced
pneumonia in lung cancer patients. In particular, the HFS was associated with a risk of anti-cancer
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drug-induced pneumonia in patients with mild pre-existing ILD, even in the absence of honeycombing
or traction bronchiectasis.

The current IIP guidelines do not assess the severity of pre-existing ILD, particularly mild ILD. IPF
diagnosed using the IIP guidelines was observed in 2%–8% of lung cancer patients [21–23]. In contrast,
28.5% of lung cancer patients that were administered anti-cancer drugs had mild pre-existing ILD
confirmed by the HFS in the present study. In two computed tomography lung cancer screening trials
that defined the patterns of mild interstitial lung abnormalities, ILD was detected in 15.7%–21.2% of
patients with a history of smoking [24,25]. Since the IIP guidelines do not necessarily consider the
radiological process of pulmonary fibrosis, mild ILD may have been overlooked. Precise evaluation of
the risk of anti-cancer drug-induced pneumonia requires a quantitative method capable of detecting
all levels of ILD, including mild ILD.

In the present study, the quantitative HFS was significantly correlated with the risk of anti-cancer
drug-induced pneumonia. Little is known of the relationship between anti-cancer drugs and mild
pre-existing ILD [1,2]. A nested case-control study investigated the risk factors for pre-existing ILD
associated with chemotherapy and gefitinib [1]. Although this study referred to the severity of
ILD, including mild grade, the severity was not clearly defined. The adjusted odds ratios indicated
that patients with mild and moderate–severe ILD had an approximately five-fold increased risk of
developing acute ILD compared to patients without ILD, suggesting no difference between mild and
moderate–severe ILD. Another prospective cohort study identified the risk factors for pre-existing ILD
associated with erlotinib [2]. This study evaluated only the extent of interstitial abnormalities, but not
the fibrous pattern on HRCT. The study population of patients with pre-existing ILD predominantly
comprised patients with mild ILD, in which abnormalities involved <5% of the bilateral lower lobes.
The multivariate logistic regression analysis yielded an odds ratio of 4.0 (95% CI, 1.3–12.1) between
the presence and absence of ILD. Thus, the present study first revealed that an increase of HFS point
was associated with a 16% increased risk of anti-cancer drug-induced pneumonia, even in mild ILD
without honeycombing and traction bronchiectasis.

Pre-existing mild ILD might induce drug-induced pneumonia because a histological UIP pattern
may be involved. The 2018 IPF guidelines categorize mild ILD as an indeterminate for the UIP
HRCT pattern (early UIP pattern) [13]. This category includes the subset of patients with reticular
patterns in the absence of honeycombing and traction bronchiectasis, predominantly in the subpleural
and basal fields. Lung cancer patients with UIP HRCT patterns exhibited exacerbation of ILD more
frequently than did those with non-UIP HRCT patterns [3]. In precision medicine, many novel
anti-cancer drugs have been developed, some of which are likely to cause drug-induced pneumonia.
The early recognition of the subtle fibrosing findings on HRCT may enable physicians to provide better
management of lung cancer patients receiving anti-cancer drugs.

The present study had several limitations. First, all cases of pre-existing ILD incidentally included
mild cases. Thus, we did not necessarily verify the utility of the HFS for moderate and severe ILD.
However, a previous case-control study revealed that the odds ratio of the development of anti-cancer
drug-induced pneumonia was high in patients with moderate/severe pre-existing ILD as well as
those with mild ILD [1]. Second, the pulmonary function test results could not be evaluated, due to
missing values in clinical practice. Another quantitative HRCT scoring system has been replaced by
the diffusion capacity of carbon monoxide test for the prognosis with IPF patients [26]. Third, this was
a single institutional analysis, and the number of anti-cancer drug-induced pneumonia cases was
small. The present findings are therefore potentially subject to selection bias. Further prospective
investigations involving large cohorts are required to confirm our findings.

In conclusion, HFS may correlate with the risk of anti-cancer drug-induced pneumonia in lung
cancer patients, even in the absence of honeycombing or traction bronchiectasis. This quantitative HFS
could be a predictor of anti-cancer drug-induced pneumonia, which could improve the management
of lung cancer patients with ILD.
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Abstract: Lung cancer (LC) cells frequently express high levels of programmed death-ligand 1 (PD-L1).
Although these levels grossly correlate with the likelihood of response to specific checkpoint inhibitors,
the response prediction is rather imperfect, and more accurate predictive biomarkers are mandatory.
We examined the methylation profile of RAD51B (RAD51Bme) as a candidate predictive biomarker for
anti-PD-1 therapy efficacy in non-small cell lung cancer (NSCLC), correlating with patients’ outcome.
PD-L1 immunoexpression and RAD51Bme levels were analysed in NSCLC samples obtained from
patients not treated with anti-PD-1 (Untreated Cohort (#1)) and patients treated with PD-1 blockade
(Treated Cohort (#2)). Of a total of 127 patients assessed, 58.3% depicted PD-L1 positivity (PD-L1+).
RAD51Bme levels were significantly associated with PD-L1 immunoexpression. Patients with PD-1
blockade clinical benefit disclosed higher RAD51Bme levels (p = 0.0390) and significantly lower risk
of disease progression (HR 0.37; 95% CI: 0.15–0.88; p = 0.025). Combining RAD51Bme+ with PD-L1+

improved the sensitivity of the test to predict immunotherapy response. PD-L1+ was also associated
with lower risk of death (HR 0.35; 95% CI: 0.15–0.81; p = 0.014). Thus, RAD51Bme levels might be
combined with validated predictive biomarker PD-L1 immunostaining to select patients who will
most likely experience clinical benefit from PD-1 blockade. The predictive value of RAD51Bme should
be confirmed in prospective studies.

Keywords: RAD51B methylation; PD-L1 expression; predictive biomarker; PD-1 blockade
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1. Introduction

Lung cancer is the leading cause of cancer death in Europe, with an estimated 470,000 new cases
(311,000 in men and 158,200 in women) in 2018 [1]. The estimated mortality in 2018 was 20.1% in both
genders, being the most common cause of death from cancer in men (267,000 deaths, 24.8%) and the
second most frequent in women (121,000 deaths, 14.2%) [1]. Most patients are diagnosed at advanced
stages, with an overall 5-year survival rate of 4–17% depending on the stage and regional differences [2].
The incidence of lung cancer is directly related to tobacco smoking, which is the primary cause of lung
cancer, accounting for about 80% to 90% of cases [3]. The risk of lung cancer increases with the extent
of smoking measured by the number of packs of cigarettes smoked per day and with the number of
years of smoking (pack-years of smoking history) [4].

Since the emergence of personalised targeted therapies, pathology plays a critical role because
histologic and genetic features of lung cancer are important determinants of molecular testing and
treatment decisions [5–7]. Lung cancer can be classified in non-small cell lung cancer (NSCLC) and
small-cell lung cancer [5]. NSCLC is the most frequent class of lung cancer, representing 80% of all
cases [4] and includes non-squamous carcinoma and squamous cell carcinoma as major types [5].
Non-squamous carcinoma includes adenocarcinoma, which is the most common subtype of lung
cancer [4]. When clear adenocarcinoma, squamous or neuroendocrine morphology or staining pattern
is not present, NSCLC is generally classified as not otherwise specified (NOS) [5].

Several predictive biomarkers indicative of therapeutic efficacy have emerged in lung cancer [6].
Immunotherapy, mainly immune checkpoint inhibitors, has changed the treatment paradigm of
NSCLC. Immune checkpoints are important to control the immune responses in order to protect tissues
from damage when the immune system is activated [8]. The expression of immune checkpoint proteins
can be dysregulated by cancer cells, enabling immune evasion, a cancer hallmark [8,9]. Programmed
cell death protein 1 (PD-1) is an immune checkpoint receptor expressed on the surface of activated
T cells, including a large proportion of tumour-infiltrating lymphocytes from many tumours [8,10].
The binding to its ligands, PD-L1 and PD-L2, inhibits the response of cytotoxic T cells, hence the
activation of the pathway PD-1/PD-L1 is a mechanism of immune-escape [11]. PD-L1 is commonly
upregulated at the tumour cell surface [8] and is generally expressed in 20% to 40% of NSCLC [12].
There is evidence that infiltrating lymphocytes, mutational burden, and the expression of PD-L1 [13,14]
are predictive biomarkers for treatment with checkpoint inhibitors. However, prediction of response is
rather imperfect and, thus, more accurate predictive biomarkers are mandatory.

Genome instability leading to the accumulation of genomic aberrations is another characteristic of
cancer cells [9]. Double-strand DNA breaks (DSB) may lead to mutations, chromosomal translocations,
cell senescence and apoptosis [15,16]; hence, repair mechanisms are essential to maintain genome
stability. Homologous recombination repair (HRR) is the leading DNA repair mechanism of
double-strand DNA breaks (DSB) that uses the homologous region of the sister chromatid as the
replicative template in order to reliably repair DSB [16]. RAD51 protein has an important activity in
HRR, promoting the insertion of the broken ends of the DSB into the sister chromatid [17,18]. Its action
is dependent on RAD51-like proteins: RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 [17–19]. Defects
in the HRR pathway entail cell proliferation despite DNA damage, promoting cancer development [20].
HRR pathway deficiencies seem to be associated with higher expression of PD-L1 and linked to an
immune-evasive tumour phenotype [16]. Rieke et al. found that HRR genes hypermethylation is
inversely correlated with mRNA transcription and associated with PD-L1 expression in head and neck,
lung, and cervix squamous cell carcinomas [18]. As such, the methylation status of these genes could
represent new predictive biomarkers for immune checkpoint inhibition.

The aim of this study is to investigate the association of immune checkpoint PD-L1 expression
and the status of DNA repair gene RAD51B promoter methylation (RAD51Bme) in advanced NSCLC,
correlating with patients’ outcome. Additionally, the potential of RAD51Bme levels as a candidate
predictive biomarker for PD-1 blockade response in NSCLC was also assessed.
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2. Materials and Methods

2.1. Patient Selection

We retrospectively analysed patients ≥18 years old, diagnosed with advanced NSCLC
(adenocarcinoma, squamous cell carcinoma, and non-small cell lung cancer, not otherwise specified),
at the Portuguese Oncology Institute of Porto (IPO-Porto) between 2014 and 2019. All tissue samples
were obtained at the time of diagnosis. Samples were routinely fixed, and paraffin-embedded for
standard pathological examination by haematoxylin and eosin (H&E) and specific immunostaining
for tumour classification, grading, and staging, according to World Health Organization (WHO)
Classification of Tumours of the Lung, Pleura, Thymus and Heart (4th Edition, Volume 7). Specimens
were evaluated by two lung pathology proficient pathologists (ALC and RH). Biopsy samples available
at the archive of the Department of Pathology were obtained for the “Untreated” cohort (Cohort #1,
patients not exposed to anti-PD-1 blockade) and “Treated” cohort (Cohort #2, patients exposed to
anti-PD-1 blockade anytime during the course of the disease) and were included after approval by the
ethics committee of IPO-Porto (CES 15R1/2017).

2.2. Clinical and Pathological Data Collection

Relevant clinical and pathological variables were retrospectively collected for patients’
characterisation, including pathological diagnosis (adenocarcinoma, squamous cell carcinoma, not
otherwise specified), gender (female, male), age, smoking habits (never smoker, smoker, previous
smoker), stage of the disease (stages IIIA to IVB were considered as advanced disease) and type of
anti-PD-1 treatment (nivolumab, pembrolizumab, according to the current practice at the time).

All patients whose tumours displayed ≥50% PD-L1 expression did pembrolizumab as a first-line
treatment [21], patients whose tumours had 1–49% PD-L1 expression did pembrolizumab [22] or
nivolumab as second line treatment, and those with negative PD-L1 expression did nivolumab
as a second-line treatment after progression of disease on or after standard platinum-based
chemotherapy [23,24]. In patients whose tumours presented a driver mutation (epidermal growth factor
receptor (EGFR) tyrosine kinase mutation, anaplastic lymphoma kinase (ALK) gene rearrangement or
c-ROS oncogene 1 (ROS1) translocations), treatment with anti-PD-1 was done after progression on or
after tyrosine kinase inhibitors and platinum-based chemotherapy.

Response to treatment was assessed by using the Response Evaluation Criteria in Solid Tumours
(RECIST): complete response (CR)—disappearance of all target lesions, pathological lymph nodes must
have reduction in short axis to <10 mm; partial response (PR)—at least a 30% decrease in the sum of
diameters of target lesions, taking as reference the baseline sum diameters; progressive disease (PD)—at
least a 20% increase in the sum of diameters of target lesions, taking as reference the smallest sum
on study which must demonstrate an absolute increase of at least 5 mm; stable disease (SD)—neither
sufficient shrinkage to qualify for PR nor sufficient increase to qualify for PD. Clinical benefit was
considered if CR, PR or SD were present.

All procedures performed were in accordance with the ethical standards of the institutional and
national research committees and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards.

2.3. Assessment of PD-L1 Expression by Immunohistochemistry

PD-L1 (dilution 1:100, clone 22C3, DAKO) immunostaining was performed on a BenchMark Ultra
platform (Ventana, Tucson, AZ, USA) using OptiView DAB detection kit (Ventana, Tucson, AZ, USA)
and high pH buffer solution (CC1, Ventana, Tucson, AZ, USA for 40 min at 95 ◦C) was used for antigen
retrieval. Appropriate positive controls were used for each antibody and negative controls consisted
of omission of primary antibody. PD-L1 expression was assessed by a proficient pathologist (ALC)
who determined the tumour proportion score (TPS), according to the European Society for Medical
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Oncology (ESMO) guidelines. TPS was considered negative if <1%, positive intermediate if 1–49%,
and positive strong if ≥50%.

2.4. Methylation Analysis

DNA and RNA were extracted from all clinical samples and cell lines using an FFPE RNA/DNA
Purification Plus Kit (Norgen, Thorold, ON, Canada), according to the manufacturer’s instructions. The
bisulfide modification was accomplished using an EZ DNA Methylation-Gold™ Kit (Zymo Research,
Orange, CA, USA) that integrates DNA denaturation and the bisulfide conversion processes into
one-step, according to the recommended protocol. Evaluation of the DNA repair genes’ methylation
status was done by quantitative methylation-specific PCR (qMSP) assays and was performed using
Xpert Fast SYBR (GRiSP, Porto, Portugal), according to the recommended protocol, in 384-well plates
using a Roche LightCycler 480 II. Primers addressing the informative CpG sites within the promoter
region were designed using Methyl Primer Express v1 and are described in Table 1. β-actin (ACTB)
was used as an internal reference gene for normalization.

Table 1. Primer sequences for ß-Actin and RAD51Bme.

Gene Forward (5′–3′) Reverse (5′–3′)
ß-Actin TGGTGATGGAGGAGGTTTAGTAAGT AACCAATAAAACCTACTCCTCCCTTAA

RAD51Bme AGATTTTTAGGGTCGAGAGC CGCCCGACTAATTTTTTTAT

2.5. Statistical Analysis

Statistical analysis was conducted separately for each cohort.
Categorical variables are presented as counts and proportions and continuous variables are

displayed as mean (standard deviation). Median (interquartile range) is used to describe variables
with a highly skewed distribution.

Chi-square test was used to test the association between categorical variables; the Mann–Whitney U
test was used to compare continuous variables with skewed distribution. A logistic regression analysis
was carried out to identify predictors of PD-L1 expression. The variables considered in the logistic
regression model were RAD51Bme (continuous), sex, age, smoking status and histological subtype.

The area under the receiver operating characteristics curve (AUC, 95% CI) was analysed to
assess the performance of the RAD51B promotor methylation level as a predictive biomarker for PD-1
blockade response. Specificity, sensitivity, positive predictive value (PPV), negative predictive value
(NPV), and accuracy were determined for PD-L1, according to positive vs. negative immune scores and
for RAD51B methylation by applying an empirical cut-off obtained by ROC curve analysis (sensitivity
+ (1-specificity)). This cut-off value combines the maximum sensitivity and specificity, ensuring the
perfect categorization of the samples as positive and negative for the methylation test. For the analysis
of combined RAD51Bme+/PD-L1+, the test was considered positive when at least one of the variables
was plotted, as positive in individual analysis. Diagnostic biomarker performance was calculated,
taking into consideration that all the patients included were subjected to anti-PD-1 treatment.

Progression-free survival (PFS) and overall survival (OS) were estimated by means of the
Kaplan–Meier method for the Treated Cohort (#2). PFS was defined as the length of time from the
beginning of anti-PD-1 blockade until disease progression or death from the disease and OS as the
length of time from the beginning of anti-PD-1 blockade until death from any cause. The differences
between groups were tested using the log-rank test. Hazard ratios (HRs) from multivariable Cox
regression were used to quantify the association between clinicopathological features and survival.
RAD51B promoter methylation level was considered positive if the quantitative value was above the
75th percentile. A p-value smaller than 0.05 (two-sided) indicated statistical significance.

All analyses were performed using IBM SPSS Statistics version 26.0 (SPSS, Chicago, IL, USA) and
GraphPad Prism 7.01 (GraphPad Software, La Jolla, CA, USA).
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3. Results

Between 2014 and 2019, 293 patients fulfilling the inclusion criteria were analysed. The median
age was 64 years, 79.9% were male, and most of the patients (70%) presented adenocarcinoma. A
biopsy sample was available in 127 (43.3%) patients (n = 64 in Untreated Cohort (#1) and n = 63 in
Treated Cohort (#2)). PD-L1 expression was deemed positive in 58.3% cases (n = 31 in Untreated
Cohort (#1) and n = 43 in Treated Cohort (#2)). Table 2 depicts patients’ characteristics in the Untreated
and Treated cohorts.

Table 2. Clinical and pathological data according to the testing cohorts.

Characteristics
Untreated Cohort (#1)

n = 64
Treated Cohort (#2)

n = 63

Gender, (n, %)
Male
Female

51 (79.7)
13 (20.3)

49 (77.8)
14 (22.2)

Age (year), median (IQR) 62.5 (29.0–84.0) 62.0 (32.0–77.0)

Histologic subtype (n, %)
Adenocarcinoma
Squamous
NOS

41 (64.1)
22 (34.4)
1 (1.6)

46 (73.0)
17 (27.0)

-

Smoking habits (n, %)
Never
Smoker
Previous smoker

16 (25.0)
20 (31.3)
28 (43.7)

10 (15.9)
20 (31.7)
33 (53.4)

PD-L1 immunoexpression (n, %)
Negative
Intermediate (1–49%)
Strong (≥ 50%)

33 (51.6)
18 (28.1)
13 (20.3)

20 (31.7)
14 (22.2)
29 (46.0)

Anti-PD-1 agent (n, %)
Pembrolizumab
Nivolumab

n.a. 38 (60.3)
25 (39.7)

PD-1 blockade (n, %)
Clinical benefit
Non-clinical benefit

n.a. 13 (20.6)
50 (79.4)

End of PD-1 blockade treatment (n, %)
Not applicable
Disease progression
Toxicity

n.a. 18 (28.6)
39 (61.9)
6 (9.5)

Progression-free survival since PD-1 blockade, months
median (IQR) n.a. 8.1 (5.1–11.1)

Overall survival since PD-1 blockade, months
median (IQR) n.a. 21.3 (13.7–28.9)

RAD51Bme levels (normalized to β-actin), median (IQR) 0.54 (0.16–1.34) 1.08 (0.25–2.06)

n.a.—not applicable; IQR – Interquartil Range.

In the Treated Cohort (#2), 18 patients whose tumours showed ≥50% PD-L1 expression were
treated with pembrolizumab in first-line; 19 and 3 patients whose tumours had 1–49% PD-L1 expression
were treated with pembrolizumab and nivolumab, respectively, in second-line after progression on
chemotherapy. Eighteen patients with PD-L1 negative tumours were treated with nivolumab as a
second-line treatment. Four patients with adenocarcinoma carried driver mutations (3 had an EGFR
tyrosine kinase mutation and 1 had an ALK gene rearrangement). As such, anti-PD-1 therapy was
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administered as a third-line treatment, after progression on tyrosine kinase inhibitors (first-line) and
chemotherapy (second-line).

Regarding molecular analysis, RAD51Bme levels were significantly higher in PD-L1 positive vs.
negative cases in both cohorts (Untreated Cohort (#1)—p = 0.0216; Treated Cohort (#2)—p < 0.0001)
(Figure 1). Patients presenting higher RAD51Bme levels showed a higher chance of having a positive
PD-L1 immunoexpression (Untreated cohort (#1) OR: 51.68, 95% CI: 1.77–1512.04, p = 0.022; Treated
cohort (#2) OR: 45.51, 95% CI: 5.29–391.20, p = 0.001), adjusting for sex, age, smoking status and
histological subtype (detailed information in Table S1). No differences in RAD51Bme levels were found
between squamous cell carcinoma and adenocarcinoma cases in both cohorts (Untreated Cohort (#1)—p
= 0.774; Treated Cohort (#2)—p = 0.520).

Figure 1. RAD51B promoter methylation levels within PD-L1 negative and PD-L1 positive
immunoexpression among NSCLC samples. Scatter plot representing RAD51B promoter methylation
levels distribution obtained by qMSP for (A) Untreated Cohort (#1) and (B) Treated Cohort (#2) patients,
according to negative and positive PD-L1 immunoexpression. Mann–Whitney U-test. Red horizontal
line represents the median methylation levels.

RAD51Bme levels were significantly higher in patients submitted to immunotherapy, which
demonstrated clinical benefit (p = 0.0390; Figure 2A). Moreover, patients with positive RAD51Bme levels
(RAD51Bme+ was consider when methylation levels >P75) disclosed clinical benefit independently
from PD-L1 expression (Figure 2B). Additionally, RAD51Bme discriminated between PD-1 blockade
clinical benefit and no clinical benefit with 85% specificity and 90% positive predictive value (AUC:
0.758, 95% CI: 0.626–0.889, p = 0.0015; Figure 2C and Table 3). Remarkably, combining RAD51Bme+ with
PD-L1+ improved the sensitivity of the test (68%) to predict immunotherapy response, maintaining
high specificity (85%) and increasing positive predictive value (94%).

Table 3. RAD51Bme, PD-L1 staining and the combination of the two variables performances as predictive
biomarkers of PD-1 blockade response in the Treated Cohort (#2).

Predictive Biomarkers of PD-1 Blockade Response

RAD51Bme+ PD-L1+ RAD51Bme+/PD-L1+

Sensitivity 38% 74% 68%

Specificity 85% 54% 85%

Accuracy 48% 70% 71%

PPV 90% 86% 94%

NPV 26% 35% 41%

Abbreviations: PPV: positive predictive value, NPV: negative predictive value.
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Figure 2. RAD51Bme levels and PD-L1 positivity associate with PD-1 blockade clinical benefit. (A)
Scatter plot representing RAD51B promoter methylation levels distribution obtained by qMSP in
patients with and without clinical benefit from immunotherapy. Mann–Whitney U-test. Red horizontal
line represents the median methylation levels; (B) Contingency graph displaying the percentage of
patients with and without PD-1 blockade clinical benefit, according to RAD51B promoter methylation
and PD-L1 status. Chi-square test. RAD51Bme were considered positive when promoter methylation
levels >P75; (C) Receiver operator characteristic (ROC) curve for discrimination between patients with
and without clinical benefit from immunotherapy based on RAD51B promoter methylation levels
distribution in the Treated Cohort (#2).

The median follow-up time for the Treated Cohort (#2) was 18 months (95% CI: 15.1–20.9). The
median PFS was significantly higher in RAD51Bme+ patients (p = 0.0216; Figure 3A). Furthermore,
patients with RAD51Bme+ disclosed a lower risk of disease progression (HR 0.37; 95% CI: 0.15–0.88; p =
0.025) compared with RAD51Bme-. Considering the PD-L1 expression, no significant differences were
depicted for PFS (p = 0.2023), although PD-L1+ patients disclosed a trend for higher PFS (Figure 3B).
Nonetheless, PD-L1+ associated with a longer OS (p = 0.0307) and a lower risk of death (HR 0.35; 95%
CI: 0.15–0.81; p = 0.014). For RAD51B, lower methylation levels tend to associate with shorter OS,
despite not being statistically significant. Also, no significant differences were observed for PFS or OS,
when combining in panel PD-L1 expression and RAD51Bme levels.

117



J. Clin. Med. 2020, 9, 1000

Figure 3. Kaplan–Meier survival curves for progression-free survival (after first anti-PD-1 treatment)
of patients according to (A) RAD51Bme status; (B) PD-L1 status; and (C) combined RAD51Bme and
PD-L1 status. Kaplan–Meier survival curves for patients’ overall survival according to (D) RAD51Bme

status, (E) PD-L1 status, and (F) combined RAD51Bme and PD-L1 status. Log-rank test. RAD51Bme was
considered positive when promoter methylation levels >P75.

4. Discussion

Despite the improvement in lung cancer treatment over the last years, it remains a lethal disease
in most cases, mostly due to diagnosis at advanced stages and suboptimal effectiveness of standard
therapy. Nonetheless, the emergence of novel therapeutic strategies, including immune-based cancer
therapies, has improved the prospects of patients diagnosed at advanced stages of the disease. Indeed,
anti-PD-1 treatment for advanced NSCLC has improved the survival of patients [22]. Currently, the
most commonly used biomarker to predict this response to anti-PD-1 therapy is PD-L1 immunostaining,
although a substantial number of patients with PD-L1 positive immunostaining do not respond [21],
highlighting the need for new biomarkers. In NSCLC, similar to other tumours, a higher tumour
mutation burden was a strong predictor of immunotherapy efficacy [25–28]. Additionally, defects in
the HRR pathway have been associated with higher expression of co-regulatory molecules such as
PD-L1, suggesting that deficient homologous recombination, by disabling repair of DNA defects, may
lead to neoantigens production with the recruitment of T-cells to the tumour microenvironment. This
engages tumour cells to upregulate the expression of PD-L1 as an adaptive resistance mechanism [29].
A recent study demonstrated that DNA methylation profile of NSCLC might also be determinant for
the efficacy of anti-PD-1 treatment in stage IV patients [30]. Furthermore, epigenetic alterations in
RAD51B, specifically DNA promoter methylation, were associated with PD-L1 expression in squamous
cell carcinomas [18]. This is a RAD51 paralog, essential for DSB repair in the homologous recombinant
pathway [17]. Thus, we sought to investigate the association of immune checkpoint PD-L1 expression
and DNA methylation status of DNA repair gene RAD51B in non-small cell lung cancer (NSCLC),
correlating with patient outcome.

Overall, the chances of positive PD-L1 expression in advanced NSCLC increased with the level
of RAD51me+. Remarkably, a link between RAD51Bme and the immune response in NSCLC has been
previously suggested [29]. Furthermore, Rieke et al. demonstrated that methylation was associated
with low mRNA expression levels and with homologous recombination deficiency [18]. Additionally,
a significant positive correlation between RAD51B methylation status and the inflammatory gene
signature, particularly, interferon-gamma (IFN-γ) was disclosed [18]. Interestingly, IFN-γ is an
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important inducer of PD-L1 expression, which acts via the JAK/STAT1/interferon regulatory factor
(IRF) [31] in various types of cancers, including NSCLC. Furthermore, the depletion of RAD51B
was shown to induce immune response through activation of the STAT3 pathway [32], which
activates CD274 gene/PD-L1 induction [31,33]. Therefore, our results further support the link between
homologous repair deficiency by epigenetic regulation and immune checkpoint players, specifically
PD-L1. Considering the available literature, assessing the inflammatory profile of these tumours
might be useful to determine whether there is a direct effect between DNA repair candidate genes
hypermethylation and the expression of immune checkpoint proteins.

Remarkably, RAD51Bme+ associated with better clinical response to treatment with PD-1 blockade
and to a reduction of disease progression by 60%. Conversely, RAD51Bme- associated with the absence
of clinical benefit, which was even more relevant in negative PD-L1 expression cases. Hence, RAD51Bme

might constitute a potential biomarker of response to anti-PD-1 therapy. Although RAD51Bme depicted
lower sensitivity than PD-L1+ as a predictive biomarker for treatment with anti-PD-1, it displayed
higher specificity.

Although PD-L1 expression has not been described as a strong prognostic factor mostly due to
methodological approaches variations, including diverse immunohistochemistry antibodies, dissimilar
evaluation for PD-L1 positivity (cut-off % or H-score) and patients’ selection [13,34], in our study,
both PD-L1+ and RAD51Bme+ associated with better overall survival. Conversely, another research
team suggested that RAD51B overexpression associates with improved OS in NSCLC patients [35].
Notwithstanding higher promoter methylation levels might entail expression downregulation, several
other genetic and epigenetic mechanisms may contribute to this apparent inconsistency. Furthermore,
higher RAD51B methylation status was depicted in patients with longer progression-free survival
after anti-PD-1 treatment, supporting once more the clinical benefit of PD-1 blockade when RAD51B
promoter is methylated. The shorter overall survival of non-smokers patients may be partially
explained by the fact that these patients had a longer median time (higher than 20 months) between
diagnosis and the treatment with PD-L1 inhibitors than smokers.

Therefore, PD-L1+ and RAD51Bme+ are promising biomarkers to predict response to PD-1 blockade
rather than overall prognostic factors in NSCLC’s patients. As such, RAD51Bme might represent a
new predictive marker potentially assessable in liquid biopsies, allowing for a better selection of
patients for anti-PD-1 treatment and eventually for monitoring patients’ immunotherapy response
throughout the course of the disease. Although our study paves the way for new prospective studies
on the RAD51B promoter methylation’s predictive role in patients with NSCLC treated with anti-PD-1,
the retrospective design and small sample size are not neglectable limitations. Nevertheless, all the
patients and samples enrolled in the study were analysed using the same criteria both for molecular
biology strategies or clinical and pathological data collection. Importantly, other strengths of our
research work are the fact that all patients were uniformly treated at the same institution, and all were
evaluated by computed tomographic scans at specific timepoints during the course of treatment.

5. Conclusions

Herein, we confirm that higher RAD51Bme levels associate with PD-L1 immunoexpression, as well
as with immunotherapy’s efficacy, in an independent advanced NSCLC patient cohort. Prospective
studies, with larger cohorts of patients and extended follow-up periods, are warranted to validate
these results and determine whether the methylation profile of this gene might be a predictive tool for
selecting patients that will benefit from anti-PD-1 therapy.
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Abstract: It remains unclear whether the accumulation of 2-deoxy-2-[18F]fluoro-d-glucose (18F-FDG)
before the initiation of anti-programmed death-1 (PD-1) antibody can predict the outcome after
its treatment. The aim of this study is to retrospectively examine the prognostic significance of
18F-FDG uptake as a predictive marker of anti-PD-1 antibody. Eighty-five patients with previously
treated non-small cell lung cancer (NSCLC) who underwent 18F-FDG-positron emission tomography
(PET) just before administration of nivolumab or pembrolizumab monotherapy were eligible in
our study, and metabolic tumor volume (MTV), total lesion glycolysis (TLG) and the maximum
of standardized under value (SUVmax) on 18F-FDG uptake were assessed. Objective response rate,
median progression-free survival and median overall survival were 36.6%, 161 days and 716 days,
respectively. The frequency of any immune-related adverse events was significantly higher in
patients with low 18F-FDG uptake on PET than in those with high uptake. By multivariate analysis,
the tumor metabolic activity by TLG and MTV was identified as an independent prognostic factor for
predicting outcome after anti-PD-1 antibody therapy, but not SUVmax, predominantly in patients
with adenocarcinoma. Metabolic tumor indices as TLG and MTV on 18F-FDG uptake could predict
the prognosis after anti-PD-1 antibodies in patients with previously treated NSCLC.

Keywords: FDG-PET; immune checkpoint inhibitor; PD-1; lung cancer; prognosis

1. Introduction

Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related deaths worldwide.
Recent studies have proven that anti-programmed death-1 (PD-1)/programmed death ligand-1 (PD-L1)
antibodies provide significant survival benefits in patients with advanced NSCLC, when compared
with standard chemotherapy [1–4]. Although the efficacy of the anti-PD-1 antibody varies according to
the immunohistochemical degree of PD-L1 expression within tumor cells, there are no established
biomarkers to predict the outcome after the administration of the anti-PD-1 antibody and the expression
of PD-L1. If a useful biomarker is obtained from common modalities, this discovery can be easily
adopted into daily practice.

Notably, 2-deoxy-2-[18F]fluoro-d-glucose (18F-FDG) positron emission tomography (PET) is a
distinguished radiological modality to distinguish benign lesions from malignant tumors [5]. The uptake
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of 18F-FDG is observed in non-malignant lesions such as sarcoidosis, granuloma, pneumonia, and
tuberculosis, but it can closely resemble the metabolic activity of malignant tumors [5]. Previous
reports demonstrated that the accumulation of 18F-FDG within tumor cells was significantly linked
to the presence of glucose transporter 1 (Glut1), hypoxia-inducible factor 1α (HIF-1α), and vascular
endothelial growth factor (VEGF)b [6]. Several researchers have described that the accumulation of
18F-FDG exhibited a significant correlation with the expression of PD-L1 in patients with NSCLC [7–9].
Although little is known about the close association between immune environment and glucose
metabolism, it is important to discover how metabolic tumor activity can affect the upregulation
of PD-L1 expression. Moreover, it has been reported that 18F-FDG-PET is useful for assessing the
therapeutic monitoring of anti-PD-1 antibody with regard to the prognosis and overall response
rate [10]. Little is known as to whether the uptake of 18F-FDG before the administration of anti-PD-1
antibody can predict the efficacy and prognosis of immune checkpoint inhibitors (ICI) in patients with
advanced NSCLC.

The maximum standardized uptake value (SUVmax) is extensively used to evaluate the metabolic
degree of 18F-FDG within tumor cells. Since SUVmax reflects the maximal point of glucose metabolism
within tumor specimens, it remains unclear whether it can indicate the total metabolic tumor volume
(MTV). Recently, total lesion glycolysis (TLG) and MTV—indicators of 18F-FDG accumulation within
tumor cells—have been identified as significant prognostic markers for predicting the treatment
outcome in patients with NSCLC. A meta-analysis described TLG and MTV as better predictive
markers than SUVmax [11]. Moreover, an exploratory study documented that the tumor metabolic
activity assessed by TLG and MTV is better than SUVmax in evaluating the therapeutic monitoring of
anti-PD-1 antibody in patients with previously treated NSCLC [10]. Recent reports suggested that
baseline tumor size could predict adverse outcomes in patients with NSCLC who received ICI [12–14].
However, the detailed mechanism behind tumor burden (TB), determined by baseline tumor size
and causing poor efficacy of ICI, is unclear. Tumors possibly suppress the immune response by
different mechanisms other than the PD-1/PD-L1 pathway. Tumor hypoxia, determined by HIF-1,
induces VEGF, which induces immunosuppressive T-lymphocytes such as regulatory T-cells (Tregs)
and myeloid-derived suppressor cells [15,16]. These evidences suggest that the high HIF-1 expression
caused by an increased tumor size creates an immunosuppressive environment regardless of ICI
treatment and contributes to the poor outcome for patients with NSCLC [15,16]. However, whether
morphological assessment, based on baseline tumor size, can accurately reflect the volume of tumor
hypoxia or tumor metabolic activity is debatable. Therefore, 18F-FDG uptake is expected to assess
tumor activity more accurately than TB on computed tomography (CT).

We conducted this study to investigate whether the degree of 18F-FDG uptake before the
administration of anti-PD-1 antibody can predict the prognosis in patients with previously treated
advanced NSCLC, by evaluating the correlation between TB and SUVmax, TLG, and MTV.

2. Materials and methods

2.1. Patients

We retrospectively examined the medical records at Saitama Medical University International
Medical Center, Saitama, Japan (ethical approval code: 19-225; date of approval: 13 November 2019)
and selected patients with previously treated NSCLC who received anti-PD-1 antibody monotherapy,
such as nivolumab and pembrolizumab, and underwent 18F-FDG-PET after previous treatment and
before the initiation of anti-PD-1 antibody as a recurrent survey. From February 2016 through April
2019, 97 patients with pretreated NSCLC were administered nivolumab and pembrolizumab. Twelve
patients were excluded because of inadequate medical information and absence of an evaluable target
lesion. Therefore, the final cohort consisted of 85 patients.

This study was approved by the institutional ethics committee of the Saitama Medical University
International Medical Center. All procedures performed in studies involving human participants
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were in accordance with the ethical standards of the institutional and/or national research committee
and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
The requirement for written informed consent was waived because of the retrospective nature of
the study.

2.2. Treatment, Efficacy Evaluation, and Assessment of Baseline Tumor Burden

Nivolumab and pembrolizumab were intravenously administered at 3 mg/kg every 2 weeks and
at 200 mg/day every 3 weeks, respectively. Complete blood cell count, differential count, routine
chemistry measurements, physical examination, and toxicity assessment were performed weekly.
Acute toxicity was graded using the Common Terminology Criteria for Adverse Events version 4.0.
Tumor response was evaluated using the Response Evaluation Criteria in Solid Tumors version 1.1 [17].
Baseline TB was evaluated using CT for target lesions [13,14]. TB was defined as the sum of the longest
diameter for a maximum of five target lesions and up to two lesions per organ [13,14].

2.3. PET Imaging and Data Analysis

Patients fasted for at least 6 hours before PET imaging, performed using a PET/CT scanner
(Biograph 6 or 16, Siemens Healthineers K.K., Japan) with a 585 mm field of view. Three-dimensional
data acquisition was initiated 60 minutes after injecting 3.7 MBq/kg of FDG. We acquired
eight bed positions (2-minute acquisition per bed position) according to the range of imaging.
Attenuation-corrected transverse images obtained with 18F-FDG were reconstructed with the
ordered-subsets expectation-maximization algorithm, based on the point spread function into
168 × 168 matrices with a slice thickness of 2.00 mm.

For the semiquantitative analysis, functional images of SUV were produced using
attenuation-corrected transaxial images, injected dosage of 18F-FDG, patient’s body weight, and he
cross-calibration factor between PET and the dose calibrator. SUV was defined as follows:

SUV = Radioactive concentration in the region of interest (ROI) (MBq/g)/Injected dose
(MBq)/Patient’s body weight (g).

A nuclear physician conducted the volume of interest (VOI) analysis using CT scans, eliminating
the physiological uptake in the heart, urinary tracts, and gastrointestinal tracts. We used GI-PET
software (Nihon Medi-physics Co. Ltd., Tokyo, Japan) on a Windows workstation to semi-automatically
calculate the MTV and TLG (= SUVmean × MTV), of each lesion using SUV thresholds in the liver
VOI (= SUVmean + [1.5 × SUVStandard_Deviation]). These SUV thresholds were the optimum values to
generate VOIs in which the whole tumor mass is completely enclosed in all cases, with the CT image
as the reference. SUVmax and SUVmean within the generated VOI were also calculated automatically.
VOIs over all measurable lesions on pretreatment PET/CT were automatically registered. In case of
multiple lesions in the same organ, a maximum of 100 lesions were measured.

2.4. Statistical Analysis

Statistical significance was indicated by p < 0.05. Fisher’s exact tests were used to examine the
association between two categorical variables. Correlations between SUVmax, MTV, and TLG on
18F-FDG uptake were analyzed using the Pearson rank test. The Kaplan–Meier method was used
to estimate survival as a function of time, and survival differences were analyzed by log-rank tests.
Progression-free survival (PFS) was defined as the time from the initiation of anti-PD-1 antibody to
tumor recurrence or death from any cause, while overall survival (OS) was defined as the time from
the initiation of anti-PD-1 antibody to death from any cause. Statistical analyses were performed using
GraphPad Prism 7 (Graph Pad Software, San Diego, CA, USA) and JMP 14.0 (SAS Institute Inc., Cary,
NC, USA).
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3. Results

3.1. Assessment of SUVmax, MTV, and TLG on 18F-FDG Uptake

In all 85 patients, the median values of SUVmax, MTV, and TLG on 18F-FDG and TB were 6.0
(range, 3.1–21.0), 17.8 cm3 (range, 1.1–379 cm3), 75.4 gcm3/mL (range, 3.9–2550 g·cm3/mL), and 65 cm
(range, 6.6–230.6 cm), respectively. According to histological types, the median values of SUVmax,
MTV, and TLG on 18F-FDG and TB in adenocarcinoma were 6.7 (range, 3.1–21.3), 11.3 cm3 (range,
1.1–276 cm3), 58.3 g·cm3/mL (range, 3.9–1398 g·cm3/mL), and 53 cm (range, 6.6–230.6 cm), respectively,
and those in non-adenocarcinoma displayed 8.4 (range, 3.2–20.4) 24.8 cm3 (range, 1.1–379 cm3),
105.6 g·cm3/mL (range, 4.0–2550 g·cm3/mL), and 75 cm (range, 18.2–228.3 cm), respectively. The
difference of each parameter for SUVmax, MTV, and TLG on 18F-FDG and TB was not significant
between adenocarcinoma and non- adenocarcinoma. The SUVmax correlated significantly with MTV
(r = 0.49, p < 0.01), TLG (r = 0.56, p < 0.01), and TB (r = 0.33, p < 0.01). Figure 1 is a representative PET
image showing the assessment of SUVmax, MTV, and TLG on 18F-FDG.

The discriminative value of various SUVmax, MTV, and TLG cutoffs for 18F-FDG uptake were
explored in the context of OS and PFS (Figure 2) [13]. For prognosis in OS and PFS analyses, the most
discriminative cutoffs based on log-rank test for SUVmax, MTV, and TLG were 6.0, 5.0, and 20,
respectively. The TLG cutoff of 20 was significant in the OS analysis, but not in the PFS analysis,
although it was the most favorable TLG cutoff. The SUVmax cutoff of 6 was not significant in either
OS or PFS analysis, but still seemed better considering the results of the log-rank test. The 12 cm cutoff
for TB was based on a previous study [13].

 

Figure 1. Imaging from a positron emission tomography (PET) scan of non-small cell lung cancer
(NSCLC), indicating the measurement of SUVmax, metabolic tumor volume (MTV) and total lesion
glycolysis (TLG) on 2-deoxy-2-[18F]fluoro-d-glucose (18F-FDG).
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3.2. Patient Demographics

Patient demographics according to the cutoff values of SUVmax, MTV, and TLG on 18F-FDG
uptake are listed in Table 1. In the 17 patients harboring epidermal growth factor receptor (EGFR)
mutation, deletion 19 and L858R were observed in 11 and 6 patients, respectively. High TLG and
SUVmax on 18F-FDG uptake were significantly associated with smoking history. The objective response
rate and disease control rate were 36.6% [95% confidence internal (CI); 26.2%–47.0%] and 65.9% [95%CI;
55.6%–76.1%]. No significant difference in the response to ICI was observed according to the degree of
SUVmax, MTV, and TLG on 18F-FDG uptake. The median time from the date of 18F-FDG-PET scan to
the initiation of anti-PD-1 antibodies was 18 days (range, 1–107 days). Next, we analyzed different
incidences of immune-related adverse events (irAEs) according to the degree of SUVmax, MTV, and
TLG on 18F-FDG uptake and TB. The frequency of any irAE was significantly higher in patients with
low values of SUVmax, MTV, and TLG on PET than in those with high values, but not for TB (Table
S1, online only). The incidence of grade 3 or 4 irAEs exhibited no close correlation with the degree of
18F-FDG uptake on PET and TB.

Table 1. Patient’s demographics according to the assessment of FDG uptake.

Variables
Total

(n = 85)

TLG MTV SUVmax

High
(n = 59)

Low
(n = 26)

p-Value
High

(n = 58)
Low

(n = 27)
p-Value

High
(n =5 2)

Low
(n = 33)

p-Value

Age
≤ 70/>70

(range: 38–86 years)
42/43 29/30 13/13 >0.99 25/33 17/10 0.11 26/26 16/17 >099

Gender
Male/Female 65/20 47/12 18/8 0.41 46/12 19/8 0.42 42/10 23/10 0.29

Smoking history
Yes/No 71/14 51/8 10/16 <0.01 50/8 21/6 0.35 47/5 24/9 0.04

Performance status
0 or 1/2 or 3 79/6 53/6 26/0 0.17 52/6 27/0 0.17 46/6 33/0 0.07

Histological type
AC/Non-AC 51/34 33/26 18/8 0.34 32/26 19/8 0.24 27/25 24/9 0.07

EGFR mutation
Yes/No 17/68 12/47 5/21 >0.99 12/47 5/22 >0.99 10/42 7/26 >0.99

Response to ICI #

CR or PR/SD or PD
CR, PR or SD/PD

29/51
53/27

20/35
34/21

9/16
19/6

>0.99
0.31

20/34
36/18

9/17
17/9

>0.99
>0.99

21/27
34/15

8/24
19/12

0.10
0.47

Abbreviations: TLG, total lesion glycolysis; MTV, metabolic tumor volume; SUVmax, the maximum of standardized
uptake value; AC, adenocarcinoma; Non-AC, non-adenocarcinoma; EGFR, epidermal growth factor receptor; CR,
complete response; PR, partial response; SD, stable disease; PD, progressive disease; ICI, immune checkpoint
inhibitor. #, because of 6 patients with no measurable lesion, 82 patients were analyzed according to the uptake of
FDG; Bold character shows statistically significance.

3.3. Survival and 18F-FDG-PET:

The median OS and PFS were 716 and 161 days, respectively, and the 2-year OS rate was 44.8%.
Among all patients, those with a low TLG exhibited significantly better OS than those with a high TLG.
Similarly, the survival analysis of MTV on 18F-FDG uptake demonstrated a significantly worse OS and
PFS for patients with a high MTV (Figure 2). No statistically significant difference in the OS and PFS was
observed between patients with a low and high SUVmax (Figure 2). However, in 70 patients without
an EGFR mutation, a statistically significant difference in OS and PFS was recognized between patients
with low and high TLG or low and high MTV, but not between those with low and high SUVmax and
low and high TB (Figure 3). Survival analysis results are listed in Table 2. Univariate analysis in all
patients identified performance status (PS), TLG, and MTV as significant prognostic markers for OS; the
significant predictors for PFS were PS and MTV. Subsequently, we performed a multivariate analysis
according to TLG and MTV and confirmed that PS, TLG, and MTV were independent prognostic
factors for poor OS and PFS; the significant prognostic marker for PFS was PS (Table 3). In patients
without EGFR mutation, a multivariate analysis identified TLG and MTV as independent prognostic
factors for predicting poor OS. Histological typing confirmed TLG and MTV as significant prognostic
factors in patients with adenocarcinoma, but not in those with non-adenocarcinoma.
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Figure 2. Discriminative value by log-rank test according to various TLG (A), MTV (C) and SUVmax
(E) cutoff for OS and TLG (B), MTV (D) and SUVmax (F) cutoff for PFS in 18F-FDG-PET.

Figure 3. Kaplan–Meier curves according to various TLG (A), MTV (B), SUVmax (C) and TB (D) for OS
and PFS. (A); OS (upper left) and PFS (lower left) in all patients and OS (upper right) and PFS (lower
right) in those without EGFR mutation according to TLG. (B); OS (upper left) and PFS (lower left) in
all patients and OS (upper right) and PFS (lower right) in those without EGFR mutation according to
MTV. (C); OS (upper left) and PFS (lower left) in all patients and OS (upper right) and PFS (lower right)
in those without EGFR mutation according to SUVmax. (D); OS (upper left) and PFS (lower left) in
all patients and OS (upper right) and PFS (lower right) in those without EGFR mutation according to
TB. (E); OS (upper left) and PFS (lower left) in patients with AC patients and OS (upper right) and
PFS (lower right) in those with non-AC according to TLG. (F); OS (upper left) and PFS (lower left)
in patients with non-AC patients and OS (upper right) and PFS (lower right) in those with non-AC
according to MTV. Abbreviation: TLG, total lesion glycolysis; MTV, metabolic tumor volume; SUVmax:
maximal standardized under value; TB, tumor burden; OS, overall survival; PFS, progression-free
survival; AC, adenocarcinoma; non-AC, non-adenocarcinoma.
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Table 2. Univariate analysis in overall survival and progression-free survival.

Variables

Overall Survival Progression-Free Survival

All Patients
(n = 85)

Patients without
EGFR Mutation

(n = 70)

All Patients
(n = 85)

Patients without
EGFR Mutation

(n = 70)

MST
(days)

p-Value
MST

(days)
p-Value

MST
(days)

p-Value
MST

(days)
p-Value

Age
(≤70/>70) 737/693 0.73 865/693 0.85 164/161 0.88 181/180 0.92

Gender
(Male/Female) 716/737 0.85 693/837 0.59 181/75 0.67 172/420 0.23

Smoking
(Yes/No) 716/737 0.53 716/637 0.74 181/72 0.09 181/272 0.85

PS
(0 or 1/2 or 3) 724/115 <0.01 716/74 <0.01 172/40 <0.01 200/25 0.10

Histological type
(AC/Non-AC) 724/716 0.84 693/716 0.66 146/161 0.76 220/161 0.39

TLG
(High/Low) 516/945 0.01 465/945 <0.01 114/291 0.08 114/420 0.04

MTV
(High/Low) 536/NR <0.01 465/NR <0.01 125/382 0.04 127/382 0.02

SUVmax
(High/Low) 724/716 0.41 865/716 0.48 201/125 0.23 204/161 0.36

TB
(High/Low) 793/693 0.46 837/693 0.86 204/137 0.38 182/181 0.68

Abbreviations: TLG, total lesion glycolysis; MTV, metabolic tumor volume; SUVmax, the maximum of standardized
uptake value; AC, adenocarcinoma; Non-AC, non-adenocarcinoma; PS, performance status; HR, hazard ratio; 95%
CI, 95% confidence interval; NR, not reached; EGFR, epidermal growth factor receptor; TB, tumor burden; Bold
character shows statistically significance.

Table 3. Multivariate analysis of overall survival and progression-free survival.

Variables

Overall Survival Progression-Free Survival

All Patients
(n = 85)

Patients without
EGFR Mutation

(n = 70)

All Patients
(n = 85)

Patients without
EGFR Mutation

(n = 70)

HR
95% CI

p-Value
HR

95% CI
p-Value

HR
95% CI

p-Value
HR

95% CI
p-Value

Survival Analysis Including TLG

Age
(≤ 70/> 70)

1.02
0.74–1.39 0.91 1.02

0.72–1.44 0.90 0.95
0.74–1.23 0.74 0.98

0.73–1.31 0.89

Gender
(Male/Female)

1.11
0.76–1.55 0.55 0.95

0.55–1.48 0.85 1.07
0.79–1.41 0.61 0.81

0.49–1.19 0.31

PS
(0 or 1/2 or 3)

1.68
1.05–2.51 0.03

2.22
1.06–3.93 0.03

1.63
1.02–2.36 0.04

1.41
0.68–2.43 0.31

TLG
(High/Low)

1.47
1.03–2.21 0.03

1.63
1.10–2.60 0.01

1.21
0.92–1.63 0.16 1.32

0.97–1.86 0.07

Survival Analysis Including MTV

Age
(≤ 70/> 70)

0.92
0.68–1.26 0.64 0.87

0.61–1.25 0.46 0.91
0.71–1.18 0.51 0.91

0.67–1.21 0.51

Gender
(Male/Female)

1.09
0.75–1.52 0.61 0.97

0.56–1.51 0.91 1.06
0.78–1.40 0.66 0.80

0.49–1.18 0.28

PS
(0 or 1/2 or 3)

1.69
1.06–2.51 0.02

2.23
1.06–3.94 0.03

1.59
1.02–2.33 0.04

1.41
0.68–2.41 0.31

MTV
(High/Low)

1.59
1.09–2.45 0.01

1.83
1.19–3.04 <0.01

1.28
0.97–1.73 0.07 1.45

1.05–2.05 0.02

Abbreviations: TLG, total lesion glycolysis; MTV, metabolic tumor volume; PS, performance status; HR, hazard
ratio; 95% CI, 95% confidence interval; EGFR, epidermal growth factor receptor.

4. Discussion

To the best of our knowledge, this is the first study to evaluate the prognostic significance
of metabolic parameters measured by 18F-FDG-PET for predicting outcomes after the initiation of
anti-PD-1 antibodies in patients with previously treated NSCLC. We found that the tumor metabolic
volume assessed by TLG and MTV was an independent prognostic factor, but not SUVmax and TB.
The roles of TLG and MTV as significant predictive markers after anti-PD-1 antibody therapy may
be closely associated with patients with a histology of adenocarcinoma and without EGFR mutation.
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Although the value of SUVmax on 18F-FDG uptake within tumor cells was closely correlated with
that of TLG and MTV, SUVmax on 18F-FDG uptake before anti-PD-1 antibody could not accurately
predict the outcome after the initiation of treatment. Furthermore, we found that low uptake of
18F-FDG was closely associated with the occurrence of irAEs and the incidence of grade 3 or 4 irAEs
exhibited no close correlation with the degree of 18F-FDG uptake on PET. In addition, there was no
significant correlation between the response to the anti-PD-1 antibody and the degree of 18F-FDG
uptake. However, we discovered that MTV of pretreatment 18F-FDG-PET plays a crucial role in the
prognostic significance of anti-PD-1 antibody treatment. Unlike previous studies [12,13], our study
indicated that TB determined by baseline tumor size was not a significant predictor of ICI or irAEs.
Further studies are warranted to investigate whether pretreatment of MTV can predict the outcome of
ICI plus ICI or the combination of ICI plus cytotoxic chemotherapy as first-line treatment.

A recent study reported that the metabolic response to 18F-FDG uptake measured by TLG or MTV
was a stronger biomarker for the prediction of efficacy and survival at one month after the initiation of
nivolumab than SUVmax [10]. The predictive probability of partial response (100% versus 29%, p= 0.021)
and progressive disease (100% versus 22.2%, p = 0.002) at one month after nivolumab treatment was
significantly higher in 18F-FDG-PET than in CT. Moreover, multivariate analysis confirmed the 18F-FDG
uptake measurement by TLG or MTV as an independent prognostic factor. Thus, 18F-FDG-PET may
be a useful radiographic modality for immune monitoring to predict the efficacy of ICI. However,
a large-scale prospective study is required to confirm these results [10,18]. A recent meta-analysis
suggested that in lung cancer, metabolic parameters such as TLG and MTV are better prognostic
predictors after any treatment when compared with SUVmax [11].

Recently, Jreige et al. described that the metabolic-to-morphological volume ratio
(MMVR)—calculated by dividing MTV by morphological tumor volume (MoTV)—was able to
predict the radiological response to anti-PD-1/PD-L1 blockade and was negatively correlated with
tumor PD-L1 expression and tumor necrosis [18]. Although their study analyzed only 17 patients
who received anti-PD-1 therapy, they suggested that anti-PD-1 therapy is effective for tumor tissues
with a low ratio of MTV, and the presence of a low MTV contributes to the upregulation of PD-L1
expression by the hypoxic environment in the tumor arising from necrosis and inflammation. However,
it remained unclear whether MMVR could predict the outcome after anti-PD-1 therapy. Our study,
however, indicated that patients with a low MTV exhibited a favorable prognosis after anti-PD-1
therapy. Several studies have demonstrated that tumor necrosis triggers inflammation, which facilitates
the influx of lymphocytes and the upregulation of PD-L1, related to tumor necrosis factor-α, and that
necrosis or inflammation was closely linked to tumor recurrence and worse survival [19,20]. Our study
could not investigate the relationship between necrosis or inflammation and tumor metabolic volume;
therefore, it remains unclear whether low MTV and TLG are associated with necrosis, inflammation,
and hypoxic environment in the tumor. Further investigation is warranted to elucidate the prognostic
significance of MTV and TLG as predictive markers of anti-PD-1 therapy based on the biological aspect.

The mechanism by which tumor cells uptake 18F-FDG requires glucose metabolism, hypoxia, and
angiogenesis, and 18F-FDG is closely associated with the expression of these markers [6]. The expression
of PD-L1 is significantly related to Glut1, HIF-1α and SUVmax on 18F-FDG uptake in lung cancer [7–9].
However, it is reported that TLG and MTV on 18F-FDG uptake were not closely correlated with PD-L1
expression levels [18], but Foxp3-Tregs are described to be positively associated with TLG and MTV [21].
Considering these evidences, the active environment with high MTV may form an immunosuppressive
state, contributing to the resistant situation to ant-PD-1 blockage.

Our study has several limitations. First, we employed a retrospective approach and a small cohort,
which may have introduced bias in our results. More than half of the patients with previously treated
NSCLC had not undergone 18F-FDG-PET just before the initiation of anti-PD-1 antibody treatment.
Therefore, we think that the number of eligible patients was slightly limited. However, the current
study is meaningful for the prediction of anti-PD-1 therapy. Second, our study suggests that MTV could
be a predictive marker for ICI treatment compared to the morphological tumor volume. However, the
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appropriateness of morphological assessment used for calculating the optimal tumor volume of all
metastatic lesions using CT scan is debatable. Thus, it may be difficult to perform a concise comparison
between metabolic and morphological tumor volumes. Moreover, we had no information about the
calculation of MMVR in our study, thus, there were some limitations in discussing the prognostic
significance of metabolic tumor volume compared to MMVR. Lastly, an the immunohistochemical
analysis of PD-L1, expression within tumor cells using tumor specimens was not performed before
anti-PD1 antibody treatment. At our institution, re-biopsy was not done routinely before ICI treatment
except for the initial diagnosis. Further study is warranted to investigate the relationship between
MTV and the immune environment.

In conclusion, TLG and MTV on 18F-FDG uptake may predict the prognosis after anti-PD-1
antibodies in patients with previously treated NSCLC, but not SUVmax on 18F-FDG uptake. Although
MTV may indirectly reflect the presence of morphological tumor volume with active tumor cells, the
assessment of TLG and MTV on 18F-FDG uptake is easily executable in daily practice. A prospective
study is needed to confirm these results.
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Abstract: In cases of multiple lung cancers, individual tumors may represent either a primary lung
cancer or both primary and metastatic lung cancers. In this study, we investigated the differences
between clinical/histopathological and genomic diagnoses to determine whether they are primary
or metastatic. 37 patients with multiple lung cancers were enrolled in this study. Tumor cells were
selected from tissue samples using laser capture microdissection. DNA was extracted from those
cells and subjected to targeted deep sequencing. In multicentric primary lung cancers, the driver
mutation profile was mutually exclusive among the individual tumors, while it was consistent
between metastasized tumors and the primary lesion. In 11 patients (29.7%), discrepancies were
observed between genomic and clinical/histopathological diagnoses. For the lymph node metastatic
lesions, the mutation profile was consistent with only one of the two primary lesions. In three of five
cases with lymph node metastases, the lymph node metastatic route detected by genomic diagnosis
differed from the clinical and/or pathological diagnoses. In conclusion, in patients with multiple
primary lung cancers, cancer-specific mutations can serve as clonal markers, affording a more accurate
understanding of the pathology of multiple lung cancers and their lymphatic metastases and thus
improving both the treatment selection and outcome.

Keywords: lung cancer; multiple cancers; metastasis; sequencing; mutation; genomic diagnosis

1. Introduction

In patients with synchronous or metachronous multiple cancers, individual tumors may appear
as either a primary lung cancer or both primary and metastatic lung cancers. The selection of treatment
in such cases is dependent on the resulting characteristics. In patients with multiple lung cancers,
the nature of a tumor (i.e., whether it is metastatic or primary) can usually be judged on the basis of
diagnostic imaging findings, clinical course, and/or pathology. If individual tumors composing multiple
lung cancers are histologically inconsistent in terms of histological morphology and/or cellular atypism,
the multiple onset of primary cancers is highly likely. However, there are no specific radiological,
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clinical or histological features that can be utilized to unambiguously distinguish intrapulmonary
metastases from multiple primary cancers and the cut diagnosis can be perplexing in the clinical
setting. The differing biological activities of tumors allow for prognostic distinctions to be drawn
and patients with intrapulmonary metastasis are supposed to have a poorer prognosis. Therefore,
it is critically important to develop improved methods for the identification of tumors by exploring
new, practical techniques and markers. We have previously demonstrated that as a more precise and
clinically applicable method, a comparison of the driver mutation profiles enables elucidation of the
clonal origin of tumors and thus facilitates an accurate discrimination between primary and metastatic
tumors [1]. However, this finding was based on only 12 multiple lung cancer cases; hence, validation
through a study involving a larger number of such cases was needed. Moreover, the significance of
these findings in the clinical setting remained to be determined. In view of this, we extended the
case accrual period to 5 years and included 37 patients with multiple lung cancers in the present
study. In addition, we analyzed the clinical course in individual patients in detail to examine the use
of mutation data for the diagnosis of multiple lung cancers in clinical practice and to determine the
actual contribution of this approach to an improvement of clinical practice. Furthermore, we analyzed
gene mutations in primary lung cancers as well as metastatic lymph nodes and genetically examined
the pathology of the metastatic lymph nodes to accurately understand the pathology of lymphatic
metastasis and thus enhance the postoperative treatment outcome.

2. Methods

2.1. Patients and Sample Preparation

The study enrolled 37 patients who had undergone surgery for multiple lung cancers in our
department between January 2015 and July 2019. Written informed consent for genetic research
was obtained from all patients, which was performed in accordance with protocols approved by
the institutional review board in our hospital. Histological typing was performed according to the
World Health Organisation (WHO) classification (3rd edition) [2] and clinical staging was performed
according to the International Union Against Cancer Tumor-Node-Metastasis (TNM) classification
(8th edition) [3].

A serial section from formalin-fixed, paraffin-embedded (FFPE) tissue was stained with
hematoxylin-eosin and subsequently microdissected using an ArcturusXT laser capture microdissection
system (Thermo Fisher Scientific, Tokyo, Japan). DNA was extracted using the QIAamp DNA FFPE
Tissue Kit (Qiagen, Tokyo, Japan). FFPE DNA quality was verified using primers for the ribonuclease
P locus. Peripheral blood was drawn from each patient immediately before surgery. A buffy coat was
isolated by centrifugation and DNA was extracted from these cells using the QIAamp DNA Blood
Mini Kit (Qiagen).

2.2. Targeted Deep Sequencing and Data Analysis

A panel covering the exons of 53 lung cancer-related genes (see Supplementary Table S1) was
designed in-house to perform targeted sequencing. These genes were selected after a literature
search based on the following criteria: (a) genes involved in lung cancer according to The Cancer
Genome Atlas [4,5] and other, similar projects [6–10] or (b) genes frequently mutated in lung cancer
according to the Catalogue Of Somatic Mutations In Cancer (COSMIC) database [11]. Ion AmpliSeq
designer software (Thermo Fisher Scientific) was utilized for the primer composition, as previously
reported [1,12,13]. An Ion AmpliSeq Library kit (Thermo Fisher Scientific) was utilized for the
preparation of sequencing libraries. The library samples were bar-coded with an Ion Xpress Barcode
Adapters kit (Thermo Fisher Scientific), purified using Agencourt AMPure XP reagent (Beckman
Coulter, Tokyo, Japan) and subsequently quantified using an Ion Library Quantitation Kit (Thermo
Fisher Scientific). The libraries were templated with an Ion PI Template OT2 200 Kit v3 (Thermo
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Fisher Scientific). Sequencing was performed on Ion Proton (Ion Torrent) with an Ion PI Sequencing
200 Kit v3.

The sequence data were processed on standard Ion Torrent Suite Software. Raw signal data were
measured using the Torrent Suite version 4.0. The pipeline consisted of signaling processing, base
calling, quality score assignment, read alignment to the human genome 19 reference (hg19), mapping
quality control and coverage analysis. After the data analysis, the annotation of single-nucleotide
variants and indels (insertions and deletions) was performed on the Ion Reporter Server System
(Thermo Fisher Scientific). Blood cell DNA extracted from the peripheral blood was used as a normal
control to detect variants (Tumor-Normal pair analysis). Sequencing data were visually analyzed using
an Integrative Genomics Viewer.

3. Results

3.1. Patient Characteristics

The 37 patients recruited in this study (age range, 54–85 years; mean age, 70.5 ± 7.5 years) were
divided into different groups according to the following characteristics (Supplementary Table S2):
31 males, 6 females; 30 smokers, 7 non-smokers; and pathological stage IA (n = 10), IB (n = 15), IIA
(n = 2), IIB (n = 4), IIIA (n = 5) and IIIB (n = 1). The maximum tumor diameter ranged from 2 mm to
80 mm (mean tumor diameter, 24.5 ± 15.9 mm).

Twenty nine patients were diagnosed with double or triple primary lung cancers on the basis
of histopathological characteristics, including 15 patients with adenocarcinoma–adenocarcinoma,
3 patients with squamous cell carcinoma–squamous cell carcinoma, 5 patients with adenocarcinoma–
squamous cell carcinoma and 6 patients with other combinations. In terms of tumor development,
tumors developed synchronously and metachronously in 26 and 11 patients, respectively. In patients
with metachronous tumors, the tumors were designated as tumor 1 (T1), T2 and T3 in chronological
order from the earliest to the latest. In those with synchronous tumors, this designation was based on
the order of size from the largest to the smallest.

3.2. Targeted Sequencing Identified Somatic Mutations in the Lung Cancers

Targeted sequencing was performed on 76 surgically resected tumors and 8 lymph nodes obtained
from 37 patients, with their blood cell samples utilized as normal controls. The mean coverage depth
was 1411-fold for cancer samples (range, 106- to 5096-fold) and 1387-fold for blood cell samples (range,
76- to 6960-fold). Sequence analyses detected 314 somatic mutations with an allele fraction ≥1% from
84 cancer lesions (1–54 mutations per tumor) (Supplementary Table S3). Among these mutations,
137 mutations (44%) were present at an allele fraction ≥20% (Supplementary Table S3).

In 29 patients, the gene, amino-acid substitution and nucleotide changes that were caused by these
somatic mutations within individual tumors composing the multiple lung cancers lacked consistency
(Figure 1, Supplementary Table S3). Thus, there were no shared or overlapping mutations among the
individual lung cancers detected in these patients. This finding demonstrated that the multiple lung
cancers in these cases were independently developed primary lung cancers (Figure 1). Meanwhile,
in 8 patients, the gene mutation profile was consistent among the individual tumors, suggesting the
presence of intrapulmonary metastasis (Figure 2). Importantly, in these cases, nucleotide position and
mutation variance were entirely consistent across the tumors (Supplementary Table S3).
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Figure 1. Heatmap of gene mutations in patients with double or triple primary lung cancers. These
maps visualize the gene mutations in each cancer. Two or three lung cancers in each patient were
characterized by different mutation profiles and all patients were diagnosed with double or triple
primary lung cancers. Case 21, 22 and 28 were metachronous cancers, while the other cases in this
figure were synchronous cancers. The remaining 5 cases of double primary lung cancers (cases 12, 18,
24, 26 and 34 in Table 1 and Table S2) that are not shown in this figure are described in detail in the
Case presentation section. Black, red and blue indicate tumor 1 (T1), T2 and T3, respectively. r, right; S,
segment; AF, allele fraction; MIA, microinvasive adenocarcinoma; AIS, adenocarcinoma in situ.

 

Figure 2. Heatmap of gene mutations in patients with metastatic lung cancers. The mutation
profiles were consistent between the individual tumors in each case and the tumors were identified as
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intrapulmonary metastasis. Case 33 was synchronous cancers, while the other cases in this figure were
metachronous cancers. The remaining 2 cases of metastatic lung cancers (cases 10 and 30 in Table 1
and Table S2) that are not shown in this figure are described in detail in the Case presentation section.
r, right; S, segment; AF, allele fraction.

3.3. Case Presentations

Three Representative Cases are Described in Detail Below

Case A (Case 30 in Table 1 and Table S2)

A 74-year-old man had two tumors in the right upper lobe that were resected through right upper
lobectomy. Both tumors morphologically had an irregular surface; thus, they were diagnosed as primary
lung cancers (Figure 3A,B). Pathologically, the peripheral lesion was identified as an adenosquamous
carcinoma comprised of squamous cell carcinoma and acinar-predominant adenocarcinoma, whereas
the central lesion was identified as papillary-predominant adenocarcinoma (Figure 3C,D). On the basis
of the histopathological differences, the tumors were judged as double primary tumors. Pathologically,
the cancer stage was determined to be pT1cN2M0, stage IIIA. However, the genetic mutation profiles
were completely consistent between these two tumors, suggesting they are metastases (Figure 3E).
Moreover, their mutation profiles were also consistent with the mutation profile of the metastatic lymph
node. (Figure 3E). Based on the genetic diagnosis, the cancer stage was ultimately upgraded to T3N2M0,
stage IIIB. At the patient’s request, he was placed on follow-up without any postoperative adjuvant
chemotherapy. The patient has remained alive for 2 years postoperatively without any recurrence.

 

Figure 3. Radiological, histopathological and genomic findings in case A. (A,B) Right upper lobe
nodules: one tumor was located in the peripheral region, whereas the other was located in the central
region. (C) Histologically, the peripheral tumor (T1) was identified as an adenosquamous carcinoma.
(D) The central tumor (T2) was histologically identified as an adenocarcinoma. Each scale bar indicates
100 μm. (E) The heatmap revealed that the same mutation profiles were shared by the two tumors and
the lymph node metastasis. AF, allele fraction; LN, lymph node
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Case B (Case 10 in Table 1 and Table S2)

A 59-year-old woman presented with 0.7-cm nodules in the right lower lobe 1.5 years after
undergoing right upper lobectomy for cancer. The tumors were round and had a smooth surface.
Because of their morphology, they were suspected of being metastatic lesions. After 4 months of
follow-up, there was no increase in the number of lung lesions, suggesting solitary intrapulmonary
metastasis. Subsequently, wedge resection was performed. Although both tumors were pathologically
papillary-predominant adenocarcinoma (Figure 4C,D), a lepidic pattern was observed in the periphery
of the smaller nodule (Figure 4E), leading to a diagnosis of double primary lung cancers. However, the
genetic mutation profile was consistent between the two tumors, suggesting them to be metastases
(Figure 4F). The patient was positive for a mutation in the epidermal growth factor receptor (EGFR)
gene (exon 19 deletion); hence, oral administration of an EGFR-tyrosine kinase inhibitor (gefitinib) was
continued. The patient has remained alive without recurrence for 4 years after the second surgery.

 

Figure 4. Radiological, histopathological and genomic findings in case B. (A) Lung cancer in the right
upper lobe. (B) A small nodule in the right lower lobe. (C) Histology of the lung cancer in the right
upper lobe. (D,E) Histology of the nodule in the right lower lobe. A lepidic pattern was observed in
the periphery of the small nodule. Each scale bar indicates 100 μm. (F) Heatmap of the gene mutations
of the two lung tumors. The significant mutations identified in the right upper lobe tumor were
homologous with those detected in the right lower lobe tumor. RU, right upper lobe; RL, right lower
lobe; AF, allele fraction

Case C (Case 18 in Table 1 and Table S2)

A 74-year-old man presented with tumors measuring 4.0 cm and 1.8 cm in the left upper lobe,
so left upper lobectomy was performed (Figure 5A,B). As both tumors were closely located and
pathologically similar squamous cell carcinomas, they were assumed to be single origin pulmonary
metastases (Figure 5C,D). However, the mutation profile was completely different between the two
tumors genetically, suggesting double primary cancers (Figure 5E).
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Figure 5. Radiological, histopathological and genomic findings in case C. (A,B) Two tumors, a large
one (T1) and a small one (T2), were located in the left upper lobe in proximity to each other. (C,D) The
tumors exhibited a similar histology of squamous cell carcinoma. Each scale bar indicates 100 μm.
(E) Heatmap of the gene mutations of the two lung tumors. The mutation profiles of T1 and T2 were
completely different. (F,G) Postoperatively, tracheobronchial lymph node enlargement was observed
and the tumor was identified as a squamous cell carcinoma. Each scale bar indicates 100 μm. AF,
allele fraction.

3.4. Investigation of the Discrepancies between the Clinical and/or Histopathological Diagnoses
and Genetic Diagnosis

Table 1 shows the discrepancies between and among the clinical, pathological and genetic
diagnoses of the primary or metastatic lesions in all 37 patients. The clinical diagnoses were
comprehensively determined, mainly on the basis of imaging findings and clinical course by the cancer
board of the hospital (comprised of thoracic surgeons, pulmonologists, pathologists and radiologists).
The pathological diagnoses were determined on the basis of the postoperative pathological findings,
especially the differences in the tissue morphology and cellular atypia detected by pathologists.
The genetic diagnoses were determined on the basis of digital and statistical analyses of overlaps in the
mutation profiles of individual tumors. Discrepancies between the genetic diagnosis and clinical and/or
histopathological diagnoses were observed in 11 patients (29.7%). In the patients with synchronous
tumors, primary and metastatic tumors were eventually diagnosed on the basis of genetic diagnosis in
24 and 2 patients, respectively. In the 11 patients with metachronous tumors, primary and metastatic
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tumors were diagnosed in 5 and 6 patients, respectively, in the same manner. The distribution of
primary and metastatic tumors between synchronous and metachronous tumors was significantly
different; thus synchronous multiple lung tumors were deemed likely to be primary lesions.

Table 1. Mutation analysis of the multiple lung cancers.

Case
Occurrence of

Tumors
Interval between the
1st and 2nd Tumors

Clinical Dx
Pathological

Dx
Genomic Dx

1 Synchronous - Double Double Double
2 Synchronous - Double Double Double
3 Synchronous - Double Double Double
4 Synchronous - Metastasis Metastasis Double *
5 Synchronous - Double Double Double
6 Synchronous - Double Double Double
7 Synchronous - Double Double Double
8 Synchronous - Double Double Double
9 Synchronous - Double Double Double

10 Metachronous 14 months Metastasis Double Metastasis *
11 Synchronous - Double Double Double
12 Synchronous - Metastasis Double Double *
13 Synchronous - Double Double Double
14 Synchronous - Double Double Double
15 Metachronous 15 months Double Metastasis Metastasis *
16 Synchronous - Double Double Double
17 Synchronous - Double Double Double
18 Synchronous - Metastasis Metastasis Double *
19 Synchronous - Double Double Double
20 Synchronous - Double Double Double
21 Metachronous 17 months Double Double Double
22 Metachronous 28 months Double Double Double
23 Metachronous 23 months Double Metastasis Metastasis *
24 Metachronous 37 months Double Double Double
25 Metachronous 37 months Double Double Metastasis *
26 Synchronous - Double Double Double
27 Synchronous - Double Double Double
28 Metachronous 41 months Double Double Double
29 Synchronous - Double Double Double
30 Synchronous - Double Double Metastasis *
31 Synchronous - Double Double Double
32 Metachronous 16 months Double Metastasis Metastasis *
33 Synchronous - Double Metastasis Metastasis *
34 Metachronous 13 months Double Double Double
35 Synchronous - Double Double Double
36 Synchronous - triple triple triple
37 Metachronous 46 months Double Double Metastasis *

The cases in which the diagnoses were inconsistent in the clinicopathological and genetic examinations are indicated
by *.

3.5. Genetic Diagnosis of Lymph Node Metastasis in Patients with Multiple Lung Cancers

Lymph node metastasis was detected in five patients with double primary lung cancers (Table 2).
It occurred approximately at the time of surgery in three patients and was identified as postoperative
lymph node recurrence in two patients (Table 2). In some patients, the route of lymph node metastasis
was apparent from the timing of the metastasis as well as the location and pathological findings of the
metastatic lesions (cases 4 and 5 in Table 2). In contrast, it was difficult to identify the clonal origin
of lymph node metastasis on the basis of the clinical and pathological findings in the other patients,
especially in those in whom the primary lesions were both squamous cell carcinomas (cases 1–3 in
Table 2). However, even in these patients, a comparison of the mutation profiles of the primary and
lymph node metastatic lesions revealed the route of lymph node metastasis (Figure 6).

141



J. Clin. Med. 2020, 9, 573

 

Figure 6. Schema of lymphatic metastasis and mutation profiles in multiple lung cancers. On the basis
of the coincidence and differences in the mutation profiles, the clonality of each tumor and the pathway
of lymphatic progression are clearly elucidated in each case. The arrows indicate the lymphatic routes
of the cancer invasion. Tumor 1 is shown in black, tumor 2 in red and lymph node metastasis in blue.
#4, tracheobronchial lymph node; #7, subcarinal lymph node; #11, interlobar lymph node; and #12,
hilar lymph node. S, segment; LN, lymph node; AF, allele fraction
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3.6. Case Presentations

Three Representative Cases are Described in Detail Below

Case D (Case I in Table 2 and Figure 6)

A 74-year-old man, described as case C in the previous section, presented with paratracheal and
mediastinal lymph node metastases 1 year after left upper lobectomy (Figure 5F). Although it was not
possible to pathologically identify the metastasizing primary lesion (Figure 5G), the mutation profile
of the metastatic lymph node was genetically consistent with that of the larger cancer. The genetic
diagnosis was lymph node metastasis of the larger cancer (Figure 6).

Case E (Case II in Table 2 and Figure 6)

A 77-year-old man with lung cancer underwent left lower lobectomy (Figure 7A). One year later,
a nodule appeared in the middle lobe (Figure 7B). Middle lobectomy was performed based on the
assumption that the lesion was a double primary tumor. However, after 1 year, subcarinal lymph
node metastasis occurred (Figure 7C). Pathologically, all three lesions were of squamous cell carcinoma
type and it was impossible to determine which primary lesion had metastasized (Figure 7D–F). Given
the tumor size, the tumor in the left lobe was clinically more likely to have metastasized. However,
mutation analysis revealed that the two lung lesions had different mutation profiles; therefore, they
were diagnosed as double primary lung cancers. Furthermore, the mutation profiles were consistent
between the middle lobe lung cancer and the metastatic lymph node. Thus, lymph node metastasis
of the middle lobe lung cancer was determined (Figure 6). Programmed death-ligand 1 (PD-L1)
staining of tumor cells was 0% and 90% in the left lower lobe and middle lobe tumors, respectively.
Treatment with an anti-PD-1 antibody (nivolumab) was administered and a complete response has
been maintained for 1 year since the recurrence in the lymph node.

Case F (Case III in Table 2 and Figure 6)

A 72-year-old man presented with two tumors in the right lower lobe. Imaging findings suggested
double primary lung cancers and right lower lobectomy was performed (Figure 7G,H). Postoperative
pathological examination revealed metastases in the interlobar and subcarinal lymph nodes. All four
lesions, including the double primary lesions and two metastatic lymph nodes, were pathologically
similar squamous cell carcinomas. Therefore, it was impossible to determine which primary lesion
had metastasized to the lymph nodes (Figure 7I–L). Clinically, the larger segment 9 tumor was likely
to have metastasized to the two lymph nodes. However, both segment 6 and 9 tumors, which had
different mutation profiles, were genetically identified as double primary lung cancers. In addition,
it was found that the larger segment 9 tumor had metastasized to the interlobar lymph node, whereas
the smaller segment 6 tumor had metastasized to the subcarinal lymph node (Figure 6). PD-L1 staining
of tumor cells was 0% and 70% in the segment 9 and segment 6 tumors, respectively. Despite the
administration of an anti-PD-1 antibody (nivolumab), the patient did not respond to the treatment and
died of progression of the cancer at 17 months postoperatively.
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Figure 7. Radiological and histopathological findings in cases E and F. (A–F) Findings in case E.
(A) Primary lesion in the left lower lobe. (B) Primary lesion in the middle lobe. (C) Subcarinal lymph
node metastasis. (D–F) The three lesions displayed a similar histology of squamous cell carcinoma.
(G–L) Findings in case F. (G) Primary lesion in right segment 6. (H) Primary lesion in right segment
9. (I) Histology of the primary lesion in segment 6. (J) Histology of the primary lesion in segment 9.
(K) Histology of the subcarinal lymph node. (L) Histology of the interlobar lymph node. Histologically,
the four lesions displayed a similar histology of squamous cell carcinoma. Each scale bar indicates
100 μm.

4. Discussion

In cases of multiple lung cancers, clinical differentiation between primary and metastatic tumors
can be difficult, rendering treatment selection challenging. Furthermore, in patients with multiple
lung cancers metastasized to the lymph nodes or distal sites, the focus of treatment varies depending
on the cancer that has metastasized. Thus, determining the origin of the metastasizing cancer is
clinically important. Therefore, we performed lung cancer mutation analysis through targeted deep
sequencing and demonstrated that mutations of individual lung cancers are able to provide clonal
markers, enabling discrimination of the clonal origin of multiple lung cancers and their metastases.

The consistency of mutations across multiple sites, with complete concordance in the position
and patterns of base-pair substitutions or indels, cannot be a coincidental phenomenon. Although
discordance between two tumors was noted in mutations with an allele fraction <20%, this can
be interpreted as tumor heterogeneity [14]. In general, cancers comprise populations of cells with
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various molecular and phenotypic features, a phenomenon termed intratumor heterogeneity [14,15].
This may bolster tumor adaptation, cancer progression and metastasis, and/or therapeutic failure
through negative selection [14,16]. Conversely, a driver mutation triggers clonal expansion and is
retained ubiquitously within the tumors of the same clone [16,17]. These theories can be interpreted
as the “trunk and branch” mutation models; early somatic events that drive tumor progress in early
clonal founders are represented by the “trunk” of the tumor [18,19]. Such trunk somatic mutations
to be found at the early stages of tumor development are ubiquitous events occurring at all sites of
disease. Meanwhile, later somatic events that occur in the wake of branched separation of subclones
represent heterogeneity. Such subclonal heterogeneity may be spatially divided among regions of the
same tumor or its metastatic sites [18–20]. In this context, clonally dominant mutations are important
clonal markers. Primary and metastatic tumors can be differentiated by determining whether such
ubiquitous driver mutations are consistent.

It is relatively straightforward to diagnose multicentric primary lung cancers of different
histological type. However, it is often difficult to differentiate between multiple primary lung cancers
and intrapulmonary metastases having the same histological type. In particular, in cases of multiple
tumors classified as squamous cell carcinoma (such as cases C–F), differentiation based on pathological
features alone is extremely difficult. Even when the morphological and immunohistological features
are non-homogeneous among different parts of the tumors (e.g., cases A and B), the driver mutation is
ubiquitously retained within the tumors of the same clone [16,17]. Therefore, distinction of clonality
on the basis of mutation analysis is more specific and definitive than histological examination.

Detterbeck et al. reviewed the clinical and pathological criteria to distinguish second primary
tumors from metastatic tumors [21]. They reported that it is impracticable to define criteria that
conclusively establish the identical nature of tumors; merely finding observable similarities between
tumors is insufficient. Using the method described, comprehensive mutation analysis is initially
performed to identify the driver mutations in each cancer, which are subsequently compared to
define their clonal origin. These criteria are definitive and reliable. Moreover, the decision criteria
are generally clear and intuitive. In fact, this method yielded clear genetic diagnosis in all patients.
In other words, no equivocal or ambiguous diagnosis was obtained in any of the cases. In our previous
study, we had demonstrated that this method allows bronchoscopic biopsy samples and other small
samples to be used for discrimination between primary and metastatic tumors [1]. Thus, our method
may enable both flexible and rational decision-making based on accurate diagnosis. For example,
a preoperative diagnosis of metastatic tumors may make it possible to avoid surgery, whereas a
preoperative diagnosis of primary tumors would lead to surgical treatment. This novel approach may
help resolve the dilemma of misdiagnosis in the clinical setting. Thus, we anticipate that it will come
to be utilized as a standard diagnostic approach in daily clinical practice in the near future.

When selecting treatment methods for multiple lung cancers, it is necessary to consider the cancer
type will markedly affect the prognosis. In cases D–F that have lymph node metastasis, a factor
responsible for progression to an advanced stage was identified in the two tumors. Furthermore,
the tumors exhibit different mutation profiles and PD-L1 staining properties. Therefore, the lesions
targeted for treatment and the options selected for subsequent treatment (e.g., molecular-targeted drugs
and immune checkpoint inhibitors) vary depending on the type of tumor that has metastasized
to the lymph nodes. This suggests that accurate understanding of the pathology gained by
performing a genetic diagnosis can exert a powerful effect on the clinical outcome. Although
the use of immunotherapy has revolutionized the treatment of non-small-cell lung cancer, patterns
of immunostaining with PD-L1, a biomarker for treatment response, may vary in tumor cells across
individual primary tumors (e.g., (,) cases E and F) [22]. At present, molecularly targeted therapies
are also rapidly evolving. The development of novel molecularly targeted therapies would enable
the treatment to be specifically tailored to the features of mutations detected in individual cancers.
Thus, in patients with multiple lung cancers, performing a mutation analysis helps select the medical
treatment most likely to be effective.
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5. Conclusions

In cases of multiple lung cancers, identifying the differences in the mutation profiles of multiple
tumors will help determine their clonal origin and enable a distinction to be drawn between primary and
metastatic tumors with great specificity, even in cases in which pathological distinction is impossible
or equivocal. In addition, performing genetic diagnosis in addition to pathological diagnosis can help
obtain a more accurate understanding of the pathology of multiple lung cancers and the lymphatic
metastases. This approach may lead to the provision of treatment specifically tailored to the features of
individual cases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/2/573/s1,
Table S1: The genes targeted in the cancer panel, Table S2: Patient characteristics, Table S3: Mutation data in each
cancer sample.
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Abstract: Glucose metabolism is necessary for tumor progression, metastasis, and survival in
various human cancers. Glucose transporter 1 (GLUT1), in particular, plays an important role
in the mechanism of 18F-FDG (2-[18F]-fluoro-2-deoxy-d-glucose) within tumor cells. However,
little is known about the clinicopathological significance of GLUT1 in patients with pulmonary
pleomorphic carcinoma (PPC). Adenocarcinoma, squamous cell carcinoma, adenosquamous cell
carcinoma, poorly differentiated carcinoma, large cell carcinoma, and others were identified as
epithelial components, and spindle-cell type, giant-cell type, and both spindle- and giant-cell types
were identified as sarcomatous components. This study was performed to determine the prognostic
impact of GLUT1 expression in PPC. Patients with surgically resected PPC (n = 104) were evaluated by
immunohistochemistry analysis to detect GLUT1 expression and determine the Ki-67 labeling index
using specimens of the resected tumors. GLUT1 was highly expressed in 48% (50/104) of all patients,
42% (20/48) of the patients with an adenocarcinoma component, and 53% (30/56) of the patients with
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a nonadenocarcinoma component. High expression of GLUT1 was significantly associated with
advanced stage, vascular invasion, pleural invasion, and tumor cell proliferation as determined by
Ki-67 labeling. GLUT1 expression and tumor cell proliferation were significantly correlated according
to the Ki-67 labeling in all patients (Spearman’s rank; r = 0.25, p < 0.01). In multivariate analysis,
GLUT1 was identified as a significant independent marker for predicting a poor prognosis. GLUT1
is an independent prognostic factor for predicting the poor prognosis of patients with surgically
resected PPC.

Keywords: pulmonary pleomorphic carcinoma; prognostic factor; glucose transporter 1

1. Introduction

Pulmonary pleomorphic carcinoma (PPC) is a rare disease with an incidence of 0.1%–0.4% among
all lung cancers and shows a poor prognosis because of its resistance to systemic chemotherapy [1].
PPC includes carcinomatous and sarcomatoid components and is classified as a subtype of sarcomatoid
carcinoma of the lung by the World Health Organization histologic classification of lung neoplasms [2,3].
Because of its rarity and low treatment efficacy, most patients with PPC exhibit recurrence even after
complete surgical resection; moreover, there are no standard treatments for patients with advanced
and inoperable PPC. The development of appropriate treatments and identification of predictive
biomarkers are critical for improving the prognosis of patients with complex histologies, such as PPC.

Glucose metabolism is associated with tumor progression and metastases, and is used in molecular
imaging, such as 2-[18F]-fluoro-2-deoxy-d-glucose (18F-FDG) positron emission tomography (PET),
to detect cancers [4]. Although there are several types of glucose transporters (GLUTs), glucose
transporter 1 (GLUT1) and GLUT3 are strongly expressed on the membrane of tumor cells, and a
meta-analysis demonstrated GLUT1 to be a prognostic marker for predicting worse outcomes in
patients with lung cancer [4]. 18F-FDG accumulates in tumor cells via GLUT1, a process closely
associated with poor prognosis and tumor progression in patients with lung cancer [5]. We previously
showed that 18F-FDG uptake in PPC is closely related to the presence of GLUT1 and angiogenesis,
and that the accumulation of 18F-FDG and the expression level of GLUT1 were significantly higher
in patients with PPC than those with other nonsmall cell lung cancer (NSCLC) [6]. This indicates
that tumor glucose metabolism involving GLUT1 plays a crucial role in the carcinogenesis of PPC.
18F-FDG-PET can be used to detect primary and metastatic lesions for disease staging in patients with
PPC. From a pathological perspective, studies are needed to determine how the expression of GLUT1 in
cancer-specific glucose metabolism reflects the survival and metastasis of patients with PPC. However,
little is known about the clinicopathological relevance of GLUT1 expression in patients with PPC.

In this clinicopathological study, we examined the prognostic role of GLUT1 expression in patients
with surgically resected PPC.

2. Experimental Section

2.1. Patients

Between August 2001 and October 2015, 104 patients with histologically confirmed PPC who
underwent surgical resection at multiple institutions were enrolled in this study. Pleomorphic
carcinoma was diagnosed according to the 2015 World Health Organization Classification of Tumours [2].
Diagnoses were confirmed by light microscopy and immunohistochemistry. PPC was defined as NSCLC
containing at least 10% sarcomatoid components. This study included 104 surgically resected primary
tumors in accordance with institutional guidelines and the Declaration of Helsinki. The institutional
review boards of all participating institutions approved this study. Mortality and recurrence were
determined using medical records. The tumor samples were collected in our previous study [7–9].
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2.2. Immunohistochemical Staining

GLUT1 expression was assessed by immunohistochemical staining using a rabbit anti-GLUT1
polyclonal antibody (Abcam, Cambridge, UK; 1:200 dilution). The reaction was visualized using the
Histofine Simple Stain MAX-PO (Multi) Kit (Nichirei, Tokyo, Japan), according to the manufacturer’s
instructions. The detailed protocol for immunostaining has been published elsewhere [4]. Negative
controls were incubated without primary antibody, and no staining was observed. GLUT1 expression
was considered positive only if distinct cytoplasmic and plasma membrane staining was present.
GLUT1 expression was scored as follows: 1, ≤10% of tumor area stained; 2, 11%–25% stained; 3,
26%–50% stained; 4, 51%–75% stained; and 5, ≥76% stained. Tumors in which the stained tumor cells
were scored ≥4 were considered as “high-expression” tumors.

Immunohistochemical staining for Ki-67 was performed as described previously [4] using a
murine monoclonal antibody against Ki-67 (Dako, Glostrup, Denmark; 1:40 dilution). Highly cellular
areas of the immunostained sections were assessed for Ki-67. All epithelial cells with nuclear staining
of any intensity were defined as high-expression epithelial cells. Approximately 1000 nuclei were
counted on each slide. Proliferative activity was assessed as the percentage of Ki-67-stained nuclei
(Ki-67 labeling index) in the sample. The median Ki-67 labeling index value was evaluated, and tumor
cells with greater than median Ki-67 labeling index value were defined as high-expression tumor
cells. All sections were assessed by light microscopy in a blinded manner by at least two investigators.
In case of discrepancies, both investigators evaluated the slides simultaneously until reaching a final
consensus. Neither of the investigators had knowledge of the patient outcomes.

2.3. Statistical Analysis

Statistical analyses were performed using Student’s t- and χ2-tests for continuous and categorical
variables, respectively. Correlations were analyzed using nonparametric Spearman’s rank tests.
The Kaplan–Meier method was used to estimate survival as a function of time, and survival differences
were analyzed by log-rank tests. Overall survival (OS) was defined as the time from tumor resection to
death from any cause. Disease-free survival (DFS) was defined as the time between tumor resection and
the first episode of disease progression or death. Univariate and multivariate survival analyses were
performed using Cox proportional hazards models and a logistic regression model for radical surgery.
p < 0.05 was considered to indicate statistical significance. All statistical analyses were performed
using GraphPad Prism version 7 (GraphPad Software, San Diego, CA, USA) and JMP Pro version 14.0
(SAS Institute, Inc., Cary, NC, USA).

3. Results

3.1. Patient Demographics and Immunohistochemistry

GLUT1 expression was assessed in 104 patients (79 males, 25 females; median age 69 years,
range 35–88 years) and correlated with patient’s clinical information. All patients were diagnosed
using resected primary tumors. Histologic analysis revealed that 29 patients with PPC harbored a
combination of carcinomatous and sarcomatous components. In the remaining 75 primary tumors,
carcinomatous components were identified in 48 patients with adenocarcinoma, 13 with squamous cell
carcinoma, 8 with adenosquamous cell carcinoma, 2 with poorly differentiated carcinoma, and 4 with Pe.
Of the sarcomatous components, 69 patients exhibited spindle-cell type, 10 giant-cell type, and 25 both
spindle- and giant-cell types. Each percentage of epithelial and sarcomatous components is shown
in Supplementary Figure S1. The day of surgery was considered the starting day for measuring
postoperative survival. The median follow-up period was 476 days (range, 30–4519 days).

Patient demographics data according to GLUT1 expression are listed in Table 1. Immunohistochemical
analyses were performed for 104 primary sites with PPC. GLUT1 was stained on the cell membranes of
tumor specimens, and there was no evidence of normal tissue without red blood cells. Figure 1 shows
the representative images of GLUT1 expression in patients with PPC. Figure 2 shows the distribution of
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GLUT1 expression according to a scoring system. The frequencies of scores 1, 2, 3 4, and 5 for GLUT1
were 11%, 3%, 25%, 32%, and 19%, respectively. The percentage of samples showing high GLUT1
expression was 48% (50/104). High expression of GLUT1 was found to be significantly associated
with advanced stage, vascular invasion, pleural invasion, and tumor cell proliferation, as determined
by the Ki-67 index. There was a significant correlation between GLUT1 expression and tumor cell
proliferation according to the Ki-67 labeling index in all patients (Spearman’s rank; r = 0.25, p < 0.01).

Table 1. Patient demographics according to GLUT1 expression.

Variables
GLUT1 Expression in All Patients

Total (n = 104) High (n = 50) Low (n = 54) p-Value

Age

<69 years/≥69 years 54/50 30/20 24/30 0.12

Gender

Male/Female 79/25 35/15 44/10 0.25

Smoking

Yes/No 84/20 40/10 44/10 >0.99

T factor

T1-2/T3-4 65/39 25/25 40/14 0.11

N factor

Absent/Present 72/32 33/17 39/15 0.53

Stage

I-II/III-IV 69/35 28/22 41/13 0.03*

Lymphatic permeation

Absent/Present 41/63 17/33 24/30 0.31

Vascular invasion

Absent/Present 31/73 9/41 22/32 0.02*

Pleural invasion

Absent/Present 48/56 17/33 31/13 <0.01*

Adjuvant chemotherapy

Absent/Present 77/27 35/15 42/12 0.38

Ki-67 labeling index

High/Low 50/54 31/19 19/35 <0.01*

* <0.05

* p < 0.05 was considered statistically significant. t-test score was for continuous variables, and χ2 test for
categorical variables.
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Figure 1. An 88-year-old male with PPC including a component of squamous cell carcinoma (A) GLUT1
was stained on the membrane of tumor cells, showing a score of 4. A 78-year-old female with PPC
including components of squamous cell carcinoma and spindle cells: GLUT1 was stained throughout
the squamous cell carcinomas (B) and partial lesions of spindle cells (C). A 77-year-old male with
PPC including components of adenosquamous cell carcinoma and giant cells: GLUT1 was stained
throughout the epithelial cells (D) and sarcomatous cells (E).

Figure 2. Distribution of GLUT1 expression according to scoring system. The frequencies of scores 1, 2,
3 4, and 5 for GLUT1 were 11%, 3%, 25%, 32%, and 19%, respectively.

Next, epithelial histological types such as adenocarcinoma (AC) and non-AC were assessed.
No significant difference in the frequency of high GLUT1 expression was observed between patients
with AC (20/48) and non-AC (30/56) (p = 0.24).
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3.2. Univariate and Multivariate Survival Analysis

The median DFS and OS of all patients were 449 and 991 days, respectively. In the analysis
according to the epithelial histology, the median DFS and OS of patients with AC and non-AC
components were 522 and 1038 days and 336 and 507 days, respectively. In total, 60 patients died,
and recurrence after initial surgery was observed in 59 patients. The above survival information has been
previously described [7–9]. The results of the survival analysis are listed in Table 2. The Kaplan-Meier
survival curve of all patients with high or low GLUT1 expression is shown in Figure 3. According to the
univariate analysis, disease stage and GLUT1 were identified as significant factors for predicting worse
OS after surgery and disease stage; pleural invasion and GLUT1 displayed a close association with
poor DFS. The different variables with a cut-off of p < 0.05 were screened based on the results of the
univariate log-rank test. In all patients, the disease stage and GLUT1 were confirmed as independent
prognostic factors related to worse OS and DFS by multivariate analysis. Next, we analyzed the
prognostic significance of GLUT1 expression according to the epithelial histological types of PPC (AC
and non-AC component). Figure 3 shows the Kaplan-Meier survival curve of patients with AC and
non-AC components. In univariate analysis, patients with a non-AC component with high GLUT1
expression showed a significantly worse OS and DFS than low GLUT1 expression compared to those
with an AC component.

Table 2. Univariate and multivariate survival analysis in all patients.

Variables

Overall survival (OS) in Total Patients

Univariate Analysis Multivariate Analysis

1-Year Rate (%) p-Value HR 95% CI p-Value

Age (<69/≥69) 48/73 0.41

Gender (female/male) 60/58 0.66

p-stage (I-II/III-IV) 75/29 <0.01* 1.53 1.21–2.12 <0.01*

Ly (present/absent) 52/71 0.21

v (present/absent) 59/61 0.23

Pl (present/absent) 53/66 0.07

Adjuvant CTx (present/absent) 66/57 0.18

GLUT1 expression (high/low) 43/75 <0.01* 1.72 1.29–2.34 <0.01*

Ki-67 labeling index (high/low) 60/61 0.77

Disease-Free Survival (DFS) in Total Patients

Age (<69/≥69) 41/69 0.12

Gender (female/male) 58/46 0.17

p-stage (I-II/III-IV) 67/31 <0.01* 1.58 1.19–2.09 <0.01*

ly (present/absent) 47/68 0.04

v (present/absent) 56/62 0.08

pl (present/absent) 43/71 <0.01* 1.15 0.57–1.02 0.07

Adjuvant CTx (present/absent) 57/52 0.97

GLUT1 expression (high/low) 36/72 <0.01* 1.44 1.08–1.95 0.01*

Ki-67 labeling index (high/low) 51/59 0.64

CI = confidence interval; *p < 0.05 is considered statistically significant, calculated with continuous variable; ly,
lymphatic permeation; v, vascular invasion; pl, pleural invasion; GLUT1, glucose transporter 1; and HR, hazard ratio.
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Figure 3. Kaplan-Meier survival curves for all patients (A,B), those with adenocarcinoma (C,D),
and those with nonadenocarcinoma (E,F). Patients with high GLUT1 expression exhibited a significantly
worse OS (A) and DFS (B) than those with low GLUT1 expression. No significant difference in the
OS (C) and DFS (D) was observed between patients with adenocarcinoma with high and low GLUT1
expression, whereas the OS (E) and DFS (F) in patients with nonadenocarcinoma were significantly
lower in those with high GLUT1 expression than in those low GLUT1 expression.
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Figure 4 shows the forest plot of the one-year OS and DFS rates according to GLUT1 expression
for each variable. Patients with high GLUT1 expression exhibited a worse OS and DFS than those with
low GLUT1 expression for different variables except for stages III and IV.

 

A 

 

B 

Figure 4. (A) Forest plot of one-year OS rate according to GLUT1 expression for each variable. (B) Forest
plot of one-year DFS rate according to GLUT1 expression for each variable.

4. Discussion

We examined the prognostic significance of GLUT1 expression in patients with surgically resected
PPC. We found that overexpression of GLUT1 is an independent factor for predicting poor outcomes
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and is useful as a prognostic marker in patients with a non-AC component. In the patients with
non-AC, OS and DFS showed the highest difference between low-GLUT1 and high-GLUT1 compared
with all patients and subgroup patients with AC component. The value of GLUT1 as a prognostic
marker differed according to the epithelial histology of PPC.

A previous meta-analysis of 1423 patients with lung cancer revealed a relationship between GLUT1
expression and clinicopathological parameters [5]. This study described that positive expression of
GLUT1 was significantly associated with squamous cell carcinoma, poorly differentiated tumors, lymph
node metastases, large tumor size, and advanced tumor stage. In the present study, no significant
difference in the frequency of high GLUT1 expression was observed between patients with non-AC
and AC components. In our analysis according to epithelial histology, however, high expression
of GLUT1 was identified as a significant factor for predicting worse outcomes in patients with a
non-AC component compared to those with an AC component. A previous study reported that
the accumulation of FDG was closely linked to poor prognosis in patients with AC, indicating the
prognostic role of glucose metabolism as a significant prognostic predictor [10]. Although the limited
sample size may have biased our results, our study suggests that the role of GLUT1 as a prognostic
predictor in the histology of the AC component differs between patients with PPC and NSCLC. Here,
we demonstrated that high expression of GLUT1 was strongly correlated with advanced stage, vascular
invasion, pleural invasion, and tumor cell proliferation. These findings correspond to those of a study
on NSCLC [5].

Recently, we reported the prognostic significance of amino acid transporter 1 (LAT1) expression
in patients with surgically resected NSCLC [7]. LAT1 was highly expressed in patients with PPC,
and there was a close relationship between high LAT1 expression and a worse prognosis. In the
analysis according to histological type, the expression of LAT1 was significantly lower in patients with
an AC component than in those without an AC component; however, the role of LAT1 as a predictive
marker related to poor prognosis did not differ between patients with AC and non-AC. This contradicts
the findings of the current study.

There were several limitations to our study. First, the sample size was small because PPC is a
rare entity, which may have biased the results. However, compared to previous studies, this was a
large-scale investigation using tumor samples collected from multiple institutions. As it is difficult
to definitively diagnose PPC using biopsy samples, we collected tumor samples from patients with
surgically resected PPC. Second, the expression of GLUT1 has been shown to be closely associated
with tumor progression, metastases, and survival of PPC; however, it remains unknown whether
GLUT1 expression is correlated with the uptake of 18F-FDG within PPC tumor cells. Although a
previous exploratory study indicated a close relationship between GLUT1 expression and 18F-FDG
accumulation in patients with PPC, it is necessary to validate this correlation using different cohorts
with more than 100 tumor samples. Finally, GLUT1 is found to be a targeting molecule for PPC;
however, inhibition of glucose metabolism may be harmful to normal cells rather than cancer cells.
Therefore, it may be difficult to administer inhibitors of GLUT1 as a treatment for PPC with a non-AC
component in clinical practice. Further studies are needed to develop a selective inhibitor of GLUT1 to
diminish the tumor growth and metastases of PPC.

5. Conclusions

GLUT1 is an independent predictor of poor prognosis in patients with surgically resected PPC,
particularly in those with an AC component. Although GLUT1 is widely expressed in human cancers,
tumor glucose metabolism was identified as an essential factor related to tumor cell proliferation,
survival, and pathogenesis. Additional studies are needed to determine the therapeutic potential of
GLUT1 inhibitors in patients with advanced PPC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/2/413/s1,
Figure S1. Each percentage of epithelial and sarcomatous components.
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Abstract: Little is known regarding the effectiveness and tolerability of immune checkpoint inhibitor
(ICI) rechallenge after disease progression following initial ICI treatments. To identify eligible
patients for ICI rechallenge, we retrospectively analyzed the relationship between clinical profiles
and the effect of ICI rechallenge in patients with non-small cell lung cancer (NSCLC). We enrolled
35 NSCLC patients at six different institutions who were retreated with ICIs after discontinued initial
ICI treatments due to disease progression. Cox proportional hazards models were used to assess the
impact of clinical profiles on overall survival (OS) and progression-free survival (PFS). Median PFS
and OS were 81 d (95% confidence interval, CI, 41–112 d) and 225 d (95% CI 106–361 d), respectively.
The objective response rate was 2.9%, and the disease control rate was 42.9%. Multivariate analysis
demonstrated that Eastern Cooperative Oncology Group Performance Score (ECOG-PS) ≥ 2 (hazard
ratio, HR, 2.38; 95% CI 1.03–5.52; p = 0.043) and body mass index (BMI) > 20 (HR 0.43, 95% CI
0.19–0.95, p = 0.036) were significantly associated with PFS of ICI rechallenge. Our observations
suggest that poor ECOG-PS and low BMI at intervention with ICI rechallenge may be negative
predictors for ICI rechallenge treatment in patients with NSCLC.

Keywords: immunotherapy; rechallenge; non-small cell lung cancer; retrospective analysis

1. Introduction

Lung cancer is the leading cause of cancer death worldwide [1]. Current clinical studies have
shown that some types of molecularly targeted therapies are able to successfully treat a subset of
patients with advanced non-small cell lung cancer (NSCLC). In addition, cancer immunotherapies, such
as programmed cell death protein 1 (PD-1)/programmed death ligand 1 (PD-L1) checkpoint inhibitors,
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are being developed as promising alternative strategies for treating patients with advanced NSCLC.
Of the current immune checkpoint inhibitors (ICIs), nivolumab, pembrolizumab, atezolizumab, and
durvalumab have been approved in the United States, Japan, and other countries for the treatment of
patients with NSCLC based on phase III clinical trials [2–6]. However, the majority of patients with
NSCLC ultimately acquire resistance to ICI treatments. After acquiring resistance to several therapeutic
regimens, ICI rechallenge is considered to be one of the therapeutic options for patients with recurrent
NSCLC. Unfortunately, ICI rechallenge treatment has been clinically effective in only a small number of
NSCLC patients. Therefore, it is warranted to identify predictive clinical markers for the effectiveness
of ICI rechallenge. Previous retrospective studies regarding ICI rechallenge have analyzed only limited
numbers of NSCLC patients [7,8]. Hence, little is currently known regarding the effectiveness and
tolerability of ICI rechallenge after disease progression following initial ICI treatments. In an effort to
identify the patients eligible for ICI rechallenge treatment, we retrospectively analyzed the relationship
between the clinical profiles and the effect of ICI rechallenge in patients with NSCLC.

2. Experimental Section

2.1. Patients

We enrolled 35 patients with NSCLC who were retreated with ICIs after their initial ICI treatments
were discontinued due to disease progression. The patients were treated between April 2017 and
November 2018 at one of six different institutions, which included University Hospital Kyoto Prefectural
University of Medicine (Kyoto, Japan), Japanese Red Cross Kyoto Daiichi Hospital (Kyoto, Japan),
Japanese Red Cross Kyoto Daini Hospital (Kyoto, Japan), Uji-Tokushukai Medical Center (Kyoto, Japan),
Matsushita Memorial Hospital (Osaka, Japan), and Otsu City Hospital (Shiga, Japan). Patient clinical
data were retrospectively obtained from their medical records, including age, sex, height, weight, body
mass index (BMI) at the start of ICI rechallenge, histological subtype, PD-L1 expression level in tumors,
epidermal growth factor receptor (EGFR) mutation status, disease staging, metastatic site, corticosteroid
administration, Eastern Cooperative Oncology Group Performance Status (ECOG-PS), smoking status,
laboratory findings at the time of ICI rechallenge, and overall survival (OS), progression-free survival
(PFS), response rate, and disease control rate for the patients receiving ICI treatment based on the
Response Evaluation Criteria in Solid Tumors (RECIST; version 1.1). The study protocol was approved
by the ethics committee of each hospital. Tumor–node–metastasis (TNM) stage was classified using
the TNM stage classification system, version 8. Six received 2.5 mg to 10 mg p.o. of corticosteroids
administration due to improvement in the cachexia. We have added this information in the materials
and methods section. This study is an exploratory trial.

2.2. Tumor PD-L1 Analysis

PD-L1 expression was analyzed by SRL, Inc. using a PD-L1 IHC 22C3 pharmDx assay (Agilent
Technologies, Santa Clara, CA, USA). The PD-L1 tumor proportion score (TPS) was calculated as a
percentage of at least 100 viable tumor cells with complete or partial membrane staining. Pathologists
at SRL, Inc. interpreted the TPS results.

2.3. Statistical Analysis

Statistical analyses were performed using EZR statistical software, version 1.30 [9]. All statistical
tests were two-sided, and p-values< 0.05 were regarded as statistically significant. The cutoff values
for body mass index (BMI), albumin, lactate dehydrogenase (LDH), neutrophil to lymphocyte ratio
(NLR), lymphocyte to monocyte ratio (LMR), platelet to lymphocyte ratio (PLR), and C-reactive protein
(CRP) following prior therapy were determined according to previous reports [10–15]. The PFS and OS
were calculated using the Kaplan–Meier method, and differences were compared using the log-rank
test. The hazard ratios (HRs) and their 95% confidence intervals (CIs) were estimated using the Cox
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proportional hazards model in univariate analyses. The Cox proportional hazards model was also
used for the multivariate analyses.

3. Results

3.1. Patient Characteristics

A total of 35 NSCLC patients treated with ICI rechallenge between April 2017 and November 2018
at six different institutions in Japan were enrolled. The median age was 70 years (range: 40–83 years),
24 patients (68.6%) were male, and 27 (77.1%) patients had a history of smoking. The histological
subtypes were (23, i.e., 65.7%) adenocarcinoma and (10, i.e., 28.6%) squamous cell carcinoma. Metastatic
disease was detected in the liver of five patients (14.3%) and in the brain of seven patients (20%).
Of the patients, 10 (28.6%) had stage III disease, 19 (54.3%) had stage IV disease, and six (17.1%) had
postoperative recurrence at the time of intervention with the initial ICI treatment. An EGFR mutation
was detected in four patients (11.4%). There were no ALK-positive patients. ECOG-PS was 0–1 for
23 patients (65.7%) and 2–4 for 12 patients (34.3%). The PD-L1 TPS was ≥50% for 14 patients (50%),
1–49% for eight patients (7%), <0% for seven patients (29%), and not evaluated for six patients (17.1%).
The BMI was ≥25 for 3 patients (8.6%), 20–25% for 16 patients (45.7%), and <20 for 16 patients (45.7%).
Table 1 shows the baseline characteristics of patients.

Table 1. Patient characteristics at immune checkpoint inhibitor (ICI) rechallenge treatment.

Items Group n (%)

Age Median (range) 70 (48–83)

Gender
Male 24 (68.6)

Female 11 (31.4)

Eastern Cooperative Oncology Group
Performance Score (ECOG-PS)

0–1 23 (65.7)
2–4 12 (34.3)

Histology
Adenocarcinoma 23 (65.7)

Squamous cell carcinoma 10 (28.6)
Other 2 (5.7)

Smoking Status Never smoker 8 (22.9)
Current or former smoker 27 (77.1)

Staging Stage III 10 (28.6)
Stage IV 19 (54.3)

Postoperative recurrence 6 (17.1)

Epidermal Growth Factor Receptor (EGFR)
Mutations

Positive 4 (11.4)
Negative 31 (88.6)

PD-L1 tumor proportion score (TPS)

≥50% 14 (40)
1–49% 8 (22.9)
<1% 7 (20)

Not evaluated 6 (17.1)

Metastasis
Liver metastasis 5 (14.3)
Brain metastasis 7 (20)

Body Mass Index (BMI)
BMI > 25 3 (8.6)

25 ≥ BMI > 20 16 (45.8)
BMI ≤ 20 16 (45.8)

Corticosteroid Administration
Yes 6 (17.1)
No 29 (82.9)
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Table 1. Cont.

Items Group n (%)

History of Treatment before ICI Rechallenge

Surgery 6 (17.1)
Radiation therapy 12 (34.3)

Chemotherapy (platinum) 30 (85.7)
Chemotherapy (non-platinum) 25 (71.4)

First ICIs Nivolumab 19 (54.3)
Pembrolizumab 12 (34.3)
Atezolizumab 4 (11.4)

Second ICIs Nivolumab 5 (14.3)
Pembrolizumab 7 (20)
Atezolizumab 23 (65.7)

Line of First ICI Median (range) 3 (1–15)

Line of Second ICI Median (range) 4 (2–19)

Duration from the End of the First ICI to the
Start of the Second ICI Median (95% confidence interval; CI) 157 d (106–238)

3.2. Efficacy and Safety of ICI Treatments

The initial ICI treatment consisted of nivolumab for 19 (54.3%) patients, pembrolizumab for 12
(34.3%) patients, and atezolizumab for four (11.4%) patients. The rechallenge treatment consisted
of nivolumab for five (14.3%) patients, pembrolizumab for 7 (20.0%) patients, and atezolizumab for
23 (65.7%) patients. The patients were treated with different regimens of ICIs between the initial
and rechallenge treatments. In the initial ICI treatment, no patients experienced a complete response
(0%), 12 experienced a partial response (34.3%), 12 experienced stable disease (34.3%), 10 experienced
progressive disease (28.6%), and one was non-evaluable (2.9%). The objective response rate was 34.3%,
and the disease control rate was 68.6% (Figure 1a). The PFS and OS of the initial ICI treatments were
120 d (95% CI 84–139 d) and 596 d (95% CI 455–864 d), respectively (Figure 2a,b). In the ICI rechallenge
treatment, no patients experienced a complete response (0%), one experienced a partial response
(2.9%), 14 experienced stable disease (40.0%), 18 experienced progressive disease (51.4%), and two
were non-evaluable (5.7%). The objective response rate was 2.9% and the disease control rate was
45.7% (Figure 1b). The PFS and OS of the ICI rechallenge were 81 d (95% CI 41–112 d) and 225 d (95%
CI 106–361 d), respectively (Figure 2c,d).

Figure 1. Frequency of the best overall response to immune checkpoint inhibitors (ICIs). (a) Frequency
of the best overall response to first ICI treatment. (b) Frequency of the best overall response to
ICI rechallenge treatment. PD, progressive disease; PR, partial response; SD, stable disease; NE,
not evaluated.
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Figure 2. Kaplan–Meier survival curves of progression-free survival (PFS) and overall survival (OS) of
patients who received immune checkpoint inhibitor (ICI) rechallenge treatment. (a) PFS of non-small
cell lung cancer (NSCLC) patients (n = 35) on first ICI treatment. (b) OS of NSCLC patients (n = 35) on
first ICI treatment. (c) PFS of NSCLC patients (n = 35) on ICI rechallenge treatment. (d) OS of NSCLC
patients (n = 35) on ICI rechallenge treatment.

Univariate analyses of the patient data revealed that ECOG-PS ≥ 2 (HR 2.21, 95% CI 1.00–4.83,
p = 0.048), BMI > 20 (HR 0.47, 95% CI 0.22–0.99, p = 0.047), NLR ≥ 5 (HR 2.22, 95% CI 1.02–4.84,
p = 0.045), and LMR < 1.7 (HR 0.44, 95% CI 0.21–0.93, p = 0.032) were significantly associated with PFS
of ICI rechallenge (Table 2). Moreover, multivariate analysis demonstrated that ECOG-PS ≥ 2 (HR 2.38,
95% CI 1.03–5.52, p = 0.043) and BMI > 20 (HR 0.43, 95% CI 0.19–0.95, p = 0.036) were significantly
associated with PFS of ICI rechallenge (Table 3 and Figure 3).

Table 2. Cox proportional hazards and logistic regression models for progression-free survival (PFS)
and overall survival (OS).

Items
PFS (Univariate Analysis) OS (Univariate Analysis)

HR (95% CI) p-Value HR (95% CI) p-Value

Age > 75 Years 0.81 (0.34–1.91) 0.63 1.45 (0.55–3.80) 0.45
Male Gender 1.47 (0.66–3.26) 0.35 2.39 (0.80–7.17) 0.12

Smoker 1.508 (0.63–3.59) 0.35 2.50 (0.73–8.58) 0.14
ECOG-PS ≥ 2 2.21 (1.00–4.83) 0.048 4.23 (1.65–10.89) 0.0028

Squamous Histology 1.08 (0.47–2.48) 0.86 0.67 (0.24–1.83) 0.43
EGFR Mutations Positive 0.83 (0.28–2.43) 0.73 1.17 (0.34–4.02) 0.80

BMI > 20 0.47 (0.22–0.99) 0.047 0.42 (0.17–1.02) 0.056
BMI > 25 0.54 (0.19–1.59) 0.27 0.92 (0.26–3.25) 0.90

Corticosteroids Administration 1.3 (0.49–3.52) 0.58 0.66 (0.19–2.27) 0.51
Alb > 3.5 g/dL 0.53 (0.25–1.11) 0.092 0.37 (0.15–0.90) 0.028

CRP > 1.0 mg/dL 1.44 (0.68–3.04) 0.34 2.92 (1.10–7.76) 0.032
LDH > 245 U/L 1.41 (0.67–2.99) 0.37 2.16 (0.89–5.24) 0.090

NLR > 5.0 2.22 (1.02–4.84) 0.045 1.98 (0.79–4.92) 0.14
LMR > 1.7 0.44 (0.21–0.93) 0.032 0.51 (0.21–1.23) 0.14
PLR > 262 2.23 (0.99–5.03) 0.054 2.80 (1.02–7.67) 0.045

Liver Metastasis 1.79 (0.61–5.28) 0.29 1.95 (0.55–6.886) 0.30
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Table 2. Cont.

Items
PFS (Univariate Analysis) OS (Univariate Analysis)

HR (95% CI) p-Value HR (95% CI) p-Value

Brain Metastasis 1.17 (0.47–2.91) 0.73 0.58 (0.17–2.00) 0.39
PD-L1 TPS 1–49% 0.32 (0.096–1.05) 0.059 0.55 (0.16–1.89) 0.34
PD-L1 TPS > 50% 0.35 (0.12–1.05) 0.061 0.42 (0.12–1.49) 0.18

Lines between First and Second ICIs > 2 1.26 (0.55–2.87) 0.58 1.54 (0.59–4.04) 0.38
PFS of First ICI >120 d 1.06 (0.50–2.23) 0.89 1.30 (0.55–3.08) 0.54

Duration from the End of the First ICI to
the Second ICI >157 d 0.97 (0.47–2.02) 0.94 0.77 (0.32–1.84) 0.55

Partial Response with First ICIs 0.58 (0.26–1.33) 0.20 0.99 (0.40–2.48) 0.98

Table 3. Cox proportional hazards and logistic regression models for progression-free survival (PFS)
and overall survival (OS).

Items
PFS (Multivariate Analysis) OS (Multivariate Analysis)

HR (95% CI) p-Value HR (95% CI) p-Value

ECOG-PS ≥ 2 2.38(1.03–5.52) 0.043 3.01(1.10–8.24) 0.032
BMI > 20 0.43(0.19–0.95) 0.036

Alb > 3.5 g/dL 0.48(0.18–1.28) 0.14
CRP > 1.0 mg/dL 1.51(0.48–4.75) 0.49

NLR > 5.0 1.08(0.22–5.18) 0.93
LMR > 1.7 0.57(0.13–2.54) 0.46
PLR > 262 1.93(0.68–5.43) 0.22

Figure 3. Kaplan–Meier survival curves for progression-free survival (PFS) of patients who received
immune checkpoint inhibitor (ICI) rechallenge treatment. (a) Eastern Cooperative Oncology Group
(ECOG-PS) ≥ 2, (b) body mass index (BMI) ≤ 20, (c) neutrophil-to-lymphocyte ratio (NLR) > 5, and (d)
lymphocyte-to-monocyte ratio (LMR) ≤ 1.7 were significantly associated with inferior PFS.

Univariate analyses of the patient data revealed that ECOG-PS ≥ 2 (HR 4.23, 95% CI 1.65–10.89,
p = 0.0023), CRP > 1.0 (HR 2.92, 95% CI 1.10–7.76, p = 0.032), albumin > 3.5 (HR 0.37, 95% CI 0.15–0.90,
p = 0.028), and PLR > 262 (HR 2.80, 95% CI 1.02–7.67, p = 0.045) were significantly associated with OS
of ICI rechallenge (Table 2). Multivariate analysis demonstrated that ECOG-PS ≥ 2 (HR 3.01, 95% CI
1.10–8.24, p = 0.032) was significantly associated with OS of ICI rechallenge (Table 3).
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4. Discussion

PD-L1 expression in tumors has been used clinically as a positive predictive biomarker for the
effective initial ICI treatment of patients with NSCLC [16]. However, clinically useful biomarkers have
not yet been identified for predicting the efficacy of ICI rechallenge. Fujita et al. reported that objective
response rate (ORR), disease control rate (DCR), and PFS values of pembrolizumab rechallenge after
refractory nivolumab for 12 patients with NSCLC were 8.3%, 41.7%, and 3.1 months, respectively [8].
In addition, ORR, DCR, and PFS of atezolizumab rechallenge after refractory anti-PD-1 antibodies for
18 patients with NSCLC were 0%, 38.9%, and 2.9 months, respectively [17]. Another report showed
that ORR, DCR, and PFS values of ICI rechallenge in 14 patients with ICI refractory tumors were
7.1%, 21.4%, and 1.6 months, respectively [7]. Our current observations showed that ORR, DCR,
PFS, and OS values of ICI rechallenge in 35 patients with NSCLC were 2.9%, 42.9%, 2.7 months,
and 7.5 months, respectively. These reproducible findings suggest that refractory NSCLC tumors
for initial ICI treatments may exhibit poor responses to ICI rechallenge treatments, and the clinical
benefits may be limited compared with those of the initial ICI treatment. However, a subset of patients
with NSCLC demonstrate good outcomes with ICI rechallenge treatments. Therefore, there is a need
for the elucidation of predictive clinical factors for re-treatment of ICI responders among patients
with NSCLC.

Our multivariate analysis identified ECOG-PS and BMI as independent factors associated with
poorer PFS of ICI rechallenge treatment in patients with NSCLC who were refractory to initial ICI
treatment. This is the first report that identifies predictive clinical factors for the efficacy of ICI
rechallenge in patients with NSCLC. The general and nutritional status of patients with NSCLC are
closely related to the effects of ICI treatment. Several studies have demonstrated that poor ECOG-PS
is a predictive negative factor related to clinical outcomes of initial ICI treatment in patients with
NSCLC [10,13,18,19]. ECOG-PS is one of the factors that determines the tumor immune environment,
and it has been reported that an imbalance of circulating T-lymphocyte subpopulations in patients
with gastric cancer correlates with ECOG-PS [20]. BMI is widely used for relating weight to height,
defining body size, and indicating nutritional status. In addition, a lower BMI is associated with
increased mortality risk [21–24]. Our previous clinical study demonstrated that NSCLC patients with
sarcopenia exhibit a significantly shorter median PFS following ICI treatment compared to that of
non-sarcopenia patients [25]. Given these observations, a poor ECOG-PS and a low BMI at the time
of ICI treatment intervention may be useful for predicting non-responders to initial ICI treatment, as
well as ICI rechallenge treatment among patients with NSCLC. Recent clinical trials demonstrated
that the ghrelin/growth hormone secretagogue receptor agonist anamorelin increases lean body
mass and improves the performance status in NSCLC patients with cachexia [26,27]. Therefore, the
administration of anamorelin may improve the effect of ICI rechallenge treatment.

The effectiveness of initial ICI treatments has been reported to be associated with PD-L1 expression
in NSCLC tumors [28]. Our current observations show that the patients with PD-L1 expression tended
to have longer PFS. This suggests that PD-L1 expression levels in pre-treatment tumors may be a factor
to consider when with regard to ICI rechallenge treatment. Regardless, based on our observations, the
values of blood NLR, LMR, and PLR at baseline may be useful tools for predicting responders to the
ICI rechallenge treatment, which is consistent with the initial ICI treatment [10,13,15,29]. Thus, when
considering ICI rechallenge treatment in patients with NSCLC, the inflammation markers, such as
NLR, LMR, and PLR, may be useful to some extent for identifying responders to ICI rechallenge.

A previous report suggests that the response to initial ICI treatments correlates with the clinical
response to ICI rechallenge treatment in patients with melanoma [30]. However, our results failed to
indicate a relationship between clinical outcomes of initial ICI treatment and ICI rechallenge treatment
in patients with NSCLC. This suggested that there may be differences between the immunological
properties of NSCLC and melanoma.

The current study had several limitations. First, it consisted of a small retrospective sample.
Therefore, a further large-cohort study is warranted to identify the predictive markers of ICI rechallenge
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treatment. Second, although the treatment was administered at multiple centers, there may have been
bias in terms of the timing of evaluating the patients using CT scanning, even though it was performed
every 1–3 months after treatment.

5. Conclusions

Our observations suggest that a poor ECOG-PS and a low BMI at the time of intervention with
ICI rechallenge may be useful as negative predictors for ICI rechallenge treatment in patients with
NSCLC. As this retrospective study was a relatively small-scale study, further experiments are needed
to validate the observations.
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Abstract: Background: As docetaxel plus S-1 may be feasible for cancer treatment, we conducted a
phase I/II trial to determine the recommended docetaxel dose and the fixed S-1 dose (phase I), as well
as confirm the regimen’s efficacy and safety (phase II) for previously-treated patients with advanced
non-small cell lung cancer. Methods: Patients ≤75 years with performance status ≤1 and adequate
organ function were treated at three-week intervals with docetaxel on day 1 and 80 mg/m2 oral S-1
from days 1–14. The starting docetaxel dose was 45 mg/m2 and this was escalated to a maximum of
70 mg/m2. In phase II, response rate, progression-free survival (PFS), overall survival (OS), and safety
were assessed. Results: The recommended doses were 50 mg/m2 docetaxel (day 1) and 80 mg/m2 S-1
(days 1–14). Grades 3 and 4 leukocytopenia and neutropenia occurred in 44% and 67% of patients,
respectively. Nonhematologic toxicities were generally mild. Overall response to chemotherapy was
7.7% (95% confidence interval (CI), 1.6–20.9%), and median PFS and OS were 18.0 weeks (95% CI;
11.3–22.9 weeks) and 53.0 weeks, respectively. Conclusion: Fifty mg/m2 docetaxel plus 80 mg/m2

oral S-1 had a lower response rate than anticipated; however, the survival data were encouraging.
A further investigation is warranted to select the optimal patient population.

Keywords: non-small cell lung cancer; previously treated patients; phase I/II trial; chemotherapy;
docetaxel; S-1
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1. Introduction

Previous clinical trials confirmed that docetaxel alone displays good anticancer effects when used
to treat non-small cell lung cancer. Treatment with docetaxel is associated with significant prolongation
of survival [1]. Docetaxel is an antineoplastic taxoid prepared by partial chemical modification
of the non-cytotoxic precursor 10-deacetyl baccatin III, which is extracted from the needles of the
European pine. Its mechanism of action is to promote the polymerization and depolymerization of
microtubule proteins, resulting in microtubule stabilization and microtubule hyperplasia, which
prevent chromosome migration and arrest cell division in the M phase of the cell cycle [2].
Docetaxel is useful as a second-line chemotherapy for patients that are refractory to conventional
platinum-based chemotherapy [3]. When combined with platinum, docetaxel displays better
responses and survival rates than other platinum-containing regimens [4,5]. S-1 is a novel oral
anticancer drug composed of the 5-fluorouracil (5-FU) prodrug, tegafur, and two 5-FU modulators,
5-chloro-2,4-dihydroxypyridine (CDHP) and potassium oxonate. CDHP selectively antagonizes
the rate-limiting enzyme dihydropyrimidine dehydrogenase in the 5-FU degradation pathway and
enhances antitumor effects by increasing blood 5-FU levels. Potassium oxonate also selectively
antagonizes orotate phosphoribosyltransferase in the gastrointestinal tract after oral administration
and inhibits the formation of 5-fluoronucleotides from 5-FU. In a previous phase II study, monotherapy
with S-1 produced a significant response in previously treated non-small cell lung cancer [6].
Because docetaxel and S-1 have different mechanisms of action and toxicity profiles, it may be
feasible and efficient to combine these drugs for the treatment of advanced non-small cell lung cancer.
Previously, Yoshida et al. reported the feasibility and usefulness of this combination chemotherapy in
a clinical trial for advanced gastric cancer [7].

To improve the response rate in previously-treated patients with advanced non-small cell lung
cancer, we conducted a phase I/II clinical study of docetaxel plus S-1. In this regimen, docetaxel was
administered on day 1 while S-1 was administered on days 1 to 14, according to the potential schedule
dependency previously reported by Kano et al. [8]. The primary objectives were to determine the
maximum-tolerated dose (MTD) and the recommended dose for this regimen in a phase I study and
confirm its efficacy and safety in the phase II study.

2. Experimental Section

2.1. Eligibility

Patients were enrolled in this study if they met the following eligibility criteria: cytologically
or histologically confirmed diagnosis of incurable, previously treated non-small cell lung cancer;
no previous use of docetaxel or uracil plus tegafur (UFT); age between 20–75 years; performance status
of ≤1 on the Eastern Cooperative Oncology Group (ECOG) scale; an estimated life expectancy of
>12 weeks; adequate bone marrow function (leukocyte count ≥4000/μL, platelet count ≥100,000/μL,
and hemoglobin level ≥9.5 g/dL); adequate hepatic function (bilirubin level ≤1.5 mg/dL and a serum
ratio of aspartate amino transferase to alanine amino transferase (AST/ALT) ≤2.5 × UNL); adequate
renal function (serum creatinine≤1.5 mg/dL); a measurable lesion according to the Response Evaluation
Criteria in Solid Tumors (RECIST) guidelines version 1.0; and provision of written informed consent.
The exclusion criteria were: active infection, massive ascites or pleural effusion, symptomatic brain
metastasis, uncontrollable diabetes mellitus, or severe comorbidity such as heart disease or renal
disease, interstitial pneumonia, watery diarrhea, active concomitant malignancy, pregnancy or lactation,
or other medical problems that could prevent compliance with the protocol. The following conditions
were necessary: an interval of at least 4 weeks after the end of final therapy and recovery from the
previous treatment.
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2.2. Treatment and Dose Escalation Schedules in the Phase I Study

On day 1 of each cycle, docetaxel (Sanofi-aventis K.K., Tokyo, Japan) diluted with 500 mL of
normal saline was administered as a 90-min infusion. S-1 (Taiho Pharmaceutical Company, Tokyo,
Japan) was orally administered twice daily on days 1–14. The dose of S-1 was determined according to
the patient’s body surface area as follows: <1.25 m2, 40 mg; 1.25–1.50 m2, 50 mg; and >1.5 m2, 60 mg.
Combination chemotherapy was repeated every 3 weeks until progressive disease (PD) occurred.

In the phase I study, the starting dose of docetaxel was 45 mg/m2 (level 1). Docetaxel dose
escalation was performed as follows: in the patient cohorts containing at least 3 patients at each dose
level, if none of the patients treated at a given dose level experienced dose limiting toxicity (DLT) as
defined below, patients were entered at the next dose level (50 mg/m2 at level 2, 60 mg/m2 at level
3, and 70 mg/m2 at level 4). If 1 or 2 of the 3 patients in the cohort experienced DLT, 3 additional
patients were entered at the same level. MTD was then fixed and dose escalation was discontinued if
all 3 patients in the 3-patient cohorts or ≥3 patients in the 6-patient cohorts experienced DLT. Adverse
events were assessed in the first two cycles of the phase I study.

In the phase II study, the recommended dose of docetaxel determined in phase I was used in
combination with S-1 in the same manner. The treatment regimen was repeated every 21 days until
PD, patient withdrawal, or the occurrence of a serious adverse event. Granulocyte colony-stimulating
factor (G-CSF) could be administered when either fever ≥38 ◦C with grade 3 or 4 neutropenia occurred.
DLT was defined as: grade 4 neutropenia lasting for ≥4 days, grade 3 febrile neutropenia lasting
≥72 h, grade 3 thrombocytopenia, ≥grade 3 nonhematologic toxicity (besides nausea, vomiting, fatigue,
and alopecia), ≥grade 2 interstitial pneumonia, or interruption of the S-1 medication for ≥7 days.
If a patient experienced DLT, the docetaxel dose was reduced by one level in the subsequent cycle.
To receive a subsequent cycle of chemotherapy, patients had to have leukocyte counts ≥3000/mm3,
neutrophil counts ≥1500/mm3, platelets ≥100,000/mm3, serum creatinine <1.5 mg/dL, and reduction in
any treatment-related nonhematologic toxicity to <grade 1 (besides alopecia and neuropathy).

2.3. Toxicity and Response Evaluation

Toxicity was evaluated according to the Common Terminology Criteria for Adverse Events,
version 3.0. Patients’ symptoms and general condition were observed periodically. Physical
examinations, complete blood counts with differential counts, serum chemistry, and urine tests
were carried out at least once per week during the DLT-evaluation period. Tumor response was
evaluated according to RECIST version 1.0 every month until the final tumor response was determined.
Progression-free survival (PFS) was defined as the time from the date of registration to the date of the
first documentation of PD or death. Patients with PFS were censored at the last date when survival
was verified. Overall survival (OS) was defined as the time from the date of registration to the date
of death. Surviving patients were censored at the last confirmation date of survival. This phase I/II
study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional
Review Board at each participating hospital. The study was monitored by an independent data and
safety monitoring committee.

2.4. Statistical Considerations

The primary end point of the phase II study was the rate of response to combination chemotherapy.
The study was powered to detect a significant improvement of 18% relative to the 5% estimated from
previous studies [1,3]. Assuming a one-sided a = 0.05% and 80% power, sample size was calculated to
be 39 patients, with 6 patients at the recommended dose level in the phase I study. PFS and OS were
assessed by the Kaplan-Meier method and log-rank test.
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3. Results

3.1. Phase I Study

In total, 12 patients were enrolled in the phase I study. None of the three patients in the cohort at
level 1 developed DLT. When the docetaxel dose was elevated to level 2, one patient experienced DLT,
a grade 3 nonhematologic toxicity. The patient had phenytoin intoxication, which might be due to
impairment of the P450 metabolic pathway by S-1. Because the remaining three patients in the cohort
at level 2 had no DLT, their docetaxel dose was elevated. At level 3, two patients had DLT, prolonged
grade 3 myelosuppression, and grade 3 interstitial pneumonia. The safety committee emphasized the
risk of interstitial pneumonia and recommended the termination of the phase I study at level 3. As a
result, the MTD and recommended docetaxel dose were 60 mg/m2 and 50 mg/m2, respectively.

3.2. Patient Characteristics in Phase II Study

A total of 39 patients (31 men, 8 women; median patient age, 64 years; age range, 46 to 75 years)
were enrolled in the phase II study. Patient characteristics are shown in Table 1. The Eastern Cooperative
Oncology Group (ECOG) performance status was 0 for 18 patients and 1 for 21 patients. Histologically,
there were 24 patients with adenocarcinoma, 11 with squamous cell carcinoma, and 4 with no
specified histology. Twenty-nine and 10 patients were at the clinical stages of IV and IIIb, respectively.
A total of 120 cycles of therapy were administered. Treatment delay or interruption in the administration
of S-1 occurred in 27 cycles (23%). The median number of cycles administered per patient was 3 (range,
1–9). The relative dose intensities were 97.7% for docetaxel and 85.7% for S-1.

Table 1. Characteristics of patients in the phase II study.

Characteristics N = 39

Age, years
Median (range) 64 (46–75)

Sex
Men 31

Women 8
ECOG PS

0 18
1 21

Stage
IIIb 10
IV 29

Histology
Adenocarcinoma 24

Squamous cell carcinoma 11
Not specified 4

ECOG PS: Eastern Cooperative Oncology Group performance status.

3.3. Toxicity

All 39 patients were included in the safety assessment. As shown in Table 2, myelosuppression
was the principal toxic effect observed. However, the degree of myelosuppression was generally
mild. Grade 3 or 4 leukocytopenia, neutropenia, thrombocytopenia, and anemia occurred in 17
(44%), 26 (67%), 0 (0%), and 0 (0%) patients, respectively. Nonhematologic toxicity was also generally
mild and less frequent. Grade 3 or 4 toxicity primarily included loss of appetite (7.7%), fever (5.1%),
and interstitial pneumonia (5.1%).
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Table 2. Toxicities in the phase II study.

Toxicity Grade
3 4 3 + 4

Hematologic
Leukocytopenia 15 (38.5%) 2 (5.1%) 17 (43.6%)

Neutropenia 14 (35.9%) 12 (30.8%) 26 (66.7%)
Anemia 0 (0%) 0 (0%) 0 (0%)

Thrombocytopenia 0 (0%) 0 (0%) 0 (0%)
Nonhematologic
Loss of appetite 3 (7.7%) 0 (0%) 3 (7.7%)

Fever 2 (5.1%) 0 (0%) 2 (5.1%)
Pneumonitis 1 (2.6%) 1 (2.6%) 2 (5.1%)

Stomatitis 1 (2.6%) 0 (0%) 1 (2.6%)
Diarrhea 1 (2.6%) 0 (0%) 1 (2.6%)

Hypercalcemia 1 (2.6%) 0 (0%) 1 (2.6%)
Elevation of γGTP 1 (2.6%) 0 (0%) 1 (2.6%)

3.4. Efficacy

Tumor response was evaluated in 39 patients. The median follow-up period was 8 months (range,
1–39 months). The following results were found for treatment response: complete response (CR),
0; partial response (PR), 3; stable disease (SD), 24; PD, 5; and not evaluable (NE), 7. The overall
response rate was 3/39 or 7.7% (95% confidence interval (CI), 1.6 –20.9%, p = 0.31), a value that was
not significantly higher than the threshold response rate statistically estimated from previous studies.
The rate of disease control, CR + PR + SD, was 27/39 or 69%. Median PFS and OS were 18.0 weeks
(95% CI, 11.3–22.9 weeks) and 53.0 weeks (95% CI, 40.9–134.6 weeks), respectively. The survival curves
are shown in Figures 1 and 2.

Figure 1. Progression-free survival (PFS) analyzed by the Kaplan-Meyer method is presented as a
solid line. Median PFS was 18.0 weeks (95% confidence interval (CI), 11.3–22.9 weeks). The 95% CI is
presented as two dashed lines.
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Figure 2. Overall survival (OS) analyzed by the Kaplan-Meyer method is presented as a solid line.
Median OS was 53.0 weeks (95% confidence interval (CI), 40.9–134.6 weeks). The 95% CI is presented
as two dashed lines.

4. Discussion

In the present study, response rate did not meet the 18% criterion needed to establish a significant
improvement relative to the previously reported rate (i.e., the primary endpoint for the efficacy in the
phase II study). However, combination chemotherapy was well tolerated and resulted in encouraging
survival data.

Based on large-scale randomized controlled trials that compared 75 mg/m2 docetaxel to optimal
supportive care or other anticancer drugs, docetaxel monotherapy is considered to be a standard
treatment for advanced non-small cell lung cancer in second-line settings [1,3]. Furthermore, S-1
was confirmed to be effective for previously treated advanced non-small cell lung cancer. Evidence
for the efficacy of combination chemotherapy with docetaxel and S-1 has mainly been derived from
studies on advanced gastric cancer. S-1 is one of the preferred agents for the treatment of gastric
cancer. In fact, docetaxel displayed synergism with S-1 in vitro, improving the response rates in several
phase II trials for advanced gastric cancer [7,9–11]. Wada et al. reported the decrease in expression of
thymidylate synthase (TS) and dihydropyrimidine dehydrogenase (DPD) and an increase in expression
of orotate phosphoribosyl transferase (OPRT) after co-treatment with docetaxel plus FU compared
to 5-FU alone in gastric cancer cell lines [9]. DPD catalyzes the metabolic inactivation of 5-FU, while
OPRT directly converts 5-FU to 5-fluorouridine-5′-monophosphate (FUMP), an active metabolite that
displays anticancer effects. These changes in enzymes that metabolize 5-FU might clarify the enhanced
effect of S-1 combined with docetaxel. As reported by Hasegawa et al., a similar synergistic effect is
observed in castration-resistant prostate cancer [12]. Interestingly, in the xenograft model, S-1 with
low-dose docetaxel could enhance the antitumor effect of S-1.

Several clinical trials have been conducted using docetaxel and S-1 for chemotherapy-naive or
previously treated non-small cell lung cancer [9,13–17]. In fact, a triweekly schedule was employed
with 40 mg/m2 as the starting docetaxel dose. Previously, Oki et al. reported the usefulness of
biweekly administration of docetaxel [16]. Table 3 contains a summary of results from these clinical
studies. Other studies used a fixed docetaxel dose of 40 mg/m2 + S-1 80 mg/m2. The relatively low
efficacy in these studies was perhaps due to the low fixed dose of chemotherapeutic agents. Therefore,
we employed docetaxel dose escalation in the phase I part of the study, and confirmed that 50 mg/m2 of
docetaxel was effective. Moreover, S-1 dosage was determined depending on body surface area (BSA)
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in each patient in this study, because the fixed dose of S-1 may be too toxic for patients with smaller
BSA or ineffective for the patients with larger BSA. Although the response rate in the current study was
relatively low compared to that in other studies, the disease control rate was better than those of other
studies (69% in this study, 68.9% in Atagi et al., 61% in Segawa et al., 84% in Yanagihara et al., and 49%
in Oki et al.) and favorable PFS and OS were obtained. In addition, the PFS was longer than that
reported in a previous phase III study [18] where treatment efficacy was compared between docetaxel
and gefitinib for previously treated patients with non-small cell lung cancer in Japan; the PFS in the
arm treated with docetaxel was 2.0 months. For toxicity, we found that ≥grade 3 myelosuppression
was more frequent in our study and may be due to the higher docetaxel dose employed relative to
other studies. Nonetheless, nonhematologic toxicity was demonstrated to be mild, and 50 mg/m2

docetaxel plus S-1 was generally well tolerated.

Table 3. Summary of the results from previous trials of docetaxel plus S-1.

Author
Atagi et al. [12] Yanagihara et al. [14] Segawa et al. [13] Oki et al. [15]

N 29 28 31 49

Docetaxel 40 mg/m2, day 1
every 3 weeks

40 mg/m2, day 1 every
3 weeks

40 mg/m2, day 1
every 3 weeks

35 mg/m2, day 1, 15
every 4 weeks

S-1 80 mg/m2, days
1–14 80 mg/m2, days 1–14 80 mg/m2, days

1–15
80 mg/m2, days

1–14
ORR 24.1% 18.4% 16.1% 16.3%

PFS (mo) 3.9 4.4 3.4 3
OS (mo) 11.8 16.1 8.7 9

ORR: overall response rate; OS: overall survival; PFS: progression-free survival.

Takeda et al. reported that in advanced non-small cell lung cancer, the expression of TS and
DPD are associated with the response to S-1 and carboplatin [19]. At a low level, their expression
was found to be associated with a better response and a longer survival in patients treated with S-1
and carboplatin. Altogether, the expression levels of TS and DPD may be predictive markers for
the response to regimens containing S-1. Histologically, squamous cell carcinoma and high-grade
carcinoma display higher expression levels for the TS protein and mRNA in non-small cell lung
cancer [20,21]. Therefore, a selected patient population with lower expression levels of TS may be most
suitable for treatment regimens containing TS-inhibiting agents such as the combination of docetaxel
and S-1. We have a plan to conduct a study considering this in the future.
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Abstract: With the development of systemic treatments with high response rates, including tyrosine
kinase inhibitors and immune checkpoint inhibitors, some patients with unresectable lung cancer
now have a chance to undergo radical resection after primary treatment. Although there is no general
consensus regarding the definition of “unresectable” in lung cancer, the term “resectable” refers to
technically resectable and indicates that resection can provide a favorable prognosis to some extent.
Unresectable lung cancer is typically represented by stage III and IV disease. Stage III lung cancer is a
heterogeneous disease, and in some patients with technically resectable non-small cell lung cancer
(NSCLC), multimodality treatments, including induction chemoradiotherapy followed by surgery, are
the treatments of choice. The representative surgical intervention for unresectable stage III/IV NSCLC
is salvage surgery, which refers to surgical treatment for local residual/recurrent lesions after definitive
non-surgical treatment. Surgical intervention is also used for an oligometastatic stage IV NSCLC.
In this review, we highlight the role of surgical intervention in patients with unresectable NSCLC,
for whom an initial complete resection is technically difficult. We further describe the history of and
new findings on salvage surgery for unresectable NSCLC and surgery for oligometastatic NSCLC.

Keywords: non-small cell lung cancer; immunotherapy; unresectable; salvage surgery;
oligometastasis; targeted therapy

1. Introduction

Treatment of patients with lung cancer depends on the histology, tumor stage, molecular
characteristics, and assessment of a patient’s overall medical condition. Currently, various guidelines
for lung cancer treatment, including those from the American Society of Clinical Oncology, European
Society of Medical Oncology, National Comprehensive Cancer Network (NCCN), and The Japan Lung
Cancer Society, have been used [1,2]. Patients with stage I-II non-small cell lung cancer (NSCLC) are
generally treated with curative-intent surgery if they are operable. Patients with stage III NSCLC are
generally treated with a multimodality approach, including surgery, chemotherapy, and radiation
therapy (RT). Those with stage IV or recurrent NSCLC are treated with systemic drug therapies,
including chemotherapy, tyrosine kinase inhibitors (TKIs), and immune checkpoint inhibitors (ICIs).
Molecular-targeted therapies such as TKI are selected if the epidermal growth factor receptor (EGFR)
gene is mutated, while an ICI and/or cytotoxic chemotherapy is selected if this gene is not mutated.

In general, surgical treatment is selected for tumors that can be completely resected, whereas RT
or drug therapy is offered for patients whose tumors cannot be completely resected or who cannot
tolerate surgery. In practice, the term “resectable” not only applies to technically resectable, which
is “resectable” in a narrow sense, but also refers to cases when resection can be expected to have a
favorable prognosis to some extent, which is “resectable” in a broad sense. Although “unresectable” is
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defined as “unable to be removed using surgery” in the National Cancer Institute dictionary, there is
no general consensus regarding the definition of “unresectable” in lung cancer.

Unresectable lung cancer is considered to be represented by stage III and IV disease. Unresectable
factors in stage III lung cancer are direct invasion to unresectable organs (T4) or mediastinal/extrathoracic
lymph node metastasis (N2/N3). An unresectable feature of stage IV lung cancer is distant metastasis
(M1). Regarding mediastinal lymph node metastasis, the 2013 American College of Chest Physicians
(ACCP) guidelines defined N2 nodes that have extranodal progression and an invasive nature
as infiltrative nodes, while other nodes were defined as discrete nodes. Discrete nodes were
considered to likely benefit from surgical therapy [3]. In general, bulky/multi-station/infiltrative
nodes are regarded as unresectable, while T4 tumors are tumors sized >7 cm or those invading
the mediastinum/heart/diaphragm/carina/trachea/great vessels/recurrent nerve/esophagus/spine,
or separate tumor nodule(s) in a different ipsilateral lobe. In patients with unresectable stage
III lung cancer, the current standard treatment is concurrent chemoradiotherapy (CRT) [4,5], which
provides a median overall survival (OS) of 22–25 months and a 5-year OS of 20% [6]. In this review, we
describe the role of surgical intervention in patients with NSCLCs for whom complete resection is
technically difficult (“unresectable” in the narrow sense).

2. Role of Surgical Intervention in Unresectable Lung Cancer

Stage III lung cancer is a heterogeneous disease, and in some patients with technically resectable
NSCLC, including some with cT4/cN2 NSCLC, multimodality treatments, including induction CRT
followed by surgery, are a treatment of choice [7]. In practice, induction therapy is used for patients
with lung cancer in whom radical resection is difficult at the time of diagnosis but may be expected
later owing to therapeutic intervention. The representative surgical intervention for unresectable lung
cancer is salvage surgery [8,9]. Although the term “salvage (or “rescue”) surgery” is not clearly defined,
it refers to surgical treatment for local residual/recurrent lesions after definitive non-surgical treatment.
As a type of surgical intervention for unresectable stage III lung cancer, we describe salvage surgery
after definitive CRT or RT.

Although the standard treatment for stage IV lung cancer is drug therapy, there is another choice
of treatment for patients with an oligometastatic state. In this state, local therapy for metastatic lesions
results in favorable prognosis that is comparable with that in non-metastatic disease. The concept
that patients with only a limited number of metastases from a malignant tumor can potentially be
cured was developed in 1995 and was termed “oligometastasis,” which describes an intermediate
stage between localized and metastasized cancer [10,11]. There is currently no consensus regarding
the definition of oligometastatic disease; however, most clinical trial protocols and clinicians accept a
definition of 1–3 or 1–5 metastatic lesions [12,13]. Furthermore, in rare cases when definitive systemic
therapy is successful, an opportunity for radical resection as salvage surgery is achieved even for
stage IV lung cancer [14]. Thus, there are two situations for surgical intervention for stage IV NSCLC:
surgery for oligometastatic cases and salvage surgery after definitive systemic therapy (especially, TKI
or ICI). The role of surgical intervention for unresectable lung cancer is summarized in Figure 1.
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Figure 1. Current treatment strategies with surgery for unresectable stage III/IV NSCLC. CRT:
chemoradiotherapy, ICI: immune-checkpoint inhibitor, NSCLC: non-small cell lung cancer, RT:
radiotherapy, TKI: tyrosine kinase inhibitor.

3. Salvage Surgery for Stage III NSCLC

3.1. Salvage Surgery after Definitive CRT

The incidence of local recurrence after definitive CRT in patients with stage III NSCLC was
24–35% [15], and the survival rates after CRT were as low as 5–25% [16]. In 2019, Grass et al. showed a
high relapse rate after CRT (64%) [17]. Salvage surgery for residual/recurrent tumors is almost the only
treatment that can provide a cure. Compared with upfront surgery, salvage surgery after definitive
CRT has greater surgical difficulty and a greater possibility of perioperative complications because a
high dose of RT strongly affects the target tissue, resulting in more tissue changes [8,9].

To date, there have been limited reports of salvage surgery after definitive CRT for primary lung
cancer. Dickhoff et al. reported a systematic review of the literature concerning salvage surgery after
definitive CRT for locally advanced NSCLC in 2018 [18]. They reviewed eight papers including 158
patients. For patients undergoing resection (n = 152), a total of 44 pneumonectomies, 11 bilobectomies,
89 lobectomies, 6 segmentectomies, and 3 wedge resections were performed. Complete resection was
achieved in 85–100%, with vital tumors in 61–100%. Where reported, the 90-day mortality rate was
0–11.4%. The reported survival metrics varied but included a median survival time (MST) 9–46 months
and a 5-year OS rate of 20–75%. Recently, Romero et al. reported about 27 patients who underwent
surgical resection after CRT. Complications were observed in 5 (18.5%) patients. The 3-and 5-year
OS rates were 57.8% and 53.3%, respectively [19]. Furthermore, Kobayashi et al. reported 23 cases
that underwent salvage surgery after CRT in a single center, with no perioperative death, a 5-year
recurrence-free survival rate of 17.3%, and a 5-year OS rate of 41.9% [20]. Based on this evidence
regarding salvage surgery after CRT, perioperative mortality appears to be acceptable, and long-term
survival is possible in selected patients.

3.2. Salvage Surgery after Definitive Radiotherapy

Radiation monotherapy is indicated for patients with stage III NSCLC who are unsuitable for CRT.
Stereotactic body radiotherapy (SBRT) is a good indication, especially for local lesions such as stage
I NSCLC. Salvage surgery after definitive radiotherapy is more localized than definitive CRT. Since
there is minimal effect on normal tissues, especially in SBRT and heavy-ion radiotherapy, the incidence
of complications is expected to be low. In 2018, Dickhoff et al. performed a systematic review of
salvage surgery after local recurrence of NSCLC after SBRT (7 case series with a total of 47 patients) [21].
The 5-year local recurrence rate after SBRT was approximately 10% and surgery was performed as
salvage surgery in selected patients. The morbidity rate was 29–50%, and the 90-day mortality rate was
0–11%. MST ranged between 13.6 and 82.7 months. In addition, 12 patients who underwent salvage
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surgery after heavy-ion radiotherapy were reported by Mizobuchi et al. in 2015 [22]. There were no
serious complications in any of the cases, and the 3-year survival rate after surgery was 82%. Although
there is only limited evidence regarding salvage surgery after radiotherapy for locally relapsed NSCLC,
this treatment can be considered feasible and can provide acceptable morbidity and mortality rates for
selected patients.

3.3. Salvage Surgery after Combination Therapy with CRT and Immunotherapy

In the phase III PACIFIC study, eligible patients received durvalumab after CRT, and this
combination therapy significantly prolonged progression-free survival (PFS) compared with that in the
placebo group (16.8 months versus 5.6 months) [23].

Regarding the addition of surgery to this combination therapy, the significance of surgical
intervention after CRT followed by ICI remains unclear. Recently, a clinical trial (JCOG1807C)
was initiated to clarify the safety and efficacy of multimodality treatment of pre- and postoperative
durvalumab therapy after preoperative CRT for resectable superior sulcus tumor (SST) and durvalumab
maintenance therapy after CRT for unresectable SST. In this study, eligible patients were assigned
to two groups: concurrent CRT (cisplatin+S-1+radiotherapy 66 Gy) + two courses of durvalumab
followed by surgery and adjuvant durvalumab for resectable SST and CRT followed by maintenance
durvalumab for unresectable SST. The primary end-point is 3-year OS. We await the results of this trial.

4. Surgical Intervention for Stage IV Lung Cancer

4.1. Surgical Intervention for Patients with Oligometastatic NSCLC

Considering the indications for surgical intervention in oligometastatic NSCLC cases, brain and
adrenal metastases as oligometastatic organs have been reported to have a relatively good prognosis
with 5-year OS rates of 20% and 20–30% [24]. The ACCP guidelines state that in cases of single brain
metastasis and adrenal metastasis, cN0–1 is indicated for local treatment of metastatic lesions and
resection of the primary lesion [3]. In addition, the NCCN guidelines recommend local treatment
for metastatic lesions and multidisciplinary treatments, including systemic treatment, for primary
lesions in cases of single brain metastases [1]. There are two strategies including surgery for treating
oligometastasis: (1) resection of the primary tumor in advance and then control of distant tumors using
surgery/RT and micrometastasis with drug therapy, and (2) addition of local treatment (surgery/RT)
for patients with residual tumors that responded to drug therapy and became localized; i.e., a
salvage approach.

The efficacy of upfront resection of a primary lesion of oligometastatic NSCLC was reported by
Wang et al. in 2018. They conducted a retrospective study of patients with oligometastatic NSCLC,
and 172 patients were divided into two groups: group A underwent primary surgical treatment
and adjuvant chemotherapy, while group B was treated with systematic chemotherapy and local RT.
The MSTs in groups A and B were 48 months and 18 months, respectively, and the 5-year survival
rates were 21.1% and 7.6%, respectively (p < 0.05). They concluded that the local surgical treatment of
primary lesions of NSCLC significantly increased OS and the 5-year survival rates of patients with
oligometastatic NSCLC [25].

Gomez et al. reported the efficacy of a salvage approach (the addition of local treatment after
definitive drug therapy) for oligometastatic NSCLC in their phase II RCT. First-line therapy was four or
more cycles of platinum doublet therapy or 3 or more months of EGFR or anaplastic lymphoma kinase
(ALK) inhibitors. The locations of oligometastases were as follows: 13 brain, 10 bone, 8 adrenal gland,
7 pleura, 6 lung, 4 cervical lymph node, 2 liver, 2 spleen, 1 retroperitoneal lymph node, 1 paraspinal
mass, and 1 kidney. After receiving first-line therapy, patients were randomly assigned to either a local
consolidative therapy group (RT and/or surgery) or a maintenance treatment group. This study was
terminated early after randomization of 49 patients. Among patients administered local consolidative
therapies, 96% underwent some form of RT. The median PFS in the local consolidative therapy group
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was 11.9 months versus 3.9 months in the maintenance treatment group (hazard ratio 0.35, p = 0.0054).
Furthermore, no grade 4 or 5 toxicities were reported. They suggested that the addition of local therapy
after first-line therapy might improve PFS of patients with oligometastatic NSCLC [26].

With regard to the optimal modality of local treatment for oligometastatic NSCLC, to date, no RCTs
have compared SBRT and surgery. Otake and Goto reviewed salvage SBRT for oligometastatic NSCLC
and concluded that SBRT appeared to provide a high level of local control with minimal associated
toxicity [27]. Although surgery is a powerful local treatment, pre-treatment and/or post-treatment as a
combined-modality approach is often required for oligometastatic NSCLC. It is necessary to carefully
select surgery or RT as local treatment, considering the patient’s ability to tolerate total therapies.

4.2. Salvage Surgery after Definitive Systemic Therapy

4.2.1. Salvage Surgery after Treatment with TKIs

For patients with stage IV NSCLC, chemotherapy resulted in only approximately a 7%
improvement in 1-year survival compared with survival with best supportive care [28]. Compared
with chemotherapy, EGFR-TKI administration results in a high response rate in patients with EGFR
mutation-positive lung cancer; in particular, osimertinib has a response rate of 80% [29]. Among
patients in whom TKI has a dramatic effect, salvage surgery for local residual/recurrent lesions is a
possible treatment strategy.

Hishida et al. reported nine patients with stage IV NSCLC who underwent tumor resection
after gefitinib administration. Surgery was performed for local tumor persistence, recurrence, or
re-growth after treatment with gefitinib (duration of administration, 2–36 months), and the median OS
after resection was 32 months. The median recurrence-free period was reported to be 6 months [30].
In another study, Hishida et al. reported the long-term outcome of 4 patients who underwent
pulmonary resection for residual/regrown primary lesion of NSCLC treated with gefitinib. Recurrence
was observed in three of four cases; however, all of them survived for 5 years or more after surgery.
The remaining case continued to receive TKI administration for 4 years after surgery without cancer
relapse [31]. Based on these reports, although no large-scale data are available, it is quite possible that
salvage surgery after EGFR-TKI can be expected to have local control effects. A similar significance of
salvage surgery has been reported in a case report on the use of ALK inhibitors for NSCLC with ALK
gene translocations [32].

Recently, the effectiveness of osimertinib as a postoperative adjuvant therapy for resectable EGFR
mutation-positive NSCLC was reported as the result of a phase III trial (ADAURA Clinical Trials,
NCT02511106) [33]. In that trial, disease-free survival was significantly longer among patients who were
administered osimertinib than among those who received placebo (90% versus 44%). It was unclear
whether TKI should be continued after salvage surgery following treatment using TKI. However,
considering the result of the ADAURA trials, it is possible that the prognosis will be improved if TKI is
continued even after complete resection by salvage surgery.

4.2.2. Salvage Surgery after Treatment with ICIs

Recently, the effectiveness of the PD-1 inhibitor pembrolizumab in patients with stage IV lung
NSCLC was reported as the result of a phase III trial (KEYNOTE-407). The estimated 6-month OS rate
was 80.2% with pembrolizumab administration. Moreover, the median PFS with pembrolizumab of
10.3 months (not reached) was superior to that with platinum doublet chemotherapy (6 months) [34].

Furthermore, ICI combined with chemotherapy for stage IV NSCLC was reported to
significantly improve OS and PFS compared with chemotherapy alone as reported in phase III
trials (KEYNOTE-189 [35,36] and KEYNOTE-407 [37]). The median OS and PFS were 15.9–22 months
and 6.4–8.8 months, respectively. These survival benefits were consistent regardless of the level of
programmed death-ligand 1 expression. Based on this evidence, ICI or ICI combined with chemotherapy
is recommended as standard therapy for stage IV NSCLC without a driver mutation.
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Although there have been few reports concerning salvage surgery after ICI, Bott retrospectively
examined 19 patients who underwent lung resection after ICI for metastatic or unresectable cancer,
including lung cancer (47%) and metastatic melanoma (37%). Of patients who underwent resection,
R0 resection was achieved in 95% and 68% of patients with viable tumor remaining. Complications
occurred in 32% of patients. The 2-year OS was 77% [38]. In NSCLC, the frequency of salvage surgery
has been increasing in recent years, and with the spread of ICI, salvage surgery after ICI may increase
in the future. Salvage surgery after ICI is possibly a feasible and effective treatment; however, to date,
it has only been described in one case report [39]. It is necessary to accumulate further evidence
regarding salvage surgery after ICI.

Although there is no evidence that salvage surgery after definitive therapy confers a survival
benefit compared with other non-surgical radical therapy, here, we show selected studies regarding
current standard first-line therapy for stage III/IV NSCLC and limited reports on salvage surgery
(Table 1).

Table 1. Selected studies on salvage surgery and first-line therapy for stage III/IV NSCLC.

Stage Modality OS (%), MST (m) mPFS (m) RR (%) Ref.

Stage III CRT only 5-y OS: 5–25, 26 - - [6,15]
CRT→ ICI 3-y OS: 66.3, 38.4 16.8 28.4 [22]
CRT→ SS 5-y OS: 20–75, 9–46 - - [18]
RT→ SS N.A., 13.6–82.7 - - [21]

Stage IV EGFR-TKI only(osimertinib) 1.5-y OS: 83, N.A. 8.9 80 [28]
ICI only(pembrolizumab) 0.5-y OS: 80.2, 14–19.2 10.3 44.8 [33]

ICI + CT 2-y OS: 45.7, 15.9–22 6.4–9 48 [34–36]
EGFR-TKI→ SS 3-y OS: 50, 32 - - [29]

ICI→ SS 2-y OS: 77, N.A. - - [37]
(Oligometastasis) CT + RT (all lesions) 5-y OS: 7.6, 18 - - [24]

Surgery (all lesions)→ CT 5-y OS: 21.1, 48 - -

CRT: chemoradiotherapy, CT: chemotherapy, EGFR-TKI: epidermal growth factor receptor-tyrosine kinases
inhibitor, ICI: immune-checkpoint inhibitor, mPFS: median progression-free survival, MST: median survival
time, N.A.: not available, NSCLC: non-small cell lung cancer, OS: overall survival, Ref.: reference, RR: response rate,
RT: radiotherapy, SS: salvage surgery, y: year.

5. Future Perspectives

Several clinical questions, such as whether surgery or RT is better as a local salvage treatment
after definitive systemic therapy or as the first-line local treatment for oligometastatic NSCLC, remain
unanswered. The significance of surgical intervention after CRT followed by ICI treatment is also
unknown. The use of adjuvant therapy was not described in this review; furthermore, the chronological
time of TKI/ICI addition to surgery remains yet to be demonstrated (adjuvant or neoadjuvant).
In addition, it is possible that the definition of “unresectable” may change, and R1/R2 resection or even
volume reduction may turn out significant in the future. Prospective and comparative trials need to be
performed to clarify these issues in the future.

6. Conclusions

This review covered the role of surgical intervention for unresectable NSCLC. Although many
problems still need to be solved, while systemic treatments with high response rates such as TKI and/or
ICI are being developed further, the importance of surgical treatment is expected to expand.
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Abstract: Based on the results of the CheckMate 017 and CheckMate 057 studies, nivolumab therapy
has become a new standard treatment for both squamous and non-squamous non-small-cell lung
cancer (NSCLC). However, due to the specific inclusion criteria of these clinical trials, the efficacy
and safety of nivolumab in real-world practice were not certain. In general, the real-world results of
nivolumab treatment have been consistent with those obtained in clinical trials. Additional analyses
of the real-world data have made the identification of prognostic factors possible. Good performance
status is the most significant predictor of clinical benefit. Brain metastases, liver metastases, EGFR
mutation, malignant pleural effusion, and a high number of metastatic sites were identified as negative
prognostic factors. By contrast, a longer time to disease progression (>6 months) from the beginning
of prior chemotherapy and an objective response to chemotherapy seem to have positive prognostic
value in the case of nivolumab treatment. In terms of patient age, the data are inconclusive. Some
blood biomarkers can also be considered significant prognostic factors.

Keywords: non-small-cell lung cancer; nivolumab; Expanded Access Program; real-world data; daily
practice; prognostic factors

1. Introduction

Immune checkpoint inhibitors targeting programmed death 1 (PD-1) and its ligand (PD-L1) have
significantly changed the management of advanced non-small-cell lung cancer (NSCLC) in recent
years [1]. Nivolumab, a fully human antibody directed against PD-1, has been approved for previously
treated advanced NSCLC. Nivolumab was associated with significantly longer overall survival (OS)
than docetaxel and had a good safety profile in squamous and non-squamous NSCLC in two pivotal
phase III clinical trials (CheckMate 017 and CheckMate 057) [2,3]. Pooled analysis of long-term
outcomes confirmed the significant clinical efficacy of nivolumab compared with that of docetaxel [4,5].
The value of nivolumab was assessed in prospective clinical trials, the results of which were required
for drug registration. However, further real-world NSCLC population studies and evaluation of the
value of nivolumab in clinical practice are necessary to select a subgroup of patients in whom clinical
benefits are most likely. The patient population is much more diverse in clinical practice than in
clinical trials. Negative prognostic factors are frequent issues in many cases, with poor performance
status, brain or liver metastases, and elderly age being the most common. Real-world data can also
be used to identify additional prognostic factors that may be helpful in treatment decision-making.
Some real-world data concerning nivolumab have recently been published, including those derived
from the Expanded Access Program (EAP) and post-registration studies (data for nivolumab are more
frequently published than data for atezolizumab and pembrolizumab). This paper aims to provide an
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overview of the selected real-world studies on nivolumab and to describe predictive factors of value in
clinical practice.

2. Nivolumab in Clinical Trials

The CheckMate 057 trial was designed for patients with non-squamous NSCLC. Eligible patients
had primary CS IIIB/IV NSCLC or recurrent NSCLC after radiation therapy or surgical resection
and documented disease progression during or after one platinum-based doublet chemotherapy
regimen [3]. Patients with an acceptable general condition and adequate organ function without major
comorbidities were included [3]. In all, 582 patients were randomized: 292 were assigned to receive
nivolumab at a dose of 3 mg/kg every 2 weeks, and 290 to receive docetaxel at a dose of 75 mg/m2

every 3 weeks. OS was the primary endpoint. The key secondary endpoints were investigator-assessed
confirmed objective response rate and progression-free survival (PFS). Tumor response was assessed
with the use of the Response Evaluation Criteria in Solid Tumors, version 1.1 (RECIST 1.1), at week
9 and then every 6 weeks until disease progression. Safety was assessed with the Cancer Institute
Common Terminology Criteria for Adverse Events (CTCAE), version 4.0.

The median OS was longer in the nivolumab group than in the docetaxel group (12.2 months,
95% confidence interval (CI) 9.7–15.0, versus 9.4 months, 95% CI 8.1–10.7; hazard ratio (HR) 0.73,
95% CI 0.59–0.89; p = 0.002). The objective response rate was 19% with nivolumab versus 12% with
docetaxel (p = 0.02). Treatment-related adverse events (AEs) of any grade were reported in 69% of
patients in the nivolumab group and in 88% in the docetaxel group, while grade 3–4 AEs occurred in
10% of the nivolumab group and in 54% of the docetaxel group [3]. The most important data from that
study are presented in Table 1.

Table 1. Nivolumab for previously treated non-small-cell lung cancer—CheckMate 017/057 [2,3].

CheckMate 017 CheckMate 057

Nivolumab Docetaxel HR Nivolumab Docetaxel HR

Number of patients 135 137 292 290
ORR (%) 20 9 2.6; p = 0.008 19 12 p = 0.02

PFS (months) 3.5 2.8 0.62; p < 0.001 2.3 4.2 0.92; p = 0.39
OS (months) 9.2 6.0 0.59; p < 0.001 12.2 9.4 0.73; p = 0.002

AE (any grade, %) 58 86 69 88
AE (grade 3–4, %) 7 55 10 54

HR—hazard ratio, ORR—overall response rate, PFS—progression-free survival, OS—overall survival,
AE—adverse event.

The CheckMate 017 trial was designed for patients with squamous NSCLC. Eligible patients
had CS IIIB/IV NSCLC and documented disease progression after one platinum-based doublet
chemotherapy [4]. The main inclusion or exclusion criteria and treatment outline were similar to those
for the CheckMate 057 trial. In all, 272 patients underwent randomization: 135 patients were assigned
to receive nivolumab and 137 to receive docetaxel [4].

The median OS was longer with nivolumab than with docetaxel (9.2 months, 95% CI 7.3–13.3,
versus 6.0 months, 95% CI 5.1–7.3; HR 0.59, 95% CI 0.44–0.79; p < 0.001). The response rate was 20%
with nivolumab versus 9% with docetaxel (p = 0.008). Treatment-related AEs of any grade occurred in
58% of patients in the nivolumab group and in 86% in the docetaxel group. Grade 3–4 AEs occurred in
7% of the nivolumab group and in 55% of the docetaxel group. The most important data from that
study are presented in Table 1.

A pooled analysis of long-term outcomes confirmed the efficacy of nivolumab [4,5]. The 4-year OS
rate was 14% in patients treated with nivolumab, compared with 5% in patients treated with docetaxel
(14.9% for patients with non-squamous NSCLC and 9.4% for patients with squamous NSCLC in the
nivolumab population); the 5-year OS rate was 13.4% with nivolumab versus 2.6% with docetaxel
(HR 0.68, 95% CI 0.59–0.78) [4,5]. Patients in the nivolumab group who achieved an objective response
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had the best long-term results. Median OS in patients with an objective response was not reached in
the nivolumab group (95% CI 25.6–not reached) versus 17.1 months (95% CI 11.1–28.7) in the docetaxel
group. The 4-year OS rate in patients with an objective response was 58% with nivolumab and 12%
with docetaxel [4].

3. Nivolumab in Daily Practice

Patients likely to participate in clinical trials have to meet strictly defined, challenging criteria.
Inclusion criteria usually only allow for the treatment of patients with Eastern Cooperative Oncology
Group (ECOG) 0–1, without significant comorbidities, and with normal laboratory results. However,
in clinical practice, the population of pretreated patients with NSCLC is very diverse. Poor performance
status (ECOG 2–3), brain metastases, liver metastases, and elderly age, as well as rapid disease
progression after chemotherapy are the most common problems. Real-world data can be used to assess
the efficacy of nivolumab in clinical practice. Some real-world data have recently been published,
including those derived from the EAP, which made it possible for many patients to be treated before the
medicine was reimbursed in their countries. In total, data regarding 4800 patients have been published.

3.1. Efficacy

The Italian cohort is the largest reported group from the nivolumab EAP [6,7]. Inclusion criteria
included CS IIIB/IV NSCLC, ECOG 0–2, adequate organ function, life expectancy of at least 6 weeks,
and progression after at least one line of systemic treatment for advanced or metastatic disease. Patients
with progression within 6 months after radical treatment for locally advanced disease were also eligible.
Unstable brain metastases and active known or suspected autoimmune disease (with some exceptions)
were contraindications for nivolumab treatment. For 1588 patients with non-squamous NSCLC,
the median OS was 11.3 months, the 1-year OS rate was 48%, and the median PFS was 3.0 months,
with a 1-year PFS rate of 22% [6]. The median OS was 7.9 months and the 1-year OS rate was 39% in
the 371 patients with squamous NSCLC [7]. The overall response rate (ORR) was 18% for both the
squamous and non-squamous NSCLC patient groups. Similar efficacy data from other countries are
also available. In a group of 901 Japanese patients treated in an observational post-registration study,
the median OS was 14.6 months for the entire patient population and the 1-year OS rate was 54.3% [8].
The median OS was 15.1 months for patients with non-squamous NSCLC and 12.3 months for patients
with squamous NSCLC [8]. The median PFS for the entire patient population was 2.1 months and the
ORR was 20.5% [8]. Survival and ORR data reported in other publications (patients in the EAP and in
routine clinical practice) are summarized in Table 2.

Table 2. Survival in patients treated with nivolumab in real-world practice.

Number of
Patients

OS all Patients
(Months)

OS
Non-Squamous

(Months)

OS Squamous
(Months)

PFS
(Months)

ORR (%)

Grossi [6] 1588 11.3 11.3 na 3 18
Crino [7] 371 7.9 na 7.9 nd 18
Morita [8] 901 14.6 15.1 12.3 ** 2.1 20.5

Dudnik [9] 260 5.9 Squamous vs. non-squamous HR
1.12; p = 0.61 2.8 35 *

Schouten [10] 248 10.0 7.8 NR 2.6 21.8
Almazán [11] 221 9.7 12.8 6.9 5.3 17.6
Juergens [12] 472 12.0 11.8 13.1 ** 3.5 nd

Figueiredo [13] 229 13.2 Squamous vs. non-squamous HR
0.72; p = 0.14 4.9 22.4

Manrique [14] 188 12.85 11.7 14.8 ** 4.83 25.5
Brustugun [15] 58 11.7 nd nd 4.0 nd

OS—overall survival, PFS—progression-free survival, ORR—overall response rate, NR—not reached,
na—not applicable, nd—no data, HR—hazard ratio. * 49/260 patients were evaluated for response,
** Statistically non-significant.
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3.2. Prognostic Factors in Real-World Practice

The clinical benefit of nivolumab, as shown in registration trials, applies to the entire patient
population, but further analysis of the data suggests that some patients may benefit more than
others. However, unfavorable responses to nivolumab treatment can be also observed. Therefore,
it is important to identify additional prognostic factors that can be used in treatment decision-making.
The real-world data are helpful in this regard.

3.2.1. Performance Status

Performance status is a crucial factor in treatment decision-making for patients with NSCLC.
ECOG 0–1 is required in clinical trials, but the patient population is much more diverse in clinical
practice. According to the real-world data, the prevalence of patients with ECOG ≥ 2 who are treated
with nivolumab ranges from 3% to 46% [6–15]. The prognostic value of performance status has been
well documented.

Multivariate survival analysis in the Italian EAP cohort of patients with non-squamous NSCLC
showed that ECOG 2 performance status is an independent prognostic factor for early death
(p < 0.0001) [6]. Poor performance status (ECOG 2), compared with ECOG 0, was also identified as an
independent prognostic factor for death in the Italian EAP squamous NSCLC cohort (HR 2.76, 95% CI
1.65–4.62; p < 0.0001) [7]. In this cohort, the risk of death was also higher in patients with ECOG 1
than in patients with ECOG 0 (HR 1.57, 95% CI 1.17–2.11; p = 0.003) [7]. Similar results were obtained
in the analysis of a group of 901 Japanese patients, in which 17.4% of the patients had an ECOG
score of 2, 3, or 4 (HR 0.39, 95% CI 0.51–0.8; p < 0.0001) [8]. Poor performance status was also a risk
factor for short PFS (HR 0.64, 95% CI 0.51–0.8; p < 0.0001) [8]. Multivariate analysis of the Portuguese
EAP data identified performance status as the only independent prognostic factor (p < 0.0006) [13].
In a univariate analysis, the risk of death was much lower in patients with ECOG 0–1 than in patients
with ECOG 2 (HR 3.8, 95% CI 2.3–6.07; p < 0.0001) [13]. Another univariate analysis reported an OS of
3.4 months (95% CI 2.3–4.4) in patients with ECOG 2 versus 11.79 months (95% CI 8.5–15.07) in patients
with ECOG 1. The median OS for patients with ECOG 0 was not reached [14]. Some data related to the
prognostic value of performance status are summarized in Table 3.

Table 3. Prognostic value of performance status in patients treated with nivolumab—real-world data.

% of Patients ECOG ≥ 2
OS (Months)

ECOG 0–1 ECOG ≥ 2

Manrique [14] 10 11.79 3.4
Juergens [12] 8.9 12.91 6.77
Almazán [11] 13.6 12.8 2.9

Crino [7] 6 - HR 2.76 * (2 vs. 0)
Figueiredo [13] 13.2 - HR 3.8 * (≥2 vs. 0–1)
Schouten [10] 16.1 12.5 4.5

Dudnik [9] 46 9.5 3.5

OS—overall survival, ECOG—Eastern Cooperative Oncology Group, HR—hazard ratio. * Multivariate analysis.

3.2.2. Liver Metastases

A pooled analysis of the CheckMate 017 and CheckMate 057 trials with updated results from more
than 3 years of follow-up included a subgroup analysis of patients with liver metastases [16].
Liver metastases were found in 23% of 854 patients at baseline. Although nivolumab had a confirmed
OS benefit in patients with liver metastases (HR 0.68, 95% CI 0.50–0.91), the median OS for patients
with liver metastases was 6.8 months in the nivolumab group and 5.9 months in the docetaxel group
(HR 0.68, 95% CI 0.50–0.91), while for the entire patient population the median OS was 11.1 months for
the nivolumab group and 8.1 months for the docetaxel group (HR 0.70, 95% CI 0.61–0.81) [16]. Patients
with and without liver metastases were not directly compared.
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Liver metastases were determined to be an independent negative prognostic factor for OS in
multivariate analyses of some real-world data [6–8]. For Italian patients with squamous NSCLC,
the HR was 1.44 (95% CI 1.04–1.98; p = 0.03) [7], and for non-squamous NSCLC the odds ratio (OR) for
early death was 0.47 (95% CI 0.35–0.61; p < 0.0001) [6]. However, in another publication, the negative
prognostic value of liver metastases was not confirmed [9]. In a retrospective analysis of 215 patients
with NSCLC who received nivolumab, atezolizumab, or pembrolizumab (19.1% of patients had liver
metastases), there was a higher risk of death in patients with liver metastasis than in those without
(HR 2.04, 95% CI 1.33–3.13) [17]. Additional negative prognostic factors for patients with NSCLC and
liver metastases were low albumin level, poor performance status, driver mutation, and having five or
more liver metastases.

3.2.3. Brain Metastases

About 10% of non-oncogene addicted patients with NSCLC have brain metastases at diagnosis and
25–40% develop brain metastasis during the course of the disease. A pooled analysis of the CheckMate
017 and CheckMate 057 trials showed that 11% of the included patients had brain metastasis at baseline,
but no detailed information about the intracranial efficacy of nivolumab were provided in the primary
publications [4]. However, nivolumab was more effective than docetaxel in terms of OS in the entire
analyzed patient population [4]. CheckMate 012 (NCT01454102) was a phase I, multicohort study
evaluating nivolumab alone or in combination with other therapies for the treatment of patients with
advanced NSCLC and untreated brain metastases (12 patients, arm M) [18]. Intracranial response was
evaluated with magnetic resonance imaging [18]. The ORR was 16.7% (two patients) in that small
study group; however, progressive disease was observed in the majority of patients [18].

Nivolumab therapy is routinely used in patients who have undergone primary resection or
irradiation for brain metastases and whose clinical condition improved after receiving local treatment.
Retrospective analyses of real-world data showed that nivolumab has intracranial activity [19–21].
Twenty-six percent of patients with non-squamous NSCLC in the Italian EAP had asymptomatic or
controlled brain metastases [19]. The disease control rate was 40% and the ORR was 17%. The median
OS in patients with asymptomatic or controlled brain metastases was 8.6 months (95% CI 6.4–10.8)
compared with 11.3 months (95% CI 10.2–12.4) for the entire cohort [20]. In the cohort with squamous
NSCLC, 10% of 372 patients had asymptomatic brain metastases. The median OS was 5.8 months
(95% CI 1.9–9.8) [21]. A direct comparison of the efficacy of nivolumab in patients with and without
brain metastases showed significant differences in OS [14]. In a group of 188 patients, 22% had brain
metastases. The median OS was 5.09 months (95% CI 0.3–9.8) in the patients with brain metastases
versus 14.8 months (95% CI 11.5–17.3) in patients without brain metastases [14]. In another cohort,
in which 14.8% of 472 patients had brain metastases, the median OS reached 9 months (95% CI 5.5–13.3)
in patients with brain metastases and 13.1 months (95% CI 11.5–17.1; p = 0.007) in patients without
brain metastases [12]. Some studies have identified brain metastases as an independent negative
prognostic factor [8], but others have not [6,7,9,10].

3.2.4. Elderly Patients

More than 40% of patients in the CheckMate 017 and CheckMate 057 populations were over
65 years of age, including about 7% of patients who were over 75 years of age [2,3]. Nivolumab was
effective in the whole group, although for patients over 75 years of age the clinical benefit was uncertain
(HR 0.9; 95% CI 0.43–1.87) [3]. The findings of the phase II CheckMate 171 trial have been published
recently [22]. Overall, 811 patients with previously treated advanced squamous NSCLC were included,
of whom 278 were aged over 70 years and 125 were aged over 75 years [22]. The median OS was
similar in all age groups: 10.0 months (95% CI 9.2–11.2) in all patients, 10.0 months (95% CI 8.3–11.4)
in those aged over 70 years, and 11.2 months (95% CI 7.9–14.2) in those aged over 75 years. The
safety profile was similar across age-determined populations; however, low-grade diarrhea was more
common in patients over 70 years of age than in those aged 70 or younger [22]. AEs were reported
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in 13.9% of all patients, in 15.8% of those aged over 70 years, and in 18.4% of those aged over 75
years [22]. In an Italian population of 371 patients with squamous NSCLC, OS was reduced in patients
aged 75 years or older (5.8 months, 95% CI 3.5–8.1) versus patients aged under 65 years (8.6 months,
95% CI 5.2–11.9), patients aged 65 to less than 75 years (8.0 months, 95% CI 5.6–10.4), and the overall
population (7.9 months, 95% CI 6.2–9.6) [23]. Discontinuation rates due to treatment-related AEs were
low irrespective of age (4–5%) [24]. However, a retrospective analysis of 324 Belgian patients with
NSCLC showed no significant difference between older (≥70) and younger (<70 years) patients in terms
of PFS (4 months versus 3.7 months, p = 0.483) and OS (9.3 months versus 8.4 months, p = 0.638) [25].
The incidence of AEs of all grades and of grade 3–4 AEs was also similar between age groups [25].
Similarly, in a group of Italian patients with non-squamous NSCLC, 522 of 1588 patients were over
70 years of age; these patients reached a median OS of 11.5 months (95% CI 10.0–13.0), while for the
232 patients aged over 75 years OS was 12.0 months (95% CI 9.2–14.8) [6]. There were no significant
differences in the incidence of treatment-related AEs in the subgroups defined by age (6–7% of AEs
were grade 3–4) [6]. Some studies have confirmed that treatment outcomes in clinical practice are not
affected by age [11,12,26,27], whereas others have reported nivolumab treatment to have less favorable
results in patients aged over 75 years [9].

3.2.5. EGFR Status

Of the patients in the CheckMate 057 trial, 15% had an EGFR mutation. Nivolumab was not better
than docetaxel in that subset of patients (HR 1.18, 95% CI 0.69–2.0) [3].

In an Italian cohort of patients with non-squamous NSCLC, 102 patients (6.4%) had an EGFR
mutation [28]. No statistically significant difference in OS was observed in patients with an EGFR
mutation versus that in those without. OS reached 11 months in patients with EGFR wild-type tumors
versus 8.3 months in patients with EGFR-mutant tumors (HR 1.11, 95% CI 0.84–1.47; p = 0.4) [28].
A study by the Galician Lung Cancer Group showed that OS was higher in patients without an EGFR
mutation than in patients with EGFR-mutated NSCLC (12.8 versus 4.8 months, p = 0.12) [14]. Although
univariate (HR 1.11, 95% CI 0.84–1.45; p = 0.46) and multivariate (HR 1.13, 95% CI 0.82–1.56; p = 0.45)
analysis of 901 Japanese patients (12.9% with EGFR mutation) failed to determine the prognostic value
of EGFR mutation [8], most reports are in line with the CheckMate 057 results and confirmed the
negative prognostic value of EGFR mutation in patients treated with nivolumab. OS in 25 Canadian
patients with EGFR mutation was 3.38 months, while in 229 patients with wild-type EGFR it was
13.37 months (HR 2.32, 95% CI 1.37–3.93; p = 0.002) [12]. A multivariate analysis of 613 patients (15%
of whom had an EGFR mutation) showed EGFR mutation or ALK translocation to have negative
prognostic value in terms of PFS (HR 1.45, 95% CI 1.12–1.86) [26].

3.2.6. Sensitivity to Previous Chemotherapy

A post hoc exploratory multivariate analysis of the CheckMate 057 population suggested that some
patients might be at a higher risk of death within the first 3 months of treatment. The following known
negative prognostic factors were considered: less than 3 months since last treatment, progressive
disease as best response to prior treatment, and an ECOG score of 1 [29].

Real-life experience with nivolumab has shown that sensitivity to previous chemotherapy could
have prognostic value. The Netherlands Cancer Institute published the results of 248 patients treated
with nivolumab [10]. Of the 189 patients who had a documented response to prior platinum-based
doublet therapy, 38.6% had progressive disease as the best response. OS was 13.1 months in patients
who had been sensitive to the chemotherapy and only 5.0 months in chemotherapy-refractory patients
(HR 1.7, 95% CI 1.108–2.642; p = 0.015). An analysis of 221 patients showed that time to progression
could also have prognostic value [11]. Patients who had disease progression within 6 months of
platinum therapy did worse than those who had a longer PFS than 6 months on platinum therapy
(3.7 months versus 11.8 months; HR 0.39, 95% CI 0.26–0.6; p < 0.0001) [11]. The positive prognostic
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value of both ORR and PFS of more than 6 months since the beginning of prior chemotherapy was
presented in another publication [30].

3.3. Safety

In the CheckMate 057 study, the frequency of any-grade AEs related to nivolumab treatment was
69%, while the frequency of grade 3–4 AEs was 10% [3]. The most common any-grade AEs were fatigue
(16%), nausea (12%), decreased appetite (10%), and asthenia (10%). The rate of discontinuation due to
nivolumab-related AEs was 5% [3]. In the CheckMate 017 study, any-grade AEs were reported in 58%
of patients, while grade 3–4 AEs were reported in 7% of patients, and treatment was discontinued due
to nivolumab-related AEs in 3% of patients [2]. The safety profile established in clinical practice seems
to be consistent with that determined in clinical trials. The relevant data are summarized in Table 4.
The differences in the frequency of any-grade AEs between some publications could be associated with
less precise reporting of AEs outside clinical trials.

Table 4. Incidence of adverse events (AEs) in patients treated with nivolumab—real-world data.

All (%) Grade 3–4 (%) Discontinuation of Therapy Due to an AE (%)

Grossi [6] 32 6 5
Manrique [14] 78 4.8 4.8
Schouten [10] 18 6 nd

Dudnik [9] 62 7 3.5
Crino [7] 29 6 9

Garassino [28] 33 6 2.6
Kobayashi [27] 45 13.3 nd
Figueiredo [13] 76 nd 16

nd—no data.

4. Summary

Based on the results of the CheckMate 017 and CheckMate 057 studies, nivolumab therapy has
become a new standard of care for both squamous and non-squamous NSCLC. Due to the specific
inclusion criteria of the clinical trials, the efficacy and safety of nivolumab in real-world practice were
not certain. However, some data from the EAP and from post-registration studies have recently been
published, which allows for further evaluation.

In general, the real-world results are consistent with those obtained in clinical trials. From a
practical point of view, the important question is how to select a subgroup of patients in whom clinical
benefits are most likely. Additional analyses of the real-world data made the identification of prognostic
factors possible.

Performance status is the most important prognostic factor. Several multivariate analyses showed
ECOG 0–1 to be the most significant predictor of clinical benefit [6,7,13,30,31]. An analysis that focused
on negative prognostic factors in response to nivolumab therapy clearly identified the following risk
factors of early death: ECOG ≥ 2 (OR 5.66, 95% CI 2.01–15.61; p < 0.001), C-reactive protein to albumin
ratio >0.3 (OR 10.56, 95% CI 3.61–3086; p < 0.001), and poor response to first-line chemotherapy
(OR 2.06, 95% CI 1.03–4.14; p < 0.001) [31]. Additionally, many authors suggest that liver metastases,
brain metastases, and EGFR mutation are negative prognostic factors associated with a higher risk
of death. Malignant pleural effusion and a high number of metastatic sites were also identified as
negative prognostic factors [30,32]. By contrast, a longer PFS on platinum therapy (>6 months) and an
objective response to chemotherapy seem to have positive prognostic value in the case of nivolumab
treatment. In terms of patient age, the data are inconclusive.

Blood biomarkers can also be considered in treatment decision-making. The use of the lung
immune prognostic index (LIPI) based on the baseline derived neutrophil to lymphocyte ratio (dNLR)
and lactate dehydrogenase (LDH) was suggested [33,34]. A high LIPI value was indicated as an
independent negative prognostic factor (HR 3.67, 95% CI 1.96–6.86; p < 0.0001) [33]. Several other
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inflammatory-related markers, such as the neutrophil to lymphocyte ratio (NLR), dNLR, LDH,
interleukin 8, and indoleamine 2,3 dioxygenase activity were also found to be important [35,36].

It is noteworthy that some of these prognostic factors are also relevant to chemotherapy [37,38].
The negative prognostic value of parameters such as poor performance status, liver or brain metastases,
the number of metastatic sites, and an elevated leukocyte count was demonstrated [37,38].

To summarize—the efficacy and safety of nivolumab in the second-line setting of advanced
NSCLC have been established in clinical trials and confirmed in real-world practice. Long-term clinical
benefit can be obtained in some patients. Good performance status (ECOG 0–1) is crucial, but other
clinical variables such as site and number of metastatic lesions, time to failure of first-line chemotherapy,
chemotherapy response status, and specific laboratory results should also be considered. There is a
further need to collect data on the efficacy of immunotherapy in real-world clinical practice.
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Abstract: The combination of programmed cell death-1 (PD-1)/programmed death ligand-1 (PD-L1)
inhibitors with chemotherapy has emerged as a promising therapeutic option for advanced
non-small-cell lung cancer (NSCLC). The aim of this meta-analysis was to evaluate the efficacy
of the combined strategy in this setting. For this purpose, we performed a literature search of
randomized controlled trials comparing PD-(L)1 inhibitors plus platinum-based chemotherapy versus
chemotherapy alone in stage IV NSCLC patients. Seven clinical trials with 4562 patients were included.
In the intention-to-treat wildtype population, PD-(L)1 inhibitor plus chemotherapy was significantly
associated with improved progression-free survival (PFS) (Hazard ratio (HR) = 0.61, 95% confidence
interval (CI): 0.57–0.65, p < 0.001) and overall survival (OS) (HR = 0.76, 95% CI: 0.67–0.86; p < 0.001)
compared to chemotherapy. A significantly higher overall response rate (ORR) was also observed
with the combined strategy (Odds ratio (OR) = 2.12, 95% CI: 1.70–2.63, p < 0.001). Furthermore,
in all the analyzed subgroups, addition of PD-(L)1 inhibitors to chemotherapy significantly improved
efficacy endpoints. Specifically, stratification according to PD-L1 expression revealed a benefit across
all patients, regardless of their PFS status. In conclusion, PD-(L)1 blockade added to standard
platinum-based chemotherapy significantly improved PFS, OS, and ORR in the up-front treatment of
advanced NSCLC.
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1. Introduction

Lung cancer remains the leading cause of cancer-related death worldwide among men and
the second among women [1]. Non-small-cell lung cancer (NSCLC), which is the most common
type, accounts for 80% to 85% of all lung cancer diagnoses [2]. It is frequently diagnosed in the
advanced stage, with 5-year survival rates ranging from 0% to 5% with chemotherapy, the only systemic
therapeutic strategy available for decades [3]. In this regard, blockade of the programmed cell death-1
(PD-1)/programmed death ligand-1 (PD-L1) axis in particular has opened up a new horizon in the
lung cancer therapeutic landscape, increasing overall survival (OS) not only in patients with advanced
NSCLC but also in patients with stage III NSCLC and extensive-stage small-cell lung cancer [4–6].

Since 2015, three different PD-(L)1 inhibitors have been approved by the European Medicines
Agency (EMA) and/or the U.S. Food and Drug Administration (FDA) for the treatment of metastatic
NSCLC (mNSCLC) [7]: two anti-PD-1 antibodies (nivolumab and pembrolizumab) and one anti-PD-L1
antibody (atezolizumab), indicated for patients regardless of their PD-L1 expression status (nivolumab
and atezolizumab) or for PD-L1-positive patients only (pembrolizumab). All of them have demonstrated an
improvement in OS compared to docetaxel in second-line therapy [8–10]. In the first-line setting, results
from the KEYNOTE 024 trial demonstrated that, compared with platinum-based chemotherapy, OS,
progression-free survival (PFS), and overall response rate (ORR) were significantly improved in patients
with PD-L1 expression on at least 50% of tumor cells and without oncogenic driver mutations [11,12].
Interestingly, an additional study assessing pembrolizumab efficacy versus chemotherapy using a PD-L1
tumor proportion score (TPS) of 1% or greater (KEYNOTE-042 [13]) demonstrated improved OS
for the full cohort, which, despite being higher for higher PD-L1 expression, supported a potential
extended role of pembrolizumab monotherapy as a standard first-line treatment for PD-L1-expressing
advanced/metastatic NSCLC [14]. In contrast, nivolumab did not demonstrate statistically significant
survival benefits in previously untreated PD-L1-positive mNSCLC (CheckMate-026 [15]).

Nevertheless, many patients with advanced NSCLC do not benefit from PD-(L)1 inhibitors,
either in the first line or in the second or successive lines of treatment. The search for reliable predictive
biomarkers of response to these drugs is therefore essential to improve patient outcomes.

The potential synergistic effects of combining chemotherapy and immunotherapy to improve the
antitumor activity of anti-PD-(L)1 monotherapy were initially suggested in preclinical studies [16]
(Apetoh, 2015 #16) and were further demonstrated in several clinical trials [4–6,17–25]. However,
although promising outcomes have been reported, several questions remain unanswered, such as
the potential real benefit for all patients at the expense of increased toxicity or the possible molecular
factors that could predict the benefit of this combined therapeutic strategy.

The objective of this study was to evaluate the efficacy of the combined strategy by conducting a
pairwise meta-analysis (MA) of the available information on PD-(L)1 inhibitors in combination with
chemotherapy in the first-line treatment of patients with advanced NSCLC.

2. Materials and Methods

2.1. Search Strategies and Study Selection

We conducted a systematic search in PubMed to identify all eligible trials from inception until
1 January 2020, with no start date limit applied. Literature search terms used were “non-small
cell lung cancer” (or “NSCLC”), “chemotherapy”, “pembrolizumab”, “nivolumab”, “atezolizumab”,
“durvalumab”, and all terms related to clinical trial registration (ClinicalTrials.gov, EU Clinical Trials
Register, ISRCTN, and ANZCTR). An additional search of abstracts presented at the American Society
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of Clinical Oncology (ASCO), European Society for Medical Oncology (ESMO), American Association
for Cancer Research for Medical Oncology (AACR), and World Conference on Lung Cancer (WCLC)
was also performed.

2.2. Selection Criteria

Only phase III trials conducted in patients with advanced/metastatic stage IV NSCLC not previously
treated for their metastatic disease and receiving at least one PD-(L)1 inhibitor in combination with
a chemotherapeutic agent were eligible for inclusion. Efficacy outcomes regarding combinations of
immunotherapy plus chemotherapy expressed as PFS or OS had to be provided. Observational studies,
editorials, reviews, and commentaries were excluded.

2.3. Statistical Analysis

The DerSimonian–Laird random effects models for main and subgroup analyses was implemented,
assessing heterogeneity of effect-size estimates from the individual studies by Cochran’s Q test and
the I2 statistic. Additionally, MA corresponding to analysis of binary data of proportions was also
performed using a DerSimonian–Laird random effects model without transformation of the proportion.
A high level of heterogeneity was considered if I2 was greater than 50%. Due to the relatively low
number of trials involved in this MA, values and significance of heterogeneity must be considered as
guidance only [26]. Statistical significance was reached for p-values less than 0.05. Analyses were not
controlled for multiplicity; no alpha was assigned to the different analyses. The nature of this study
is therefore exploratory, mainly in the subgroup analysis. Hazard ratios (HRs) and 95% confidence
intervals (CIs) for OS and PFS from the overall population and subgroups from each individual
trial of advanced NSCLC were calculated. For dichotomous data, odds ratios (ORs) were estimated.
The MA was performed using Open Meta Analyst v. 10 (Center for Evidence Synthesis in Health,
Brown University). Recommendations of the Cochrane Collaboration and the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were followed for this MA [27].

For the ORR, different endpoints, including complete response (CR), partial response (PR),
stable disease (SD), and progressive disease (PD), were alternately modeled. These sensitivity analyses
along with those for OS and PFS did not quantitatively alter the results and conclusions of the main
analyses.

3. Results

3.1. Studies Included in the Meta-Analysis

A total of 80 records from PubMed were screened. Three additional studies presented at the WCLC
and/or ESMO were also included. Study selection and exclusion criteria are summarized in Figure 1.
Finally, seven clinical trials carried out with 4562 patients met the inclusion criteria and were included
in the MA [17,20–25,28,29]. In the specific case of CheckMate-227, part 1 [30] was excluded because
immunotherapy-plus-chemotherapy efficacy evaluation was not part of the main objectives; only part
2 was considered for this MA [21].

3.2. Study Characteristics

The specific characteristics of the studies included in the MA are summarized in Table 1. The control
arm in all studies was platinum-based chemotherapy with pemetrexed (three studies [17,20,21,28])
or with nab-paclitaxel/paclitaxel (five studies [21–25,29]). In one three-arm trial (IMpower150 [24]),
bevacizumab was added in the control and experimental arm. This study included two experimental
arms: carboplatin, paclitaxel, and atezolizumab (arm A) and carboplatin, paclitaxel, bevacizumab,
and atezolizumab (arm B) versus carboplatin, paclitaxel, and bevacizumab (arm C). No comparisons
between arms A and C were performed because the HR may not reflect the actual effect of add-on
immunotherapy (atezolizumab plus chemotherapy vs. bevacizumab plus chemotherapy).
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Figure 1. Flow chart of study selection (up to 1 January 2020). NSCLC, non-small-cell lung cancer;
RCTs, randomized controlled trials.

Table 1. Characteristics and main outcomes of the studies included in the meta-analysis.

Study
Histology

Expression
PD-L1

Expression
Primary

Endpoint
Experimental

Arm
Control Arm

Analysis
Timing

IMpower130
[25] Nonsquamous All PFS (ITT-WT *)

OS (ITT-WT *)

Atezolizumab +
(carboplatin +
nab-paclitaxel)

(n = 451)

Carboplatin +
nab-paclitaxel

(n = 228)

PFS: Final
OS: Interim

IMpower150
[23,24] Nonsquamous All PFS (ITT-WT *)

OS (ITT-WT *)

Atezolizumab +
(carboplatin +

paclitaxel +
bevacizumab)

(n = 356)

Carboplatin +
paclitaxel +

bevacizumab
(n = 336)

PFS: Final
OS: Interim

KEYNOTE-189
[17,28] Nonsquamous All PFS (ITT) OS

(ITT)

Pembrolizumab
+ (carboplatin or

cisplatin +
pemetrexed)

(n = 410)

Carboplatin or
cisplatin +

pemetrexed
(n = 206)

PFS: Final
OS: Interim

IMpower132
[20] Nonsquamous All PFS (ITT) OS

(ITT)

Atezolizumab +
(carboplatin or

cisplatin +
pemetrexed)

(n = 292)

Carboplatin or
cisplatin +

pemetrexed
(n = 286)

PFS: Final
OS: Interim

IMpower131
[29] Squamous All PFS (ITT) OS

(ITT)

Atezolizumab +
(carboplatin +
nab-paclitaxel)

(n = 343)

Carboplatin +
nab-paclitaxel

(n = 340)

PFS: Final
OS: Interim

KEYNOTE-407
[22] Squamous All PFS (ITT) OS

(ITT)

Pembrolizumab
+ (carboplatin +

paclitaxel or
nab-paclitaxel)

(n = 278)

Carboplatin +
paclitaxel or

nab-paclitaxel
(n = 281)

PFS: Final
OS: Interim

* Patients with epidermal growth factor receptor (EGFR) or anaplastic lymphoma kinase (ALK) mutations excluded.
PD-L1, programmed cell death-ligand 1; PFS, progression-free survival; OS, overall survival; ITT, intention-to-treat;
WT, wildtype; +, plus (combination therapy).

Three studies tested anti-PD1 antibodies [17,21,22,28], and four studies tested anti-PD-L1
antibodies [20,23–25,29]. Patients with epidermal growth factor receptor (EGFR) or anaplastic lymphoma
kinase (ALK) mutations were included in two clinical trials assessing atezolizumab [24,25]. Regarding
the histology, four studies included patients with nonsquamous NSCLC [20,21,24,25], two included
patients with squamous NSCLC [22,29], and one evaluated patients presenting both histological
types [21] (note that the primary endpoint in CheckMate-227 part 2 was OS in nonsquamous mNSCLC
patients only; however, both histological types were considered for this MA).
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An all-comers design was used in all the studies, with NSCLC patients entering the trial regardless
of their PD-L1 expression status. Stratification was performed based on this biomarker in all trials.
Thus, subjects were classified as PD-L1-negative or PD-L1-positive, and within this group, investigators
distinguished patients with high or low expression levels [20,25,29]. In the atezolizumab trials [20,23–25,29],
levels were considered high (TC3 or IC3) when PD-L1 expression was recorded on at least 50% of tumor
cells or at least 10% of tumor-infiltrating immune cells (TIICs) by immunohistochemistry; levels were
considered low–intermediate, or TC1/2 or IC1/2, when expression was reported on at least 1% of tumor
cells or TIICs and less than 50% of tumor cells or less than 10% of TIICs by immunohistochemistry;
and PD-L1-negative status, or TC0 and IC0, was determined when expression was reported on less
than 1% of tumor cells and TIICs. Similar criteria were followed in trials assessing pembrolizumab or
nivolumab, but PD-L1 expression was only measured in tumor cells [17,21,22,28].

According to the eligibility criteria, none of the studies included patients who had received prior
treatment for metastatic disease. However, in terms of therapy for nonmetastatic disease, although most of
the studies included treatment-naïve patients, in those evaluating pembrolizumab (KEYNOTE-189 [17,28]
and KEYNOTE-407 [22]) or atezolizumab [20,23–25,29], subjects had received previous therapies
(Supplementary Table S1).

Coprimary endpoints for six clinical trials were PFS and OS [17,20,22–25,28,29]. The primary
endpoint for CheckMate-227 part 2 was OS in nonsquamous NSCLC patients; PFS was assessed
as a secondary endpoint [21]. Mature PFS data were reported in all the studies included in this
MA [17,20–25,28,29], while final data for OS were available for only one of them [21]. Interim analyses
were provided for the other six studies [17,20,22–25,28,29]. Both endpoints were evaluated in the
intention-to-treat (ITT) population and specifically in the wildtype population (without EGFR or ALK
mutations) in the IMpower130 [25] and IMpower150 studies [23,24] (see Supplementary Table S2 for
the available information on patients with mutations in IMpower150). IMpower150 was the only study
in which a subsequent subgroup analysis in patients with EGFR mutations or baseline liver metastasis
was performed [23]. Additionally, one or both coprimary endpoints were analyzed according to
different subgroups in all the studies included in the MA (PFS in six clinical trials [17,22–25,28,29] and
OS in five studies [17,21,22,25,28,29]).

Patient population characteristics of all the studies included in the MA are shown in
Supplementary Table S3.

3.3. Efficacy Endpoints in the Overall Population

Median PFS ranged from 4.8 to 6.8 months in the control arms and from 6.3 to 8.8 months in
the treatment arms. Median OS ranged from 10.7 to 14.7 months in the control arms and from 14.2
to 22.0 months in the treatment arms. MA results demonstrated that the addition of a PD-(L)1 to
chemotherapy was associated with improved PFS (PFS: HRpooled = 0.61, 95% CI: 0.57–0.65, p < 0.001,
Figure 2A) and OS (OS: HRpooled = 0.76, 95% CI: 0.67–0.86; p < 0.001, Figure 2B) compared with
chemotherapy alone. The objective response rate (ORR) was also significantly improved with the
PD-(L)1 inhibitor–chemotherapy combination (odds ratio (ORpooled) = 2.12, 95% CI: 1.70–2.63, p < 0.001,
Supplementary Figure S1). The best ORR values were obtained in the IMpower150 (ORR = 56.4%) trial
for nonsquamous NSCLC and KEYNOTE-407 for squamous NSCLC (57.9%). Notably, in terms of both
OS and ORR, there was significant heterogeneity across the six trials (I2 = 52.07%, p = 0.03; I2 = 67.42%,
p = 0.005).

3.4. Subgroup Analysis

Subgroup analyses according to sex (women vs. men), age (<65 years vs. ≥65 years), Eastern
Cooperative Oncology Group performance status (ECOG-PS = 0 vs. ECOG-PS = 1), smoking status
(never-smoker vs. current/former smoker), liver metastasis (yes vs. no), and PD-L1 expression (high vs.
low vs. negative) were carried out. As shown in Figure 3, overall, the addition of PD-(L)1 blockade to
chemotherapy significantly improved PFS in all the subgroups. Specifically, stratification according
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to PD-L1 expression revealed a benefit across all PD-L1 strata with a strong reduction in the risk
of disease progression in those patients showing high expression levels (HRpooled = 0.412, 95% CI:
0.34–0.5, p < 0.001). In terms of OS (Figure 3), although almost all subgroups benefited from the
use of the PD-(L)1 inhibitor–chemotherapy combination, in certain cases, such as in never-smokers
and PD-L1-low patients, results did not achieve statistical significance (HRpooled = 0.589, 95% CI:
0.335–1.069, p = 0.082; HRpooled = 0.819, 95% CI: 0.648–1.035, p = 0.093, respectively).

Figure 2. Forest plot of pooled hazard ratios for (A) progression-free survival (PFS) and (B) overall
survival (OS) in patients who received programmed cell death-1 (PD-1)/programmed death ligand-1
(PD-L1) inhibitors plus chemotherapy vs. chemotherapy alone. HR, hazard ratio; CI, confidence interval.

Figure 3. Forest plot of hazard ratios for progression-free survival (PFS) and overall survival (OS)
in the subgroup analysis. PFS, progression-free survival; OS, overall survival. HR, hazard ratio; CI,
confidence interval; Curr., current.; a p < 0.001; b p = 0.006; c p = 0.003; d p = 0.082; e p = 0.007; f p = 0.093;
g p = 0.055.

Regarding patients with liver metastasis, a specific benefit with atezolizumab plus bevacizumab
was observed both in terms of OS and PFS. Further details on the OS and PFS subgroup analyses
are shown in Figures 4 and 5, respectively. Additional subgroup analyses based on the histology are
available only for PFS and OS in Supplementary Figure S2.
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Figure 4. Forest plot of hazard ratios for progression-free survival (PFS) in the different patient
subgroups. CI, confidence interval; ECOG-PS, Eastern Cooperative Oncology Group performance
status; HR, hazard ratio; IM., IMpower; KN, KEYNOTE.
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Figure 5. Forest plot of hazard ratios for overall survival (OS) in the different patient subgroups. CI,
confidence interval; HR, hazard ratio; ECOG-PS, Eastern Cooperative Oncology Group performance
status; IM., IMpower; KN, KEYNOTE; CM., CheckMate.

4. Discussion

The optimal treatment strategy for advanced NSCLC has been the focus of several randomized
clinical trials. Promising immunotherapy results in the second or later lines of therapy resulted
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in the approval of atezolizumab, pembrolizumab, and nivolumab [31–35]. Several clinical trials
subsequently evaluated PD-(L)1 inhibitor–chemotherapy strategies in front-line treatment, some of
which are included in this MA.

Our results demonstrate an overall benefit—both in terms of PFS and OS—of the addition of
PD-(L)1 blockade. Although statistical significance was reached for the pooled HR for OS, substantial
heterogeneity (I2 of 52.07%) across the seven trials was also identified. Furthermore, it is worth
mentioning that the most recent data were considered for this MA in the vast majority of cases and
that, to date, this is the first analysis to include results from CheckMate-227 part 2 [21]. Positive efficacy
results have also been reported by Tun et al. [36], who included almost the same trials as those analyzed
in this study (CheckMate-227 data were collected from part 1 [37]). Other meta-analyses have also
reported improvements in the efficacy of the combined strategy. Differences in these may be explained
by the trials included therein, such as the study by Chen et al., in which comparisons of immune
checkpoint inhibitors against chemotherapy were also considered [38]; the study by Shen et al. [39]
with broader inclusion criteria (e.g., studies that directly or indirectly investigated the ORR, the disease
control response (DCR), or some safety endpoints); or the meta-analysis by Addeo et al. [40], in which
studies using avelumab and durvalumab were also considered. Thus, our results support the evidence
that a combination strategy of PD-(L)1 inhibitor plus chemotherapy may be beneficial compared
to chemotherapy alone. Indeed, to date, the combination of pembrolizumab or atezolizumab with
platinum-based chemotherapy, with or without bevacizumab, are EMA-approved options available for
first-line treatment of advanced/metastatic NSCLC wildtype tumors.

With respect to subgroup analyses, overall benefits were reported across the different categories.
Specifically, analysis in terms of PD-L1 marker yielded a statistically significant improvement in
PFS regardless of the level of PD-L1 expression. In the case of OS, improvements were observed in
patients with high PD-L1 expression and patients negative for this biomarker, but not in those with
low levels, probably because of the moderate–high heterogeneity recorded in the pooled analysis
(I2 = 67.01%; p = 0.016). It is also important to note that the studies included utilized different PD-L1
assay methods, possibly representing an additional confounding factor to be considered. Other
subgroup analyses also resulted in important outcomes. Thus, this meta-analysis demonstrated that
patients benefited from additional immunotherapy regardless of their age. It should be noted that the
impact of advanced age on the effectiveness of immune checkpoint inhibitors has not been strongly
established so far, highlighting the importance of these findings. Interestingly, combinations with
pembrolizumab yielded the lowest HR values in terms of both PFS and OS in several subgroups,
including women, patients <65 years, and patients with ECOG-PS = 0, pointing to a potential benefit
in these individuals. With respect to liver metastasis, in the IMpower150 trial [23,24], improvements
were reported both in terms of PFS and OS, suggesting a specific benefit with the atezolizumab and
bevacizumab combination. Indeed, although other atezolizumab trials previously reported outcomes
in patients with liver metastases, data from IMpower130 [41] and IMpower132 [42] showed no survival
benefit with atezolizumab plus chemotherapy, supporting the benefits of adding the antiangiogenic
agent in the combination [23]. Despite the fact that the updated KEYNOTE-189 analysis showed a
clinical benefit of pembrolizumab-containing regimens over chemotherapy alone in patients with liver
metastases (median OS 12.6 vs. 6.6, OS HR 0.62, 12-month OS rate 51% vs. 3%) [43], this baseline
characteristic, in contrast with the IMpower trials, was not a stratification factor in the study.

Most clinical trials do not include advanced NSCLC patients with driver mutations. IMpower150
was the only study to include this type of patient, showing a positive trend in OS probably due to
the addition of bevacizumab to the combination strategy, as previously discussed [43]. However,
this therapeutic strategy for patients with EGFR/ALK mutations should be further confirmed in
prospective, randomized studies.

This meta-analysis also has some limitations. First, as mentioned, the PD-L1 assay methods were
not consistent across different studies. Thus, while PD-L1 immunohistochemistry was read on both
tumor cells and tumor-infiltrating cells in the atezolizumab studies (IMpower) [20,24,25,29,43], PD-L1
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expression was only measured on tumor cells in the trials assessing pembrolizumab (KEYNOTE)
and nivolumab (CheckMate-227), [17,21,22,28]. Second, six of the included trials only provided
interim analysis of the OS [17,20,22,24,25,28,29,43], which may misrepresent overall efficacy. Finally,
the subgroup analysis was limited by the available information (PFS subgroup analyses were not
assessed in CheckMate-227), and consequently caution must be exercised when interpreting the
results. In this regard, certain limitations were also found with the available data of three of the
studies, IMpower131, IMpower132, and CheckMate-227 part 2, whose results have only been published
as congress abstracts and personal communications to date [20,21,29]. Despite these limitations,
our results confirm those obtained in individual studies and are in line with the outcomes obtained in
similar meta-analyses.

In conclusion, treatment with PD-(L)1 inhibitors resulted in significantly longer OS and PFS in stage
IV NSCLC patients compared with chemotherapy alone. As a result, immunotherapy–chemotherapy
combinations may be considered as a first-line strategy for these patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/7/2093/s1:
Figure S1: Forest plot of pooled odds ratios for overall response rate (ORR) in patients who received PD-(L)1
inhibitors plus chemotherapy vs. chemotherapy alone; Figure S2: Forest plot of pooled hazard ratios for (A)
progression-free survival (PFS) and (B) overall survival in patients with nonsquamous or squamous NSCLC
who received PD-(L)1 inhibitors plus chemotherapy vs. chemotherapy alone; Table S1: Treatments previously
administered for nonmetastatic disease (data not available for atezolizumab studies); Table S2: Mutation status of
IMpower150 [25,26] study patients; and Table S3: Characteristics of the patient population of the studies included
in the meta-analysis.

Author Contributions: J.G.-G., J.R.-B., L.L.-M. and D.P.P. were responsible for data analyses and manuscript
preparation and revision. F.J.A.-A., M.A.-G., M.d.C.A.-M., B.C.-B., J.C.-R., N.F.-N., J.L.F.P., M.L.-Q., D.P.P., L.C.,
P.R.-G., L.S.-C. contributed to manuscript preparation and approved the final version. All authors have read and
agree to the published version of the manuscript.

Funding: This study was sponsored by Roche, Spain. Qualified researchers may request access to individual
patient level data through the clinical study data request platform (https://vivli.org/). Further details on Roche’s
criteria for eligible studies are available here (https://vivli.org/members/ourmembers/). For further details on
Roche’s Global Policy on the Sharing of Clinical Information and how to request access to related clinical study
documents, see here (https://www.roche.com/research_and_development/who_we_are_how_we_work/clinical_
trials/our_commitment_to_data_sharing.htm).

Acknowledgments: The authors would like to thank Almudena Fuster-Matanzo from Medical Statistics Consulting
S.L. (Valencia) for providing scientific support and medical writing services. J.R.-B. is supported by a Río Hortega
fellowship from the Institute of Health Carlos III (CM19/00087).

Conflicts of Interest: J.G.-G. reports advisory and consultancy honoraria from Roche, Merck, Bristol-Myers Squibb,
AstraZeneca, Lilly, Pfizer, and Boehringer; speaker honoraria from Roche; and travel/accommodation/expenses
support from Roche, Merck, Bristol-Myers Squibb, and Boehringer. J.R.-B. reports advisory and consultancy
honoraria from Boehringer; speaker honoraria from Roche; and travel/accommodation/expenses support
from Bristol-Myers Squibb, Merck Sharp & Dohme, Ipsen, and PharmaMar. F.J.A.-A. reports advisory
and consultancy honoraria from Roche, Merck, Bristol-Myers Squibb, AstraZeneca, Pfizer, Janssen, Ipsen,
Boehringer, Takeda, and Sanofi; speaker honoraria from Lilly; and travel/accommodation/expenses support
from Roche, Bristol-Myers Squibb, AstraZeneca, Pfizer, Ipsen, and Boehringer. M.A.-G. reports advisory
honoraria from Clovis Oncology and Tesaro, as well as speaker honoraria from Astrazeneca, PharmaMar,
and Roche. M.d.C.A.-M. reports advisory and consultancy honoraria from Roche, Merck, Bristol-Myers Squibb,
and Boehringer. B.C.-B. reports advisory honoraria from Boehringer and Sanofi; speaker honoraria from
Roche, Merck, Bristol-Myers Squibb, and AstraZeneca; and travel/accommodation/expenses support from Roche,
Lilly, and Boehringer. N.F.-N. reports advisory and consultancy honoraria from Bristol-Myers Squibb, Bayer,
and Boehringer; speaker honoraria from Roche, Bristol-Myers Squibb, AstraZeneca, Bayer, Janssen, Boehringer,
and Sanofi; and travel/accommodation/expenses support from Roche, Bristol-Myers Squibb, Lilly, Pfizer, Bayer,
and Sanofi. J.L.F.P. reports advisory, consultancy, and speaker honoraria from AstraZeneca, Bristol-Myers Squibb,
Boehringer, Kyowa, Lilly, Merck, MSD, Novartis, Pfizer, Pierre Fabre, Takeda, and Roche. M.L.-Q. reports
advisory and consultancy honoraria from Roche, Merck, Bristol-Myers Squibb, GSK, Ipsen, Boehringer, Takeda,
Sanofi, and Tesaro; speaker honoraria from Roche, Merck, AstraZeneca, Lilly, Janssen, Ipsen, and Boehringer;
and travel/accommodation/expenses support from Roche, Merck, Lilly, Pfizer, Ipsen, Boehringer, and Takeda.
L.S.-C. reports advisory and consultancy honoraria from Bristol-Myers Squibb and Boehringer, speaker honoraria
from Roche, and travel/accommodation/expenses support from Roche and Pfizer. L.L.M. reports advisory and
consultancy honoraria from Roche/Genentech, AstraZeneca, Boehringer Ingelheim, Merck Sharp and Dohme,
Takeda, Lilly, Bristol-Myers Squibb, and Ipsen. L.C., P.R.-G. and D.P.P. are full-time employees of Roche Farma
S.A. at the time the study was conducted. The rest of the authors declare no conflicts of interest.

212



J. Clin. Med. 2020, 9, 2093

References

1. Torre, L.A.; Siegel, R.L.; Jemal, A. Lung Cancer Statistics. Adv. Exp. Med. Biol. 2016, 893, 1–19.
2. Planchard, D.; Popat, S.; Kerr, K.; Novello, S.; Smit, E.F.; Faivre-Finn, C.; Mok, T.S.; Reck, M.; Van Schil, P.E.;

Hellmann, M.D.; et al. Metastatic non-small cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis,
treatment and follow-up. Ann. Oncol. 2018, 29, iv192–iv237. [CrossRef] [PubMed]

3. Goldstraw, P.; Chansky, K.; Crowley, J.; Rami-Porta, R.; Asamura, H.; Eberhardt, W.E.; Nicholson, A.G.;
Groome, P.; Mitchell, A.; Bolejack, V. The IASLC Lung Cancer Staging Project: Proposals for Revision of
the TNM Stage Groupings in the Forthcoming (Eighth) Edition of the TNM Classification for Lung Cancer.
J. Thorac. Oncol. 2016, 11, 39–51. [CrossRef] [PubMed]

4. Antonia, S.J.; Villegas, A.; Daniel, D.; Vicente, D.; Murakami, S.; Hui, R.; Yokoi, T.; Chiappori, A.; Lee, K.H.;
de Wit, M.; et al. Durvalumab after Chemoradiotherapy in Stage III Non-Small-Cell Lung Cancer. N. Engl.
J. Med. 2017, 377, 1919–1929. [CrossRef] [PubMed]

5. Horn, L.; Mansfield, A.S.; Szczesna, A.; Havel, L.; Krzakowski, M.; Hochmair, M.J.; Huemer, F.; Losonczy, G.;
Johnson, M.L.; Nishio, M.; et al. First-Line Atezolizumab plus Chemotherapy in Extensive-Stage Small-Cell
Lung Cancer. N. Engl. J. Med. 2018, 379, 2220–2229. [CrossRef]

6. Paz-Ares, L.; Dvorkin, M.; Chen, Y.; Reinmuth, N.; Hotta, K.; Trukhin, D.; Statsenko, G.; Hochmair, M.J.;
Ozguroglu, M.; Ji, J.H.; et al. Durvalumab plus platinum-etoposide versus platinum-etoposide in first-line
treatment of extensive-stage small-cell lung cancer (CASPIAN): A randomised, controlled, open-label,
phase 3 trial. Lancet 2019, 394, 1929–1939. [CrossRef]

7. Lu, M.; Su, Y. Immunotherapy in non-small cell lung cancer: The past, the present, and the future.
Thorac. Cancer 2019, 10, 585–586. [CrossRef]

8. Fehrenbacher, L.; von Pawel, J.; Park, K.; Rittmeyer, A.; Gandara, D.R.; Ponce Aix, S.; Han, J.Y.; Gadgeel, S.M.;
Hida, T.; Cortinovis, D.L.; et al. Updated Efficacy Analysis Including Secondary Population Results for
OAK: A Randomized Phase III Study of Atezolizumab versus Docetaxel in Patients with Previously Treated
Advanced Non-Small Cell Lung Cancer. J. Thorac. Oncol. 2018, 13, 1156–1170. [CrossRef]

9. Font, E.; Gettinger, S.N.; Burgio, M.; Antonia, S.J.; Holgado, E.; Spigel, D.R.; Arrieta, O.; Domine, M.; Aren, O.;
Brahmer, J.; et al. 1301PD Three-year follow-up from CheckMate 017/057: Nivolumab versus docetaxel in
patients with previously treated advanced non-small cell lung cancer (NSCLC). Ann. Oncol. 2017. [CrossRef]

10. Herbst, R.; Baas, P.; Kim, D.-S.; Felip, E.; Perez-Gracia, J.L.; Han, J.-Y.; Molina, J.; Kim, J.-P.; Arvis, C.;
Ahn, M.-J.; et al. Factors associated with better overall survival (OS) in patients with previously treated,
PD-L1–expressing, advanced NSCLC: Multivariate analysis of KEYNOTE-010. J. Clin. Oncol. 2017, 35, 9090.
[CrossRef]

11. Reck, M.; Rodriguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csoszi, T.; Fulop, A.; Gottfried, M.; Peled, N.;
Tafreshi, A.; Cuffe, S.; et al. Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-Small-Cell Lung
Cancer. N. Engl. J. Med. 2016, 375, 1823–1833. [CrossRef] [PubMed]

12. Reck, M.; Rodriguez-Abreu, D.; Robinson, A.G.; Hui, R.; Csoszi, T.; Fulop, A.; Gottfried, M.; Peled, N.;
Tafreshi, A.; Cuffe, S.; et al. Updated Analysis of KEYNOTE-024: Pembrolizumab Versus Platinum-Based
Chemotherapy for Advanced Non-Small-Cell Lung Cancer With PD-L1 Tumor Proportion Score of 50% or
Greater. J. Clin. Oncol. 2019, 37, 537–546. [CrossRef] [PubMed]

13. Mok, T.S.K.; Wu, Y.L.; Kudaba, I.; Kowalski, D.M.; Cho, B.C.; Turna, H.Z.; Castro, G., Jr.; Srimuninnimit, V.;
Laktionov, K.K.; Bondarenko, I.; et al. Pembrolizumab versus chemotherapy for previously untreated,
PD-L1-expressing, locally advanced or metastatic non-small-cell lung cancer (KEYNOTE-042): A randomised,
open-label, controlled, phase 3 trial. Lancet 2019, 393, 1819–1830. [CrossRef]

14. Lopes, G.; Wu, Y.-L.; Kudaba, I.; Kowalski, D.; Cho, B.C.; Castro, G.; Srimuninnimit, V.; Bondarenko, I.;
Kubota, K.; Lubiniecki, G.M.; et al. Pembrolizumab (pembro) versus platinum-based chemotherapy (chemo)
as first-line therapy for advanced/metastatic NSCLC with a PD-L1 tumor proportion score (TPS) ≥ 1%:
Open-label, phase 3 KEYNOTE-042 study. J. Clin. Oncol. 2018, 36. [CrossRef]

15. Carbone, D.P.; Reck, M.; Paz-Ares, L.; Creelan, B.; Horn, L.; Steins, M.; Felip, E.; van den Heuvel, M.M.;
Ciuleanu, T.E.; Badin, F.; et al. First-Line Nivolumab in Stage IV or Recurrent Non-Small-Cell Lung Cancer.
N. Engl. J. Med. 2017, 376, 2415–2426. [CrossRef] [PubMed]

16. Apetoh, L.; Ladoire, S.; Coukos, G.; Ghiringhelli, F. Combining immunotherapy and anticancer agents:
The right path to achieve cancer cure? Ann. Oncol. 2015, 26, 1813–1823. [CrossRef]

213



J. Clin. Med. 2020, 9, 2093

17. Gadgeel, S.M.; Garassino, M.C.; Esteban, E.; Speranza, G.; Felip, E.; Hochmair, M.J.; Powell, S.F.; Cheng, S.Y.;
Bischoff, H.; Peled, N.; et al. KEYNOTE-189: Updated OS and progression after the next line of therapy
(PFS2) with pembrolizumab (pembro) plus chemo with pemetrexed and platinum vs placebo plus chemo for
metastatic nonsquamous NSCLC. J. Clin. Oncol. 2019, 37, 9013. [CrossRef]

18. Jotte, R.; Cappuzzo, F.; Vynnychenko, I.; Stroyakovskiy, D.; Rodriguez-Abreu, D.; Hussein, M.; Soo, R.;
Conter, H.J.; Kozuki, T.; Huang, K.; et al. Atezolizumab in Combination With Carboplatin and Nab-Paclitaxel
in Advanced Squamous Non-Small-Cell Lung Cancer (IMpower131): Results From a Randomized Phase III
Trial. J. Thorac. Oncol. 2020. [CrossRef]

19. Langer, C.J.; Gadgeel, S.M.; Borghaei, H.; Papadimitrakopoulou, V.A.; Patnaik, A.; Powell, S.F.; Gentzler, R.D.;
Martins, R.G.; Stevenson, J.P.; Jalal, S.I.; et al. Carboplatin and pemetrexed with or without pembrolizumab
for advanced, non-squamous non-small-cell lung cancer: A randomised, phase 2 cohort of the open-label
KEYNOTE-021 study. Lancet Oncol. 2016, 17, 1497–1508. [CrossRef]

20. Papadimitrakopoulou, V.; Cobo, M.; Bordoni, R.; Dubray-Longeras, P.; Szalai, Z.; Ursol, G.; Novello, S.;
Orlandi, F.; Ball, S.; Goldschmidt, J.; et al. OA05.07 IMpower132: PFS and Safety Results with 1L
Atezolizumab + Carboplatin/Cisplatin + Pemetrexed in Stage IV Non-Squamous NSCLC. J. Thorac. Oncol.
2018, 13, S332–S333. [CrossRef]

21. Paz-Ares, L.; Ciuleanu, T.E.; Yu, X.; Salman, P.; Pluzanski, A.; Nagrial, A.; Havel, L.; Kowalyszyn, R.;
Audigier-Valette, C.; Wu, Y.L.; et al. LBA3 Nivolumab (NIVO) + platinum-doublet chemotherapy (chemo)
vs chemo as first-line (1L) treatment (tx) for advanced non-small cell lung cancer (aNSCLC): CheckMate 227 -
part 2 final analysis. Ann. Oncol. 2019, 30, xi67–xi68. [CrossRef]

22. Paz-Ares, L.; Luft, A.; Vicente, D.; Tafreshi, A.; Gumus, M.; Mazieres, J.; Hermes, B.; Cay Senler, F.; Csoszi, T.;
Fulop, A.; et al. Pembrolizumab plus Chemotherapy for Squamous Non-Small-Cell Lung Cancer. N. Engl.
J. Med. 2018, 379, 2040–2051. [CrossRef]

23. Reck, M.; Mok, T.S.K.; Nishio, M.; Jotte, R.M.; Cappuzzo, F.; Orlandi, F.; Stroyakovskiy, D.; Nogami, N.;
Rodriguez-Abreu, D.; Moro-Sibilot, D.; et al. Atezolizumab plus bevacizumab and chemotherapy in
non-small-cell lung cancer (IMpower150): Key subgroup analyses of patients with EGFR mutations or
baseline liver metastases in a randomised, open-label phase 3 trial. Lancet Respir. Med. 2019, 7, 387–401.
[CrossRef]

24. Socinski, M.A.; Jotte, R.M.; Cappuzzo, F.; Orlandi, F.; Stroyakovskiy, D.; Nogami, N.; Rodriguez-Abreu, D.;
Moro-Sibilot, D.; Thomas, C.A.; Barlesi, F.; et al. Atezolizumab for First-Line Treatment of Metastatic
Nonsquamous NSCLC. N. Engl. J. Med. 2018, 378, 2288–2301. [CrossRef] [PubMed]

25. West, H.; McCleod, M.; Hussein, M.; Morabito, A.; Rittmeyer, A.; Conter, H.J.; Kopp, H.G.; Daniel, D.;
McCune, S.; Mekhail, T.; et al. Atezolizumab in combination with carboplatin plus nab-paclitaxel
chemotherapy compared with chemotherapy alone as first-line treatment for metastatic non-squamous
non-small-cell lung cancer (IMpower130): A multicentre, randomised, open-label, phase 3 trial. Lancet Oncol.
2019, 20, 924–937. [CrossRef]

26. Cochrane Collaboration. Cochrane Handbook for Systematic Reviews of Interventions; John Wiley & Sons:
Chichester, UK; Hoboken, NJ, USA, 2008.

27. Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred reporting items for systematic reviews and
meta-analyses: The PRISMA statement. J. Clin. Epidemiol. 2009, 62, 1006–1012. [CrossRef]

28. Gandhi, L.; Rodgríguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; Angelis, F.D.; Domine, M.; Clingan, P.;
Hochmair, M.J.; Powell, S.; et al. Abstract CT075: KEYNOTE-189: Randomized, double-blind, phase 3
study of pembrolizumab (pembro) or placebo plus pemetrexed (pem) and platinum as first-line therapy for
metastatic NSCLC. Cancer Res. 2018, 78, CT075.

29. Jotte, R.M.; Cappuzzo, F.; Vynnychenko, I.; Stroyakovskiy, D.; Rodriguez Abreu, D.; Hussein, M.A.; Soo, R.A.;
Conter, H.J.; Kozuki, T.; Silva, C.; et al. IMpower131: Primary PFS and safety analysis of a randomized phase
III study of atezolizumab + carboplatin + paclitaxel or nab-paclitaxel vs carboplatin + nab-paclitaxel as 1L
therapy in advanced squamous NSCLC. J. Clin. Oncol. 2018, 36, LBA9000. [CrossRef]

30. Hellmann, M.D.; Ciuleanu, T.E.; Pluzanski, A.; Lee, J.S.; Otterson, G.A.; Audigier-Valette, C.; Minenza, E.;
Linardou, H.; Burgers, S.; Salman, P.; et al. Nivolumab plus Ipilimumab in Lung Cancer with a High Tumor
Mutational Burden. N. Engl. J. Med. 2018, 378, 2093–2104. [CrossRef]

214



J. Clin. Med. 2020, 9, 2093

31. 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]

32. Tan, P.S.; Aguiar, P.; Haaland, B.; Lopes, G. Comparative effectiveness of immune-checkpoint inhibitors for
previously treated advanced non-small cell lung cancer—A systematic review and network meta-analysis of
3024 participants. Lung Cancer 2018, 115, 84–88. [CrossRef]

33. You, W.; Liu, M.; Miao, J.D.; Liao, Y.Q.; Song, Y.B.; Cai, D.K.; Gao, Y.; Peng, H. A Network Meta-analysis
Comparing the Efficacy and Safety of Anti-PD-1 with Anti-PD-L1 in Non-small Cell Lung Cancer. J. Cancer
2018, 9, 1200–1206. [CrossRef]

34. Zhou, G.-W.; Xiong, Y.; Chen, S.; Xia, F.; Li, Q.; Hu, J. Anti-PD-1/PD-L1 antibody therapy for pretreated
advanced nonsmall-cell lung cancer: A meta-analysis of randomized clinical trials. Medicine 2016, 95, e4611.
[CrossRef] [PubMed]

35. Zhao, Q.; Xie, R.; Lin, S.; You, X.; Weng, X. Anti-PD-1/PD-L1 Antibody Therapy for Pretreated Advanced or
Metastatic Nonsmall Cell Lung Carcinomas and the Correlation between PD-L1 Expression and Treatment
Effectiveness: An Update Meta-Analysis of Randomized Clinical Trials. BioMed. Res. Int. 2018, 2018, 3820956.
[CrossRef] [PubMed]

36. Tun, A.M.; Thein, K.Z.; Thein, W.L.; Guevara, E. Checkpoint inhibitors plus chemotherapy for first-line
treatment of advanced non-small cell lung cancer: A systematic review and meta-analysis of randomized
controlled trials. Future Sci. OA 2019, 5, Fso421. [CrossRef]

37. Hellmann, M.D.; Paz-Ares, L.; Bernabe Caro, R.; Zurawski, B.; Kim, S.W.; Carcereny Costa, E.; Park, K.;
Alexandru, A.; Lupinacci, L.; de la Mora Jimenez, E.; et al. Nivolumab plus Ipilimumab in Advanced
Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2019, 381, 2020–2031. [CrossRef]

38. Chen, Y.; Zhou, Y.; Tang, L.; Peng, X.; Jiang, H.; Wang, G.; Zhuang, W. Immune-Checkpoint Inhibitors as the
First Line Treatment of Advanced Non-Small Cell Lung Cancer: A Meta-Analysis of Randomized Controlled
Trials. J. Cancer 2019, 10, 6261–6268. [CrossRef]

39. Shen, K.; Cui, J.; Wei, Y.; Chen, X.; Liu, G.; Gao, X.; Li, W.; Lu, H.; Zhan, P.; Lv, T.; et al. Effectiveness and
safety of PD-1/PD-L1 or CTLA4 inhibitors combined with chemotherapy as a first-line treatment for lung
cancer: A meta-analysis. J. Thorac. Dis. 2018, 10, 6636–6652. [CrossRef] [PubMed]

40. Addeo, A.; Banna, G.L.; Metro, G.; Di Maio, M. Chemotherapy in Combination with Immune Checkpoint
Inhibitors for the First-Line Treatment of Patients With Advanced Non-small Cell Lung Cancer: A Systematic
Review and Literature-Based Meta-Analysis. Front. Oncol. 2019, 9, 264. [CrossRef] [PubMed]

41. Cappuzzo, F.M.M.; Hussein, M.; Morabito, A.; Rittmeyer, A.; Conter, H.J.; Kopp, H.; Daniel, D.; McCune, S.;
Mekhail, T.; Zer, A.; et al. IMpower130: Progression-free survival (PFS) and safety analysis from a randomised
phase 3 study of carboplatin + nab-paclitaxel (CnP) with or without atezolizumab (atezo) as first-line (1L)
therapy in advanced non-squamous NSCLC. Ann. Oncol. 2018, 29, mdy424-065. [CrossRef]

42. Barlesi, F.N.M.; Cobo, M.; Steele, N.; Paramonov, V.; Parente, B.; Dear, R.; Berard, H.; Peled, N.;
Seneviratne, L.C.; Baldini, E.; et al. IMpower132: Efficacy of atezolizumab (atezo)+carboplatin
(carbo)/cisplatin (cis)+pemetrexed (pem) as 1L treatment in key subgroups with stage IV non-squamous
non-small cell lung cancer (NSCLC). Ann. Oncol. 2018, 29, mdy424-066. [CrossRef]

43. Garassino, M.C.; Gadgeel, S.; Esteban, E.; Felip, E.; Speranza, G.; Angelis, F.D.; Domine, M.; Clingan, P.;
Hochmair, M.J.; Powell, S.F.; et al. Abstract CT043: Outcomes among patients (pts) with metastatic
nonsquamous NSCLC with liver metastases or brain metastases treated with pembrolizumab (pembro) plus
pemetrexed-platinum: Results from the KEYNOTE-189 study. Cancer Res. 2019, 79, CT043.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

215





Journal of

Clinical Medicine

Review

Endocrinopathies Associated with Immune
Checkpoint Inhibitor Cancer Treatment: A Review

Naoko Okura 1, Mai Asano 2, Junji Uchino 1,*, Yoshie Morimoto 1, Masahiro Iwasaku 1,

Yoshiko Kaneko 1, Tadaaki Yamada 1, Michiaki Fukui 2 and Koichi Takayama 1

1 Department of Pulmonary Medicine, Graduate School of Medical Science, Kyoto Prefectural University of
Medicine, Kyoto 602-8566, Japan; ku-n07@koto.kpu-m.ac.jp (N.O.); yoshie-m@koto.kpu-m.ac.jp (Y.M.);
miwasaku@koto.kpu-m.ac.jp (M.I.); kaneko-y@koto.kpu-m.ac.jp (Y.K.); tayamada@koto.kpu-m.ac.jp (T.Y.);
takayama@koto.kpu-m.ac.jp (K.T.)

2 Department of Endocrinology and Metabolism, Graduate School of Medical Science, Kyoto Prefectural
University of Medicine, Kyoto 602-8566, Japan; maias@koto.kpu-m.ac.jp (M.A.);
michiaki@koto.kpu-m.ac.jp (M.F.)

* Correspondence: uchino@koto.kpu-m.ac.jp; Tel.: +81-75-251-5513

Received: 21 May 2020; Accepted: 25 June 2020; Published: 29 June 2020

Abstract: Treatment with immune checkpoint inhibitors has shown efficacy against a variety of
cancer types. The effects of nivolumab and pembrolizumab on lung cancer have been reported,
and further therapeutic advances are ongoing. The side effects of immune checkpoint inhibitors
are very different from those of conventional cytocidal anticancer drugs and molecular targeted
drugs, and they involve various organs such as the digestive and respiratory organs, thyroid and
pituitary glands, and skin. The generic term for such adverse events is immune-related adverse
events (irAEs). They are relatively infrequent, and, if mild, treatment with immune checkpoint
inhibitors can be continued with careful control. However, early detection and appropriate treatment
are critical, as moderate-to-severe irAEs are associated with markedly reduced organ function and
quality of life, with fatal consequences in some cases. Of these, endocrinopathies caused by immune
checkpoint inhibitors are sometimes difficult to distinguish from nonspecific symptoms in patients
with advanced cancer and may have serious outcomes when the diagnosis is delayed. Therefore, it is
necessary to anticipate and appropriately address the onset of endocrinopathies during treatment
with immune checkpoint inhibitors. Here, we present a review of endocrine disorders caused by
immune checkpoint inhibitor treatment.

Keywords: immune checkpoint inhibitors; immune-related adverse events; endocrine disorders;
tumor-bearing patients

1. Introduction

In 2011, the Food and Drug Administration (FDA) approved the immune checkpoint inhibitor
(ICI) ipilimumab, an anti-cytotoxic T-lymphocyte antigen-4 (anti-CTLA-4) antibody, for the treatment of
malignant melanoma. Since then, anti-programmed cell death 1 (anti-PD-1) antibodies, such as nivolumab
and pembrolizumab, and anti-programmed death ligand 1 (PD-L1) antibodies, such as atezolizumab
and durvalumab, have been developed and approved for lung cancer treatment [1]. The effectiveness of
cancer immunotherapy using these drugs can also be observed in cases receiving combined treatment
with cytotoxic anticancer drugs and radiotherapy, and further expansion of the indications is expected
in future.

CTLA-4 is a protein expressed on the surfaces of activated T-cells, and it inhibits T-cell activation
after binding to antigen-presenting cells [2,3]. Anti-CTLA-4 antibodies bind to CTLA-4 and block the
inhibitory receptors of activated T-cells, thus exerting antitumor effects. They also bind to the surface

J. Clin. Med. 2020, 9, 2033; doi:10.3390/jcm9072033 www.mdpi.com/journal/jcm217



J. Clin. Med. 2020, 9, 2033

CTLA-4 in regulatory T-cells (Tregs), thus reducing the immunosuppressive function of Tregs and
enhancing tumor immune responses [4]. Furthermore, they are thought to reduce Tregs in tumor tissue
via antibody-dependent cellular cytotoxicity (ADCC) and induce tumor cell death [5–7].

PD-1 is expressed on the surfaces of activated T-cells, and its binding with one of its ligands, PD-L1,
inhibits T-cell activation [8]. Anti-PD-1 and anti-PD-L1 antibodies block the inhibitory system’s signal
to T-cells by obstructing such bindings, thus exerting antitumor effects. Therefore, while ICIs exhibit
antitumor effects via a novel mechanism, immune adjustments do not work correctly in all cases, and side
effects resembling autoimmune and inflammatory diseases have been reported. These types of adverse
events, termed immune-related adverse events (irAEs), are characteristic side effects of ICI treatment,
being distinct from the side effects of conventional anticancer drug treatment [9]. IrAEs involve almost
the entire body, including the skin, gastrointestinal tract, and liver. In particular, endocrinopathy is a
relatively frequent irAE [10,11].

Hypopituitarism, adrenocortical dysfunction, thyroid dysfunction, and type 1 diabetes mellitus
are common endocrine disorders caused by ICI treatment [12]. Moreover, a small association between
hypoparathyroidism and ICI treatment has been reported [13–16]. Pituitary dysfunction is frequent in
patients receiving anti-CTLA-4 antibodies, while thyroid dysfunction is prevalent in patients receiving
anti-PD-1/anti-PD-L1 antibodies [9,12]. Adrenal insufficiency is infrequent in patients treated with either
drug [9,12]. Many symptoms of adrenal insufficiency, such as anorexia and malaise, are nonspecific and
often observed in tumor-bearing patients. However, adrenal insufficiency can progress to fatal disease
states such as adrenal crisis, and early detection and treatment according to the cause are necessary. Finally,
although the frequency of type I diabetes mellitus associated with ICI treatment is small, clinicians should
be aware that some cases can develop fulminant disease and should take the necessary actions in the
early stages. It is important to be aware that symptoms such as fatigue caused by endocrinopathy may be
misidentified as caused by the underlying cancer, and that endocrinopathy may occur with this drug
when using immune checkpoint inhibitors. Table 1 shows the major ICIs indications and irAEs.

Table 1. Indication and major endocrinopathies of immune checkpoint inhibitors (ICIs).

Target Drug Indication Major Endocrinopathies

Anti CTLA-4 antibody Ipilimumab
Malignant melanoma

Hypopituitarism
Renal cell cancer

Anti-PD-1 antibody

Nivolumab

Malignant melanoma

Hypothyroidism
Hyperthyroidism

Non-small cell lung cancer

Renal cell cancer

Hodgkin lymphoma

Head and neck cancer

Gastric cancer

Malignant mesothelioma

Colorectal cancer with high-frequency
microsatellite instability (MSI-High)

Esophageal cancer

Pembrolizumab

Non-small cell lung cancer

Hypothyroidism
Hyperthyroidism

Hodgkin lymphoma

Urothelial cancer

Solid cancers with high-frequency
microsatellite instability (MSI-High)

Renal cell cancer

Head and neck cancer

Anti PD-L1 antibody

Atezolizumab

Non-small cell lung cancer

HypothyroidismSmall cell lung cancer

Breast cancer

Durvalumab Non-small cell lung cancer Hypothyroidism
Hyperthyroidism

Avelumab Merkel cell carcinoma renal cell cancer Hypothyroidism

PD-1, programmed cell death 1; PD-L1, programmed death ligand 1; CTLA-4, cytotoxic T-lymphocyte antigen-4.

Here we present a review of endocrine disorders caused by ICI treatment.
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2. Hypopituitarism

Hypopituitarism as an irAE is more common in patients receiving anti-CTLA-4 antibodies than in
those receiving anti-PD-1/anti-PD-L1 antibodies, with the reported incidences being approximately
10% and ≤1% [17–22]. In addition, it has been reported that the incidence of hypophituitarism is higher
with the concomitant use of anti-CTLA-4, and anti-PD-1/PD-L1 antibodies are more common than the
use of a single agent [12]. Hypopituitarism caused by ICI treatment is classified into hypophysitis and
isolated adrenocorticotropic (ACTH) deficiency. Pituitary gland enlargement is seen in hypophysitis,
which causes hyposecretion of several anterior pituitary hormones, including thyroid-stimulating
hormone (TSH), gonadotropins, and ACTH. On the other hand, the pituitary gland does not enlarge
in ACTH deficiency, wherein the secretory capacity of only ACTH is reduced. There are very few
reports of posterior pituitary dysfunction [17,23]. Although both patterns of dysfunction can occur
in patients receiving anti-CTLA-4 antibodies, the use of anti-PD-1/anti-PD-L1 antibodies has been
associated with ACTH deficiency in most cases [17,20,24]. Hypopituitarism often develops 4–10
weeks after treatment initiation due to anti-CTLA-4 antibodies [12]. An association between the
incidence and the dose has also been noted, with one report showing a two-fold higher incidence in
patients receiving high-dose ipilimumab (10 mg/kg) than in those receiving low-dose ipilimumab
(3 mg/kg) [19]. Moreover, the higher dose (10 mg/kg) resulted in more adverse events than did the
lower dose (3 mg/kg). However, significantly longer survival associated with the higher dose has been
documented in some reports, and an association between irAE development and treatment efficacy
has been pointed out [18,24]. Hypopituitarism also occurs within months to 1 year after treatment
initiation due to anti-PD-1/anti-PD-L1 antibodies, and it may even develop after discontinuation
of the drug [25–27]. It should be noted that ACTH hyposecretion always develops in all cases
of hypopituitarism due to ICI treatment. The symptoms of ICI-induced hypopituitarism include
anorexia and malaise due to secondary adrenal insufficiency, weight loss, gastrointestinal symptoms
(nausea, vomiting, and diarrhea), hypotension, and hypoglycemia. In addition, headache, visual field
impairment, and visual impairment occur in cases of hypophysitis with high-grade enlargement of
the pituitary gland. In blood examination, abnormal findings such as hyponatremia and eosinophilia
are recognized.

If hypopituitarism is suspected, it is necessary to measure the hormones secreted by the anterior
pituitary gland and target organs. With regard to hypophysitis, diffuse enlargement and swelling of
the pituitary gland and pituitary stalk with enhancement on contrast-enhanced magnetic resonance
imaging are observed in more than half of the cases [17]. Subsequently, the enlarged pituitary gland
gradually shrinks in the acute phase, and pituitary function is partially or completely lost [28,29].
During long-term observations, (median follow-up, 33 months) in one study, many of the thyroid and
gonadal dysfunctions were found to be reversible, whereas ACTH hyposecretion was irreversible in
most cases [29]. The pathogenesis of hypopituitarism due to ICI treatment remains unclear. In autopsied
cases of pituitary dysfunction caused by tremelimumab, anti-CTLA-4 antibody, necrotic changes,
and lymphocytic infiltrates with fibrosis were observed in the anterior pituitary gland. In addition,
complement component 4 fragment (C4d) deposition associated with complement activation was
observed; this suggested the involvement of both type IV and type II allergic reactions [17].

3. Adrenal Insufficiency

Adrenal insufficiency caused by ICI treatment includes primary and secondary adrenal
insufficiency caused by hypopituitarism. Most cases are considered to have secondary adrenal
insufficiency, and primary adrenal insufficiency is thought to be less frequent, with a reported incidence
of 1.4% (95% confidence interval (CI): 0.9–2.2) for ipilimumab, 2.0% (95% CI: 0.9–4.3) for nivolumab,
and 5.2% (95% CI: 2.9–9.2) to 7.6% (95% CI: 1.2–36.8) for nivolumab or pembrolizumab combined
with ipilimumab [12]. The time of onset is estimated as one to several months after the start of
treatment [22,30]. The symptoms of adrenal insufficiency are nonspecific and include fatigue, anorexia,
abdominal pain, nausea, weight loss, hypotension, and hypoglycemia. The appearance of hyponatremia,
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eosinophilia, and neutropenia suggests the development of adrenal insufficiency. A low morning
serum cortisol level despite an elevated plasma ACTH level suggests primary adrenal insufficiency,
whereas a low plasma ACTH level suggests secondary adrenal insufficiency. Serum cortisol levels of
≥18 μg/dL are considered to indicate the absence of adrenal dysfunction, while adrenal dysfunction is
represented by serum cortisol levels of <4 μg/dL. When the serum cortisol level is ≥4 μg/dL and <18
μg/dL, a rapid ACTH tolerance test or an insulin-hypoglycemia test can confirm the diagnosis [31].
Bilateral adrenal enlargement on abdominal computed tomography (CT) and fluorodeoxyglucose
(FDG) uptake in the bilateral adrenal glands on positron emission tomography (PET) have been
reported; however, similar findings may be observed in cases of adrenal metastasis, which warrant
careful judgment [32]. With regard to the pathogenesis of primary adrenal insufficiency caused by ICI
treatment, adrenal autoantibodies have been detected in one case of pembrolizumab-induced adrenal
insufficiency, although several points remain to be clarified [31].

4. Thyroid Dysfunction

Among endocrinopathies occurring as irAEs, thyroid dysfunction is the most frequent. Although
thyroid dysfunction is mainly caused by thyrotoxicosis, while hypothyroidism is caused by destructive
thyroiditis, the occurrence of Basedow’s disease after the administration of anti CTLA-4 antibodies has
also been reported [33,34]. The reported incidence of thyroid dysfunction with the use of anti-PD-1
antibodies is 5–10%. The incidence of thyroid dysfunction is higher with the use of anti-PD-L1
antibodies (0–5%) and anti-CTLA-4 antibodies (0–5%) [19–21]. In a previous systematic review
and meta-analysis, increased use of combination treatment was observed, with hypothyroidism
occurring in 16.4% cases treated with nivolumab combined with ipilimumab [12]. Moreover, the
incidence of hypothyroidism was significantly higher with ICI treatment than with chemotherapy and
placebo treatment [12]. In other studies, thyroid dysfunction was more frequent in cases treated with
anti-thyroglobulin (Tg) antibody (anti-TgAb) and anti-thyroid peroxidase antibody (anti-TPOAb) than
in cases treated without these antibodies before nivolumab treatment initiation; this finding may be
beneficial for predicting the onset of thyroid dysfunction [35,36]. Destructive thyroiditis occurs within
a few weeks after ICI treatment initiation in many cases, and it may present with thyrotoxicosis [37–39].
Subsequently, patients may exhibit a transition to hypothyroidism within 3–6 weeks [37–40]. In a
previous study, 12 of 99 patients who received pembrolizumab developed thyrotoxicosis, and transition
to hypothyroidism occurred in nine of the 12 patients [39]. Another study found thyrotoxicosis in six
of 10 patients who developed indolent thyroiditis after pembrolizumab treatment initiation; all six
patients exhibited a transition to hypothyroidism after four weeks [38].

Symptoms of thyrotoxicosis include palpitations, sweating, fever, diarrhea, tremors, weight loss,
and general fatigue. Neck pain is generally not observed. Blood tests show a decreased serum TSH
level, elevated serum free T3 (FT3) and free T4 (FT4) levels, and negativity for thyroid receptor antibody
(TRAb). Quite often, anti-TgAb and anti-TPOAb are positive [30,36]. In addition, there are many
cases in which the increased serum Tg level is recognized by destruction of the thyroid gland, and it
is said that the Tg level normalizes upon transitioning to hypothyroidism [40]. Thyroid echography
frequently shows decreased blood flow and an internal heterogeneous low signal intensity. FDG-PET
also shows increased uptake, while thyroid scintigraphy shows decreased iodine uptake [38].

Hypothyroidism may develop after thyrotoxicosis or simultaneously with the onset of thyroiditis.
If the latter occurs, positivity for anti-TgAb and anti-TPOAb is seen in several cases [37]. Major
symptoms include general fatigue, loss of appetite, constipation, bradycardia, and weight gain. Blood
tests show elevated serum TSH and decreased serum FT4 and FT3 levels. In mild cases, a slightly high
TSH level may result in a state of occult hypothyroidism. Thyroid echography may show decreased
blood flow, parenchymal hypointensity, and atrophy. Hypothyroidism secondary to hypopituitarism
must be ruled out in patients showing hypothyroidism. Hypopituitarism can be suspected when
serum FT4 levels are low and TSH levels are low to normal. Differentiation should be cautious because
low serum FT3 levels also occur in the end stages of malignancy and in low T3 syndrome complicating
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severe infections. In low T3 syndrome, the serum FT3 level is low and the serum FT4 level is normal or
slightly decreased, while the serum TSH level is normal.

The mechanism by which ICIs cause thyroid dysfunction has not been clarified, but it has been
suggested that the expression of PD-L1 and programmed death ligand 2 in the thyroid tissue plays a
role [41].

5. Type 1 Diabetes Mellitus

Type 1 diabetes induced by ICI treatment results from the destruction of β-cells by ICIs and is
reportedly more frequent with the use of anti-PD1/anti-PD-L1 antibodies. However, the reported
incidences are 2.0% and 0.4% with nivolumab and pembrolizumab; thus, it seems to be a less common
irAE [12]. The incidence of type I diabetes after ipilimumab treatment is even lower [20,42]. However,
fulminant type I diabetes mellitus can worsen rapidly and prove fatal, and it is necessary to consider the
possibility of this complication when administering ICIs. The time from anti-PD-1 therapy initiation to
the onset of type 1 diabetes has been reported to be 13–504 days [43]. Symptoms include dry mouth,
polydipsia, and polyuria due to hyperglycemia in mild-to-moderate cases. Severe disease is associated
with ketosis, ketoacidosis, general fatigue, and disturbed consciousness, with further progression
resulting in coma.

Fulminant type I diabetes mellitus exhibits a hyperacute onset over several days, and endogenous
insulin is depleted at the time of diagnosis [44]. On the other hand, type I diabetes mellitus develops
relatively slowly over the course of several weeks.

Because β-cell dysfunction is generally irreversible, it is important to make a diagnosis and
initiate treatment before the development of ketoacidosis. Diabetes mellitus should be suspected when
symptoms of hyperglycemia appear and fasting blood sugar and random blood sugar levels exceed
126 and 200 mg/mL, respectively. In such cases, definite diagnosis and diagnosis of the disease type
should be performed.

Blood glucose levels may be elevated to approximately 200–300 mg/dL, although elevation to
approximately 1000 mg/dL is also possible. The HbA1c level is also elevated, notwithstanding it is
lower relative to the blood glucose level. The C peptide level gradually decreases in serum and urine,
and anti-glutamic acid decarboxylase antibodies are generally absent.

6. Treatment

6.1. Hypopituitarism

Table 2 presents management strategies for hypopituitarism according to the Common Terminology
Criteria for Adverse Events (CTCAE) grade. Treatment generally involves hormone replacement
therapy. ACTH deficiency is treated with hydrocortisone (10 to 20 mg/day). High doses of
glucocorticoids have been reported to improve pituitary enlargement [24,45]. On the other hand,
it has been reported that high doses of glucocorticoids do not contribute to restoration of the secretory
capacity of ACTH and are associated with relatively high mortality [24,45]. High-dose glucocorticoids
are recommended only if the condition is associated with headache and pituitary enlargement with
visual field damage. When both TSH and ACTH secretion disorders are present, hydrocortisone
replacement therapy must be preceded by hormone replacement therapy. The use of ICIs in patients
with treatment-induced hypopituitarism should be discontinued until treatment stabilizes their
general condition.
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Table 2. Management of hypopituitarism induced by immune checkpoint inhibitors.

CTCAE Grade Management Treatment of Adverse Event

Grade 1 • Hormone supplementation as needed
• Consider consultation with an endocrinologist
• If adrenal insufficiency is suspected, start hydrocortisone 10–20 mg BID
• Start testosterone or estrogen replacement therapy if needed

Grade 2

• Stop ICI treatment until symptoms
stabilize by hormone supplementation

• After amelioration of symptoms,
resume administration of ICI

• Consult an endocrinologist
• Consider pituitary imaging
• Perform hormone replacement therapy as performed for Grade 1 events
• Perform frequent thyroid function and other hormonal tests until baseline

levels are achieved

Grade 3 • Same as above

• Consult an endocrinologist
• Consider pituitary imaging
• Perform a pituitary function test on hospitalization
• If adrenal insufficiency is present, start hydrocortisone 15–30 mg BID
• Perform hormone replacement therapy as performed for Grade 1 events
• Perform frequent thyroid function and other hormonal tests until baseline

levels are achieved

Grade 4

• Stop ICI treatment
• Resume administration after recovery

from crisis and stabilization
of symptoms

• Perform full-body management during hospitalization
• Consult an endocrinologist
• Immediately start administration of hydrocortisone 100–200 mg BID
• Physiological saline infusion under cardiac function monitoring
• Consider pituitary imaging
• Perform frequent thyroid function and other hormonal tests until baseline

levels are achieved

CTCAE, Common Terminology Criteria for Adverse Events; ICI, immune checkpoint inhibitor; BID, bis in die

6.2. Adrenal Insufficiency

Table 3 presents management strategies for adrenal insufficiency according to the CTCAE grade.
The condition should be managed according to its severity. Hydrocortisone (10–20 mg/day) replacement
therapy should be initiated for patients with only laboratory abnormalities or mild symptoms that
permit activities of daily living [46]. In case of adrenal crisis, systemic management and early
administration of hydrocortisone are necessary. In all cases, consultation with an endocrinologist
is recommended for medical care. If primary adrenal insufficiency due to ICI treatment occurs,
the drugs should be discontinued and administered after stabilization of the patient’s general condition
by treatment.

Table 3. Management of adrenal insufficiency induced by immune checkpoint inhibitors.

CTCAE Grade Management Treatment of Adverse Event

Grade 1
• Hormone supplementation as needed
• After amelioration of symptoms,

resume administration of ICI

• Consult an endocrinologist
• If adrenal insufficiency is suspected, start hydrocortisone 10–20 mg BID

Grade 2

• Stop ICI treatment until symptoms
stabilize by hormone supplementation

• After amelioration of symptoms,
resume administration of ICI

• Consult an endocrinologist
• Perform hormone replacement therapy as performed for Grade 1 events
• Perform frequent hormonal tests until baseline levels are achieved

Grade 3 • Same as above
• Consult an endocrinologist
• Perform an adrenal function test on hospitalization
• If adrenal insufficiency is present, start hydrocortisone 15–30 mg BID

Grade 4

• Stop ICI treatment
• Resume administration after recovery

from crisis and stabilization
of symptoms

• Perform full-body management during hospitalization
• Consult an endocrinologist
• Immediately start administration of hydrocortisone 100–200 mg BID
• Physiological saline infusion under cardiac function monitoring
• Perform an adrenal function test after the general condition has stabilized

CTCAE, Common Terminology Criteria for Adverse Events; ICI, immune checkpoint inhibitor.

6.3. Thyroid Dysfunction

Tables 4 and 5 show the management strategies for hyperthyroidism and hypothyroidism,
respectively, according to the CTCAE grade. For thyrotoxicosis caused by destructive thyroiditis,
antithyroid drugs are not necessary because the duration of symptoms is usually short. When symptoms

222



J. Clin. Med. 2020, 9, 2033

such as tremors and motivation are recognized, symptomatic treatment with a β-blocker is required.
Antithyroid drugs are reserved for patients with Basedow’s disease.

Table 4. Management of hyperthyroidism induced by immune checkpoint inhibitors.

CTCAE Grade Management Treatment of Adverse Event

Grade 1 • Continue ICI treatment • Continue to monitor TSH and FT4 levels until hyperthyroidism disappears

Grade 2

• Stop ICI treatment until the symptoms
ameliorate or test values
become normal

• After amelioration of symptoms,
resume administration of ICI

• Consult an endocrinologist
• Perform a thyroid function test every 2–3 weeks
• If the thyroid poisoning does not resolve after 6–8 weeks, Graves’ disease

is differentiated

Grade 3 or 4 • Same as above

• Consult an endocrinologist
• Start administration of β-blocker
• Conduct clinical tests every 1–3 weeks
• In case of thyroid crisis, treat the patient in the intensive care unit

CTCAE, Common Terminology Criteria for Adverse Events; ICI, immune checkpoint inhibitor; TSH,
thyroid-stimulating hormone; FT4, free T4.

Table 5. Management of hypothyroidism induced by immune checkpoint inhibitors.

CTCAE Grade Management Treatment of Adverse Event

Grade 1 • Continue ICI treatment • Continue to monitor TSH, FT3, and FT4 levels every 2–3 weeks

Grade 2

• Stop ICI treatment until the symptoms
ameliorate or test values
become normal

• After amelioration of symptoms,
resume administration of ICI

• Consult an endocrinologist
• Start thyroid hormone replacement therapy if symptoms are present or the

TSH level is high
• If thyroid function is stable, perform a thyroid function test every 6 weeks

Grade 3 or 4 • Same as above

• Consult an endocrinologist
• Start administration of β-blocker
• In case of myxedema coma, treat the patient in the intensive care unit
• Following stabilization of symptoms, treat as per the protocol for Grade

2 events

CTCAE, Common Terminology Criteria for Adverse Events; ICI, immune checkpoint inhibitor; TSH,
thyroid-stimulating hormone; FT4, free T4; FT3, free T3.

In case of hypothyroidism, if the TSH level is <10 mIU/L and no symptoms are observed,
ICI administration is continued and serum TSH, FT4, and FT3 levels are monitored. If the TSH
level is ≥10 mIU/L and moderate symptoms are present, thyroid hormone replacement therapy is
planned [37]. In case of concomitant adrenal insufficiency, careful monitoring is required, and thyroid
hormone replacement should be preceded by the administration of hydrocortisone if the adrenal
insufficiency worsens.

ICI treatment can be resumed when treatment with or without thyroid hormone replacement
therapy results in amelioration of symptoms.

6.4. Type 1 Diabetes Mellitus

Insulin therapy is the mainstay of treatment for type 1 diabetes mellitus due to ICI treatment,
and immediate treatment must be initiated. If ketosis or ketoacidosis is present, immediate-acting
insulin should be continuously administered, along with intravenous saline infusion and electrolyte
management. After the ketosis or ketoacidosis has improved, the patient can be switched to insulin
therapy. Once insulin treatment reduces the blood glucose levels, ICI treatment can be resumed.

7. Adrenal Insufficiency in Tumor-Bearing Patients

As noted above, primary/secondary adrenal insufficiency is a less common but potentially fatal
irAE, and it often includes adrenal crisis, in patients receiving ICIs. On the other hand, symptoms are
often nonspecific, such as anorexia and malaise, which are also common symptoms in cancer patients.
Adrenal insufficiency is also a common condition in cancer patients, and efforts must be made to detect
it at an early stage.
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Causes of adrenal insufficiency other than ICI treatment in cancer patients include steroid
withdrawal syndrome, adrenal metastases from primary disease, and autoimmune adrenalitis.

Long-term corticosteroid treatment may be used for various purposes in cancer patients, including
palliation of symptoms such as fatigue, resolution of cerebral edema, and treatment of drug-induced
or radioactive organ damage. In addition, they are often administered during anticancer drug therapy.
Long-term corticosteroid use causes hypothalamic–pituitary–adrenal suppression and adrenal atrophy.
Steroid withdrawal syndrome may occur when steroids are suddenly reduced or discontinued, and
many patients present with clinical features of acute adrenal insufficiency. It is necessary to pay
attention to sudden dose reduction and discontinuation in patients who have been receiving long-term
steroid treatment, and steroid withdrawal syndrome should be suspected when symptoms indicating
adrenal insufficiency are observed. In case of steroid withdrawal syndrome, the symptoms rapidly
disappear when the steroid dose is increased in most cases.

Moreover, when physical stresses such as diarrhea, trauma, and dehydration occur in patients
receiving long-term corticosteroid treatment, relative steroid deficiency may develop and result in
adrenal insufficiency symptoms. The causative disease should be treated, and the dose of the steroid
drug should be increased. Failure to take appropriate measures may result in adrenal crisis and
potentially fatal conditions. On the other hand, in cancer patients, metastatic adrenal tumors may
cause adrenal insufficiency. A previous study involving autopsy of malignant tumors found adrenal
metastasis in approximately 3% cases [47]. Further, chronic primary adrenocortical insufficiency due
to metastatic adrenal tumors is rare and has been reported to occur in approximately 1% patients [47].
Even in cases of metastatic adrenal tumors, cortisol secretion is preserved until approximately 90% of
the bilateral adrenal glands are destroyed, and the typical symptoms may not appear in many cases,
which complicates diagnosis [48].

8. Adrenal Crisis

Adrenal crisis can occur when infection and injury are complicated by adrenocortical insufficiency,
and it progresses to a fatal disease state via absolute and relative steroid deficiency. Primary/secondary
adrenal insufficiency due to ICI treatment may also lead to adrenal crisis, and early diagnosis and
appropriate measures should be implemented at onset. The initial symptoms of adrenal crisis, like those
of adrenal insufficiency, are nonspecific and include general malaise, anesthesia, loss of appetite,
weight loss, nausea, abdominal pain, and fever. However, after >12 h, consciousness disturbance and
hypotension can occur.

Blood tests often show hyponatremia, hyperkalemia, hypoglycemia, dehydration, and eosinophilia.
When adrenal crisis is suspected on the basis of the medical history and test results, immediate measures
should be taken while excluding other conditions such as sepsis. Initial treatment includes infusion of
a large volume of saline, glucose solution, and hydrocortisone. Measurements of blood cortisol and
ACTH are useful for diagnosis.

9. Conclusions

In summary, endocrine dysfunction is a frequent irAE associated with ICI treatment. Anti-CTLA-4
antibodies often cause hypopituitarism, while anti-PD-1/anti-PD-L1 antibodies cause thyroid
dysfunction. Primary adrenal insufficiency and type I diabetes mellitus are less frequent with
all ICIs. Hypopituitarism may also cause secondary adrenal insufficiency via ACTH hyposecretion.
Symptoms of adrenal insufficiency are nonspecific and common also in cancer patients; therefore,
diagnosis may be difficult. Moreover, symptoms of adrenal insufficiency in cancer patients often have
a background other than irAE caused by ICI in tumor bearing patients. While adrenal insufficiency
leads to adrenal crisis in severe cases, type 1 diabetes mellitus may progress to fulminant disease; thus,
both conditions should be detected and treated at the early stages. As the indications of ICIs expand,
the number of irAEs episodes also tends to increase as shown in Figure 1. In the future, early detection
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and proper management of endocrine dysfunction should be considered important for the treatment
using ICI as mentioned above.
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Figure 1. Adopted from Reference [49]. Food and Drug Administration (FDA)-reported numbers
of immune-related Adverse Events (irAEs) with anti programmed cell death 1 (PD-1)/ programmed
death ligand 1 (PD-L1) antibody monotherapy versus anti PD-1/PD-L1 antibody plus anti cytotoxic
T-lymphocyte antigen-4 (CTLA-4) antibody combination treatment. (Number of reports up to June
in 2018).
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Abstract: The treatment of lung cancer has changed drastically in recent years owing to the advent
of immune checkpoint inhibitors (ICIs). A 1992 study reported that programmed cell death-1
(PD-1), an immune checkpoint molecule, is upregulated during the induction of T cell death.
Since then, various immunoregulatory mechanisms involving PD-1 have been clarified, and the
successful use of PD-1 blockers in anticancer therapy eventually led to the development of the
current generation of ICIs. Nivolumab was the first ICI approved for treating lung cancer in
2014. Since then, various ICIs such as pembrolizumab, atezolizumab, and durvalumab have been
successively introduced into clinical medicine and have shown remarkable efficacy. The introduction
of ICIs constituted a major advancement in lung cancer treatment, but disease prognosis continues to
remain low. Therefore, new molecular-targeted therapies coupled with existing anticancer drugs and
radiotherapy have recently been explored. This review encompasses the current status, challenges,
and future perspectives of ICI treatment in lung cancer.

Keywords: immune checkpoint inhibitors; non-small-cell lung cancer; PD-1; biomarker

1. Introduction

Among all malignancies, lung cancer showed the highest reported incidence and mortality in
2018 [1]. The prognosis of advanced and recurrent lung cancer is poor, and standard treatments
with cytotoxic anticancer drugs have limited therapeutic effects. Recently, with the development of
molecularly targeted drugs based on the results of genetic testing and immunotherapies for cancer,
treatments for non-small cell lung cancer have undergone remarkable development. Molecularly
targeted drugs for cancer can differentiate between cancer cells and normal cells at the genome and
molecule levels and act by specifically suppressing the molecules required for cancer growth and
metastasis. Cytotoxic drugs are different as they have defined molecular targets from the stage of
drug discovery and therapy design, and their targets are often biomarkers, especially those predicted
for treatment. In non-small cell lung cancer (NSCLC), driver oncogene mutations, which confer
advantages to the growth and viability of cancer cells, are the mainstay of biomarkers. EGFR gene
mutations, ALK gene translocations, ROS1 gene translocations, and BRAF gene mutations have been
used, and tyrosine kinase inhibitors targeting these aberrations have elicited high response rates.

Since around 1970, immunotherapy has been initiated for lung cancer with nonspecific treatments
such as OK-432, and has progressed to specific immunotherapies such as peptide vaccine therapy.
However, no treatment has shown apparent efficacy beyond the standard of care with cytotoxic
anticancer drugs. In recent years, as the detailed mechanism of tumor immunotherapy is understood,
and anti PD-1 antibodies, one of the immune checkpoint inhibitors, have shown good results in
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J. Clin. Med. 2020, 9, 1362

clinical trials with increasing insurance support, the treatment of lung cancer has entered a new era.
Several trials in advanced NSCLC have reported improved survival with anti-PD-1/PD-L1 antibodies
treatment, both when used alone and in combination with chemotherapy (Table 1). This article thus
elaborates on the immune checkpoint inhibitors used for treating lung cancer.
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2. Mechanism of Action of Immune Checkpoint Inhibitors (ICIs)

Although cancer cells are formed daily, almost all of them are properly eliminated through the host
immune response. Immune responses to cancer cells are called cancer-immunity cycles and comprise
seven phases: (1) release of cancer antigens by the death of cancer cells, (2) presentation of cancer
antigens to T cells by antigen-presenting cells such as dendritic cells, (3) T cell activation (priming phase),
(4) T cell migration, (5) T cell infiltration, (6) cancer cell recognition, and (7) attack and elimination of
cancer cells (effector phase) [2]. However, cancer cells with low immunogenicity, which do not present
cancer antigens, may evade this autoimmune response and survive for a longer duration (equilibrium
phase) [2,3]. Further, immunosuppressive mechanisms activated upon the accumulation of mutations
in cancer cells, the induction of regulatory T cells (Tregs) and immunosuppressive cells including
myeloid-derived suppressor cells (MDSCs), and the expression of immune checkpoint molecules such as
PD-L1 result in uncontrolled tumor growth (escape phase) [2,3]. Thus, certain cancers are detected only
after the cancer cells approach the escape phase and undergo uncontrolled proliferation, having already
established a system preventing them from being eliminated through the autoimmune response.

ICIs are drugs that block the immunosuppressive mechanisms of cancer cells (Figure 1). ICIs exert
their antitumor effects by harnessing host autoimmune functions, as opposed to cytocidal anticancer
drugs, which inhibit the cell cycle, and agents that directly attack cancer cells, such as molecularly
targeted drugs that specifically bind to gene mutation sites and suppress proliferative signals.
Currently, anti-PD-1/PD-L1 antibodies are clinically used to treat lung cancer and various other
cancers. In lung cancer, PD-L1 expression is used as one of the biomarkers to distinguish the treatment
indication cases. Microsatellite instability has also been used as a potential anti-PD-1/PD-L1 antibodies
treatment biomarker in gastric cancer, mainly as a second-line treatment after standard treatment,
in triple-negative breast cancer, and as a biomarker candidate in colorectal cancer. In 2011, monotherapy
with ipilimumab, an anticytotoxic T-lymphocyte antigen 4 (CTLA-4) antibody, was approved by
the food and drug administration (FDA) for advanced-stage malignant melanoma, and in 2015,
the combination of nivolumab and ipilimumab was approved by the FDA for use in clinical
practice. Studies comparing ipilimumab+nivolumab with sunitinib alone in renal cell carcinoma
and the combination of ipilimumab+nivolumab in non-small cell lung cancer have shown favorable
results [4,5]. Regarding the significance of ipilimumab in combination therapy, future results are
awaited as to whether two-drug combinations of immune checkpoint inhibitors (ipilimumab and
nivolumab combination therapy) can contribute to higher survival rates than either immune checkpoint
inhibitors alone or immune checkpoint inhibitors in combination with chemotherapy. Since numerous
aspects of the mechanism of action of ICIs in vivo are unclear, this review discusses the generally
considered mechanisms.
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Figure 1. Immune checkpoint inhibitors in cancer treatment. Notes: Inability to activate T cells in the
tumor microenvironment through the suppressive effect of Tregs or through immune checkpoints allows
cancer cells to escape immune attack, survive, and grow. B7 ligands expressed on antigen-presenting
cells bind to TCR and induce T cell amplification and immune response. Alternatively, binding of B7
ligands to CTLA-4 expressed on T cells suppresses their activity. CTLA-4 also enhances the activity
of Tregs leading to immunosuppressive activity. PD-1 is expressed on activated T cells. PD-1 binds
to its PD-L1 leading to the anergy of T cells, further promoting inhibitory signals. Pharmacological
inhibition of immune checkpoints with monoclonal antibodies restores T cell antitumor activity and
relieves immunosuppression. Abbreviations: CTLA-4: cytotoxic T-lymphocyte antigen 4; MHC: major
histocompatibility complex; PD-1: programmed cell death-1; PD-L1: programmed cell death-1 ligand;
TCR: T cell receptor; Tregs: regulatory T cells; APC: antigen presenting cell.

Anti-PD-1/PD-L1 antibodies act in the effector phase of the cancer-immunity cycle. In the effector
phase, effector T cells attack cancer cells. However, binding of PD-L1 expressed on the cancer cell
surface to PD-1 expressed on the surface of effector T cells suppresses the attack by effector T cells
on cancer cells. Anti-PD-1/PD-L1 antibodies pharmacologically prevent the PD-1/PD-L1 interaction,
thus facilitating the attack by T cells. Furthermore, these antibodies are thought to inhibit the immune
response in the priming phase of the cancer-immunity cycle [6].

In contrast, anti-CTLA-4 antibodies act during antigen presentation in the priming phase,
wherein dendritic cells present antigens to and activate T cells. T-cell activation requires both T-cell
receptors (TCRs) and the MHCI-cancer antigen complex on the dendritic cells (principal stimulation),
accompanied by the interaction between B7 (CD80/86) and CD28 on dendritic and T cells, respectively
(costimulation) [7]. CTLA-4, like CD28, is expressed on the T cell surface and binds B7 with a
stronger affinity than that of CD28. Thus, when CTLA-4 is upregulated, it remains bound to B7
and the costimulatory signal is not transmitted, resulting in the suppression of T cell activation [8].
Anti-CTLA-4 antibodies inhibit the binding of CTLA-4 and B7, resulting in enhanced binding of CD28
and B7, which stimulates T-cell activation and exerts antitumor effects (Figure 1) [9]. Furthermore,
CTLA-4 is present on Treg surfaces, induced by cancer cells, and inhibits T-cell activation by binding to
B7 on dendritic cells [10]. Thus, anti CTLA-4 antibodies are also thought to exert antitumor effects by
facilitating the binding of Tregs to CTLA-4 and directly eliminating Tregs.

3. Changes in Treatment of Lung Cancer without Driver-Oncogene Mutations

Second-line therapy following platinum-based chemotherapy has long been cytotoxic therapies
such a docetaxel (DTX).
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In 2014, nivolumab, the world’s first ICI targeting PD-1, emerged as a novel therapeutic agent for
malignant melanoma. In 2015, a phase-III comparative study of DTX and nivolumab as secondary
treatments for squamous and non-squamous lung cancers was conducted in the CheckMate017
(NCT01642004) and CheckMate057 (NCT01673867) studies, respectively; both studies reported that
nivolumab significantly prolonged overall survival (OS) compared to DTX (CheckMate017: 6.0 mo vs.
9.2 mo, Hazard Ratio (HR) 0.59; CheckMate057: 9.4 mo vs. 12.2 mo, HR 0.73) [11,12]. Considering
these findings, the indication of nivolumab was also expanded to the second-line treatment of NSCLC,
and ICIs were approved for the first time for lung cancer treatment.

In 2016, another anti-PD-1 antibody, pembrolizumab, has been reported, and a phase-III
comparative study of DTX and pembrolizumab as second-line therapy in NSCLC with PD-L1 ≥ 1%
reported that pembrolizumab significantly prolonged patient survival compared to DTX (8.5 mo vs.
10.4 mo (pembro 2 mg/kg) /12.7 mo (pembro 10 mg/kg) [13]. Furthermore, the OAK trial (NCT02008227)
compared the second-line NSCLC anti PD-L1 antibodies atezolizumab and DTX, and showed that
atezolizumab prolonged survival significantly (9.6 mo vs. 13.8 mo, HR 0.73) [14]. Based on these results,
pembrolizumab and atezolizumab, in addition to nivolumab, were introduced as the second-line
treatment for NSCLC.

Subsequent to being established as a standard-of-care treatment for second-line therapy, in the
KEYNOTE-024 study (NCT02142738) (2016), pembrolizumab significantly prolonged the overall
survival (OS) of patients (10.3 mo vs. 6.0 mo, HR 0.60) [15] upon platinum-based chemotherapy as
first-line therapy in a PD-L1 ≥ 50% NSCLC without driver mutations, and was approved for the first
time as first-line treatment for NSCLC. In 2018, KEYNOTE-189 trial (NCT02578680) and KEYNOTE-407
trials (NCT02775435) assessed the efficacy of the combination of platinum-based chemotherapy and
ICIs and approved this combination therapy as first-line treatment of lung cancer, as it significantly
prolonged the OS compared to platinum-based chemotherapy alone (KEYNOTE-189 not reached (NR)
vs. 11.3 mo, HR 0.49; KEYNOTE-407 15.9 mo vs. 11.3 mo, HR 0.64) [16,17] by combining pembrolizumab
with platinum-based chemotherapy for non-squamous-cell lung cancer and squamous cell lung cancer,
respectively. In the same year, maintenance therapy with chemoradiotherapy (CRT) followed by
durvalumab drastically improved the progression-free survival (PFS) in comparison with CRT alone in
unresectable stage III NSCLC in the PACIFIC study among patients with locally advanced lung cancer
(16.8 mo vs. 5.6 mo, HR 0.52) [18], and thus, ICIs contributed to advancements in the standard-of-care
treatment for locally advanced NSCLC for the first time in 20 y.

In 2019, the IMpower133 trial (NCT02763579) reported that the combination of atezolizumab with
platinum-based chemotherapy, as first-line treatment of small-cell lung cancer (SCLC), prolonged both
the PFS and OS (PFS 4.3 mo vs. 5.2 mo, HR 0.77; OS 10.3 mo vs. 12.3 mo, HR 0.70) [19]. ICIs are
expected to be used to treat SCLC.

Thus, since 2016, ICIs have been widely used therapeutics in different settings from first-line to
second-line and onwards, for locally advanced to advanced-stage NSCLC and SCLC and lung cancer.

4. Immune Combination Therapy

4.1. Combination with Chemotherapy

To enhance the efficacy of immunotherapy, the combination of platinum-based chemotherapy
and ICIs has already been validated and introduced into actual clinical practice (Figure 1). As one of
them, a comparative study of CDDP or CBDCA+Pemetrexed (PEM) plus pembrolizumab vs. CDDP or
CBDCA+PEM was conducted in the KEYNOTE-189 trial, and the PFS was significantly higher in the
ICI-combined group than in the chemotherapy group in PFS (8.8 mo vs. 4.9 mo, HR 0.52) and OS (NR vs.
11.3 mo, HR 0.49) [16], and this regimen was approved as first-line treatment for advanced-stage NSCLC.
This study included a platinum-combination therapy, which has not been directly compared with ICI
alone, and it thus remains controversial whether pembrolizumab alone or ICI plus chemotherapy is
beneficial for patients with high PD-L1 expression levels. Upon ICI monotherapy, cases presenting
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with cancer progression at an early stage pose a problem, whereas during combination therapy, it is
advantageous to reduce progressive disease at early stages in combination treatment with cytotoxic
anticancer drugs.

The therapeutic efficacy of atezolizumab as first-line therapy for NSCLC was reported in an
IMpower150 trial (NCT02366143) in combination with CBDCA+paclitaxel (PTX)+bevacizumab
(BEV) [19]. In this study, subgroup analyses confirmed the efficacy of ICIs among patients with
hepatic metastases and driver mutations, which were previously poor responders to ICIs, suggesting
the potential effects of the concomitant use of angiogenesis inhibitors. Combination therapy with
angiogenesis inhibitors is expected in this regimen in cases with complications including cerebral
edema and pleural effusion caused by brain metastasis.

Subsequently, the efficacy of CBDCA+nabPTX in combination with pembrolizumab was
also reported in squamous cell carcinoma in a KEYNOTE-407 trial (NCT02775435) [17];
furthermore, the combination treatment with CBDCA+nabPTX and atezolizumab [20] yielded
better outcomes than chemotherapy during first-line treatment of squamous cell lung cancer
in the IMpower130 trial (NCT02367781). Clinical trials are currently underway for numerous
combinations of ICIs and chemotherapy, including the IMpower132 trial (NCT02657434; CBDCA+PEM+
atezolizumab versus CBDCA+PEM in non-squamous lung cancer), TORG1630 trial (UMIN000021813;
DTX+nivolumab versus DTX alone in NSCLC), KEYNOTE-604 trial (NCT03066778; pembrolizumab+
etoposide+carboplatin/cisplatin (EP) versus placebo+EP in SCLC), and CASPIAN trial (NCT03043872;
durvalumab+tremelimumab+EP versus durvalumab+EP in SCLC).

Based on these results, various combinations of ICI plus platinum-based chemotherapy, ICI alone,
and chemotherapy alone seemed appropriate as first-line treatment of advanced-stage NSCLC at
present. It is thus important to examine the optimum treatment for each case on the basis of the
factors including the performance status, PD-L1 expression rate, presence of driver gene mutations,
and medical history.

4.2. Combination of ICIs

Combination therapy with different ICIs is currently being assessed, and the promising regimens
include nivolmab+ipilimumab and durvalumab+tremelimumab. These studies have attempted to
enhance the antitumor efficacy of immune cells by combining the inhibitors of PD-1/PD-L1 in the
effector phase, using inhibitors of CTLA-4 in the priming phase.

In the CheckMate227 trial, a controlled trial involving combination therapy with
nivolumab+ipilimumab and chemotherapy was conducted in 2019, and nivolumab+ipilimumab resulted
in a significantly better OS among patients with PD-L1≥1% (17.1 mo vs. 14.9 mo, HR 0.79) [21]. Accordingly,
combination therapy with an anti PD-1 antibody and anti CTLA-4 antibody can be clinically introduced
for the first time. The POSEIDON trial (NCT03164616; durvalumab+tremelimumab+platinum-based
chemotherapy) examining is also ongoing.

Alternatively, higher rates of immune-related adverse events (irAE) have been reported upon ICIs
combination therapy. In studies including other carcinomas, anti CTLA-4 antibodies are reportedly
associated with a higher incidence of grade-III or higher irAE (31% vs. 10%) compared to anti PD-1
antibodies [22]. In particular, colitis (odds ratio (OR) 8.7) and hypophysitis (OR 6.5) were primarily
observed with anti-CTLA-4 antibody preparations, pneumonitis (OR 6.4) and thyroiditis (OR 4.3)
observed with anti-PD-1 antibody preparation [22]. In the CheckMate227 study, AEs were more
prevalent in the nivolumab+ipilimumab group than in the nivolumab monotherapy group in groups
with both all grades/grade-III and above (all grades 75.2% vs. 64.2%, grade-III and above 31.2% vs.
18.9%), and AEs for which treatment could not be continued were also reported in the combination group
(12% vs. 6.9%) [23]. Other study has reported that the concomitant use of nivolumab+ipilimumab
results in an earlier onset of irAE (particularly within 12 weeks) in comparison with nivolumab
alone [24]. Thus, on using ICIs, more prudent measures for irAE are required than those used before.
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4.3. Combination with Radiation Therapy

In 2019, ICIs with high efficacy were reported for the treatment of unresectable stage III NSCLC.
As noted above, in a PACIFIC study (NCT02125461) testing the efficacy of CRT followed by continued
durvalumab treatment as consolidation, durvalumab treatment drastically improved the PFS and
OS in comparison with the control group (PFS: 16.8 mo vs. 5.6 mo, HR 0.52, The 24-month overall
survival rate: 66.3% vs. 55.6%, HR 0.68), leading to a major development of locally advanced-stage
standard-of-care in the first 20 y [25]. In terms of the frequency of pneumonitis concerns associated
with concomitant use of radiation therapy (RT) and ICIs, although pneumonitis was more common in
the durvalumab group in all grades (13.1% vs. 7.7%), only a slight difference was observed between
the two groups in ≥ grade-III NSCLC (4.4% vs. 3.8%, respectively), resulting in no apparent increase
in the risk of serious pneumonitis [18]. The PACIFIC trial was designed to use durvalumab as a
consolidation therapy in the first 42 d after the completion of CRT, whereas the ongoing PACIFIC2
trial is testing the efficacy of combination therapy with CRT and durvalumab, rather than sequential
therapy (NCT03519971). The JCOG1508 studies have compared platinum-based chemotherapy +
RT + durvalumab vs. platinum-based chemotherapy + RT → surgical resection + durvalumab
in unresectable stage III NSCLC with N2 nodal involvement and have tested the effectiveness of
durvalumab in the combined modality therapy including surgery.

5. Effects on SCLC

SCLC is a smoking-associated cancer type accounting for 10%–15% of all lung cancers. The median
overall survival is 15–20 mo for limited-stage disease and 8–13 mo for extensive-stage disease, and the
5-y survival rate is 20–25% for limited-stage disease and 2% for extensive-stage disease among patients.
In a phase-2 study on advanced SCLC conducted in 2011, the effectiveness of combination therapy with
ipilimumab and chemotherapy was explored; however, the primary endpoint, i.e., OS prolongation,
was not achieved [26]. Although ICIs for SCLC have yielded less encouraging results; the results of
an IMpower133 trial published in 2019 led to the approval of CBDCA+etoposide+atezolizumab for
untreated extensive-stage SCLC, as described previously [27]. The KEYNOTE-604 trial also compared
pembrolizumab+EP vs. placebo+EP for untreated extensive-stage SCLC; this trial reported a significant
prolongation in the PFS but not OS. In the ongoing CASPIAN trial, a three-arm comparative trial
of durvalumab+tremelimumab+EP or durvalumab+EP vs. EP for untreated extensive-stage SCLC,
among 268 patients receiving combination therapy with durvalumab and standard chemotherapy
and 269 patients receiving standard chemotherapy alone, the median OS was significantly prolonged
from 10.3 mo in the standard chemotherapy group to 13.0 mo in the combination therapy group [28].
Thus, future studies are required to develop more combination therapies with ICIs for SCLC.

Moreover, SCLC, unlike NSCLC and malignant melanoma, is generally characterized by a lower
rate of PD-L1 expression [29]; however, the association between PD-L1 incidence and ICI efficacy has
not been determined in SCLC. Nonetheless, TMBs are reportedly associated with the efficacy of ICIs in
CheckMate026 trial [5]. The CheckMate032 trial compared the efficacy of nivolumab monotherapy
with that of combination therapy with nivolumab+ipilimumab for previously treated SCLC, and the
overall OS was 5.7 mo vs. 4.7 mo with no significant difference in efficacy between the combination
therapy and monotherapy [30]. However, subgroup analysis revealed that combination therapy with
nivolumab+ipilimumab displayed a higher efficacy than nivolumab monotherapy [30]. However,
few studies have investigated the therapeutic utility of PD-L1 and the TMB in SCLC, warranting
further validation in future studies.

6. Biomarkers

Although the efficacy of ICIs has been confirmed, the response rate to single agents is not as
high as that of molecular-targeting agents, and the establishment of biomarkers to predict effective
responses to ICIs remains challenging.
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As a biomarker for therapeutic efficacy, PD-L1 has been recently used in actual clinical practice.
The KEYNOTE-001 (NCT01295827) trial reported that pembrolizumab was more effective in decreasing
the incidence of PD-L1 by ≥ 50%, by 1% to 49%, and by < 1% [31]. Particularly in the ≥ 50%
group, patients with very high PD-L1 levels (≥ 90%) presented an even higher response rate than
those with 50%–89% expression levels and presented prolonged PFS (objective response rate (ORR)
60.0% vs. 32.7%, PFS 14.5 mo vs. 4.1 mo, HR 0.50) [32]. Other studies have reported that PD-L1
upregulation, regardless of monotherapy or combination therapy, is associated with an increased
efficacy of pembrolizumab [16,17,33]. Furthermore, the efficacy of ICIs other than pembrolizumab are
also associated with PD-L1 upregulation [19,34], and generally, PD-L1 upregulation is associated with
a higher ICI efficacy. Based on these results, we recommend using pembrolizumab monotherapy as
the first-line therapy for PD-L1 positive (≥ 1%) advanced-stage NSCLC. It is also recommended to use
PD-1/PD-L1 inhibitors for advanced-stage NSCLC in immune-checkpoint inhibitor-naïve patients as
the second-line therapy.

However, the incidence and effects do not necessarily coincide, suggesting that tumor cell
heterogeneity is one of the causes along with the potential involvement of host immune evasion
mechanisms not mediated by PD-1/PD-L1 [35]. PD-L1 is often debated to be an incomplete biomarker,
and several studies have as attempted to develop new biomarkers and to combine PD-L1 with
other biomarkers.

While ICIs exert antitumor effects by activating immune cells, tumor infiltrating lymphocytes
(TILs) are important in mediating these effects, along with PD-L1 [36]. T cells included in TILs may
be enriched with clones specific for tumor antigens, but are suppressed by an immunosuppressive
tumor microenvironment, and so on, and thus, they are believed to be incapable of exerting effective
anti-tumor responses [37]. Results from a KEYNOTE-061 trial (NCT02370498) examining the usefulness
of pembrolizumab as a second-line treatment for advanced gastric cancer reported that the effect
of pembrolizumab may be predicted by the combined positive score, the number of PD-L1 positive
cells among tumor cells, lymphocytes, and macrophages divided by the total number of tumor cells
multiplied by 100 [38]. When the tumor microenvironment is subtyped into four types according to
the presence or absence of PD-L1 expression and the presence or absence of TILs, TIL-positive/PD-L1
positive Type I and TIL-positive/PD-L1 negative Type IV are considered as “Hot tumors” in which
anti-PD-1 antibodies are effective alone or in combination [36]. The usefulness of PD-L1 as a TIL
biomarker has been reported in breast cancer [39], and similar studies are expected in future.

Other potential biomarkers include the total number of genetic mutations in cells, called tumor
mutation burden (TMB). Mutated genes invariably yield mutated proteins, which are recognized as
non-self by immune cells; hence, cells containing numerous mutated proteins are more susceptible to
be attacked by immune cells, and cells with a high TMB are considered to display a more effective
response to ICIs. In general, the TMB tends to be higher among smokers [40], and the relatively higher
efficacy of ICI among smokers is speculated to result from the TMB [12,41]. In the 2017 CheckMate026
trial (NCT02041533), nivolumab was compared with platinum-based chemotherapy for first-line
treatment of advanced-stage NSCLC with PD-L1 ≥ 5%, and nivolumab did not demonstrate superiority
for the primary endpoint, PFS [5]. However, this study on exploratory TMB stratification analysis
suggested that ICIs may be more effective in the high TMB group (TMB ≥ 243 nonsynonymous
mutations) than in the low TMB group (TMB < 243 nonsynonymous mutations) (9.7 mo vs. 5.8 mo HR
0.62). A CheckMate227 trial (NCT02477826) (2019) comparing the efficacy of nivolumab+ipilimumab
combination therapy vs. nivolumab monotherapy vs. platinum-based chemotherapy with TMB as a
biomarker demonstrated the superiority of nivolumab+ipilimumab combination therapy to that of
platinum-based chemotherapy; however, this tendency was stronger in the group with a high TMB
(≥10 Mut/Mb) (global high: 23.0 mo vs. 16.4 mo, HR 0.68; low: 16.2 mo vs. 12.6 mo, HR 0.7, PD-L1 < 1%
high: 20.4 mo vs. 11.2 mo, HR 0.51, low: 15.5 mo vs. 13.0 mo, HR 0.69) [23]. A CheckMate568 trial
(NCT02659059) evaluated the safety and efficacy of concomitant nivolumab+ipilimumab combination
therapy in the same year, reporting that the high-TMB group had a significantly prolonged PFS (7.1 mo
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vs. 2.6 mo) [42]. Again, the results showed that TMBs and ORRs were predominantly associated in the
group with PD-L1 < 1% (AUC 0.90) [42]. Consistent with the results of CheckMate568, the ORR with
nivolumab plus ipilimumab in CheckMate227 was higher for tumors with PD-L1 > 1% compared with
that for tumors with PD-L1 < 1% [21,42]. However, the relationship between the PD-L1 biomarker and
efficacy of the combination of nivolumab and low-dose ipilimumab is complex, as in CheckMate227,
there was a similar survival advantage for nivolumab and low-dose ipilimumab compared with that
for standard chemotherapy in PD-L1-positive and PD-L1-negative tumors. Thus, the TMB (particularly
in cases with PD-L1 < 1%) is reportedly associated with the efficacy of ICIs. At present, clinical
trials considering TMBs as biomarkers are underway for atezolizumab (BFAST study: NCT03178552),
and future studies are expected to yield clinically significant results.

The other reported potential benefits of these biomarkers include the prognostic nutritional index
(PNI) and its association with the frequency of irAEs, neutrophil-to-lymphocyte ratio (NLR) [43],
enterobacterial status [44,45], and early reduction in tumor markers [46].

Although the PNI was proposed as a predictor of surgical risk in the 1980s, it has been
subsequently considered a useful marker to predict the efficacy of drugs to treat malignant diseases.
Studies have reported that ICIs are more effective among patients with a high PNI, i.e., high nutritional
status [47]. Further, numerous studies have reported that ICIs are more effective among patients with
irAE [22,48], and that the management of adverse events is potentially important for the continuation
of effective treatment.

7. Long-Term Survival

A major difference between ICIs and previously reported anticancer drugs is a substantial increase
in long-term survival. On pooled analysis of the CheckMate017 and CheckMate057 trials (2019),
both of which compared the efficacy of DTX and nivolumab as second-line therapy for NSCLC, the 5-y
survival rate of nivolumab was 13.4%; DTX, 2.6% [49]. A 5-y survival rate of > 10% has not yet been
achieved using previously reported cytocidal anticancer drugs, and ICIs resulted in a more prolonged
long-term survival than conventional anticancer drugs. Furthermore, at 5 y, nivolumab treatment
resulted in a response among 32.2% of patients, while no patients responded to DTX.

A follow-up report from the KEYNOTE-001 trial, a phase-I study on pembrolizumab, also reported
a 5-y survival rate of 29.6% in the untreated, high PD-L1 group [50]. Notwithstanding a high long-term
survival rate, the expression of PD-L1 and the frequency of TMBs are considered suitable predictors.
Rizvi et al. reported that 62 patients with NSCLC, who received an ICI and acquired a PFS of ≥18 mo,
presented significantly better outcomes on the basis of both PD-L1 and TMB in comparison with
untreated patients (rate of PD-L1 TPS ≥ 50%: 43% vs. 23% TMB: 12.24 vs. 6.34 Mut/Mb) [51].

Though not observed in a majority of patients, treatment with immune checkpoint inhibitors may
result in long-term survival, and establishment of biomarkers on long-term surviving cases is desirable.

8. Challenges Associated with ICIs

The development of ICIs is not without its challenges. Other than the aforementioned biomarkers,
the following challenges may be considered.

8.1. Treatment of Patients Harboring a Driver Mutation

ICIs are clearly less effective among patients harboring driver mutations. Among other EGFR
mutations, exon del19 is reported to result in a lower PFS than L858R on ICI treatment (del19 HR
0.449 p < 0.001, L858R HR 0.578 p = 0.001) [52]. Among these, the PFS, among patients harboring
these mutations, was significantly higher when the PD-L1 expression rate was compared between the
negative group (0%) and the positive group (≥1%) (2.8 mo vs. 1.7 mo) results [52], suggesting that
PD-L1 expression rate may be related to the efficacy of ICIs, even among patients harboring driver
mutations. Regimens combining atezolizumab with CBDCA+PTX+BEV in the IMpower150 trial were
also effective among patients harboring driver mutations upon subgroup analysis [19], and we believe
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that they hold promise as second-line treatment candidates upon using molecular-targeted agents.
WJCOG8515L trial (UMIN000021133) have compared nivolumab with CBDCA+PEM in EGFR-TKI
post-treatment NSCLC resistant cases through mechanisms other than T790M, and we believe that use
of ICI for patients harboring driver mutations would be a future challenge.

8.2. Applicability Among Patients with a History of Interstitial Pneumonia or Autoimmune Disease

Managing irAE is of great importance with the use of ICIs. Characteristic adverse events that
are less common but not experienced with cytotoxic anticancer drugs or molecular-targeted agents
have become evident. Regarding disease management after manifestation, close cooperation among
medical care departments is important as the AEs seem to be caused by immune activity in all organs.

Regarding the risk factors for irAE, ICIs activate the autoimmune system and induce antitumor
effects. In patients with a history of autoimmune disease or interstitial pneumonitis, exacerbation
of these underlying diseases or an increased incidence of irAE are worrisome and thus, cautious
administration is recommended.

Furthermore, a higher incidence of smoking, and numerous cases with complications of
smoking-related interstitial pneumonia have been reported. The use of ICIs among patients with
interstitial pneumonia or autoimmune diseases is often excluded in clinical trials, and a few retrospective
data have been reported.

Fujimoto et al. reported that 2 of 18 patients with mild-to-moderate idiopathic interstitial
pneumonia had grade-II pneumonitis and that pneumonitis was alleviated in 6 patients with moderate
pneumonitis upon nivolumab treatment [53]. The incidence of pneumonitis with previous ICIs did not
significantly increase as the all-grade incidence of pneumonitis in ICIs ranged from 5% to 10%. On the
contrary, Kanai et al. reported that the incidence of pneumonitis upon nivolumab treatment was
significantly higher in the group with a history of interstitial pneumonia (31% vs. 12%), and 62% vs.
45% for grade-III or higher was associated with higher risks in the group with a history of interstitial
pneumonia [54]. No deaths due to pneumonitis were recorded in these reports.

Leonardi et al. reported that treatment with ICIs alone among patients with autoimmune diseases
resulted in disease exacerbation in 23% of patients, of which 32% required treatment with steroids [55].
Moreover, 38% developed some form of irAE, of which 26% were grade-III or higher [55]. Overall,
55% of patients experienced exacerbations of irAE, autoimmune disease, or both, and the incidence of
irAE was similar to that in patients without autoimmune disease [55].

These reports on patients with a history of interstitial pneumonia or autoimmune disease provide
retrospective data; however, it is considered necessary to exclude patients who judge the use of ICIs to
be inappropriate based on their condition.

Studies wherein patients with interstitial pneumonia or autoimmune disease were administered
ICIs have not provided adequate data on their safety and efficacy, and caution should be exercised
with their use. In particular, the benefit for patients with high PD-L1 expression levels seems to be
non-negligible, and individualized correspondence is required considering the balance with risk.

8.3. Co-Administration of Steroids

Tumor-bearing patients often receive steroids as symptomatic treatment for worsening systemic
symptoms and symptoms due to cancer progression. In general, steroids are routinely administered as
antiemetics during platinum-based chemotherapy. However, steroids may reduce the effects of ICIs
by suppressing immune responses induced by IL-2 and CD8-positive T cells [56,57], and increasing
Tregs [58,59].

Ricciuti et al. reported that patients receiving PSL-equivalent steroids at ≥10 mg on the initiation
of ICI therapy had a significantly shorter survival (PFS 2.0 mo vs. 3.4 mo, HR 1.3; OS 4.9 mo vs. 11.2 mo,
HR 1.7) than those receiving ICI-equivalent steroids at ≤10 mg [60]. On the contrary, the use of steroids
for therapeutic purposes to counter irAE occurring during ICI treatment does not impair the efficacy
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of ICI [61,62]. Thus, co-administration of steroids during ICI therapy remains a future challenge for
lung cancer treatment.

9. Conclusions

ICIs have transformed the treatment of lung cancer. Although the number of patients with
long-term survival after ICI treatment is significantly greater than that with previous therapies,
such cases are limited, and novel therapies such as methods of selection and combination therapies that
enhance efficacy remain an important issue to be resolved. The development of predictive factors for
immunotherapy is crucial with regard to the efficacy of future treatment gains. Although both PD-L1
and TMBs may be helpful in case selection, it is now clear that resistance can develop by more than one
mechanism. In future, further optimized treatments can be expected by combining cancer genomic
information with the assessment results of cellular components from the tumor microenvironment.
Although immunochemotherapy has shown great success in the treatment of lung cancer, it is expected
that treatment will be individualized further on a case-by-case basis in future and will be improved by
the development of combination treatments with targeted or cellular therapies, or new combinations
of immunotherapies. Future challenges will likely involve targeting the correct immunotherapy
to the correct immune microenvironment at an appropriate time. On the contrary, although not
detailed in this article, the side effects of immune checkpoint inhibitors are very different from those of
conventional cytocidal anticancer drugs and molecularly targeted drugs, spanning various organs
including the skin and the digestive, respiratory, thyroid, and pituitary glands. These are considered
side effects due to excessive autoimmune reactions, which are relatively infrequent and if present,
are usually mild, allowing continued treatment with immune checkpoint inhibitors under careful
management. However, adverse event management during treatment requires caution, as moderate
to high immune-related adverse events are associated with markedly reduced organ function and
quality of life, and fatal consequences have also been reported. Establishment of more appropriate
usage methods such as the development of biomarkers and of combined immunotherapy is highly
desired in the future.
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