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Abstract. Rovalpituzumab tesirine is a promising delta-like
protein 3 (DLL3)-targeted antibody-drug conjugate for the
treatment of small-cell lung cancer (SCLC). Thyroid tran-
scription factor-1 (TTF-1) and DLL3 protein are associated
with SCLC, and may be used to identify patients, who respond
to the DLL3-targeted therapy. However, little is known about
the expression pattern of the DLL3 protein, and the prognostic
value of DLL3 and TTF-1 for SCLC. A total of 335 patients with
SCLC were identified, including 11 patients with paired biopsy
of primary site and lobectomy specimens, and 37 patients with
paired specimens of primary and metastatic site. The DLL3
expression levels of individuals were evaluated using the
anti-DLL3 antibody. No differences in DLL3 expression levels
were observed in paired biopsy and lobectomy specimens
(P=0.774), and paired primary and metastatic sites (P=0.472).
SCLC cases with high DLL3 expression levels were more
frequent in male patients (P=0.041), smokers (P=0.023) and
patients with positive TTF-1 expression (P=0.006) compared
with DLL3-low SCLC. DLL3-high SCLC exhibited worse
overall survival compared with DLL3-low SCLC (log-rank
test, P=0.007). Patients with TTF-1+ SCLC experienced a
significantly worse overall survival compared with patients
with TTF-1- SCLC (P<0.001). DLL3-low/TTF-1- was defined
as a distinct molecular subgroup of SCLC with optimal
prognosis (P<0.001). DLL3-low/TTF-1- was an independent
prognostic marker for SCLC (P=0.001). In conclusion, the
present study, to the best of our knowledge, provided novel
evidence for SCLC intratumoral and intertumoral homoge-
neity with the identification of DLL3 protein levels. Therefore,
it is reliable to use biopsy specimens to evaluate DLL3
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expression levels for identification of patients who may benefit
from DLL3-targeted therapy. In addition, DLL3 and TTF-1
are two protein markers with potential clinical value in risk
stratification for patients with SCLC.

Introduction

Small-cell lung cancer (SCLC) is a highly aggressive malig-
nancy with early development of widespread metastases,
in addition to a limited number of effective treatments and
particularly poor prognoses (1-3). SCLC accounted for ~15%
of all diagnosed novel lung cancer cases worldwide between
1995 and 2011 (4,5).

Recently, SCLC-targeted therapy research has progressed.
Delta-like protein 3 (DLL3), an inhibitory Notch ligand, is
particularly upregulated in SCLC (6-8). Rovalpituzumab
tesirine (Rova-T), a novel DLL3-targeted antibody-drug
conjugate, has demonstrated in vivo efficacy in eradi-
cating DLL3-expressing tumor-initiating cells in SCLC
patient-derived xenograft tumors (7). A phase I clinical trial
demonstrated single-agent antitumor activity of Rova-T in
patients with recurrent SCLC (6,9). The objective response
rate and disease-control rate were 38 (10/26) and 88% (23/26)
in the DLL3-high patient subgroup compared with 0 (0/8) and
50% (4/8) in the DLL3-low subgroup (6,9). This early clinical
trial provides evidence that DLL3 is a potential predictive
molecular marker for DLL3-targeted treatment. Although a
recent study reported that DLL3-high expression was not a
prognostic factor for Japanese patients with SCLC (10), the
prognostic value of DLL3 for patients from China remains
unknown.

Biopsies are used often in clinical practice to determine
SCLC diagnoses prior to treatment. According to our previous
studies, in Guangdong Provincial People's Hospital between
January 2006 and June 2015, 93% of SCLC cases were
diagnosed based on biopsy specimens (unpublished data).
Accurate diagnosis is the premise of accurate treatment.
However, sampling bias caused by intratumoral and intertu-
moral heterogeneity may reduce its value as a biomarker for
targeted therapy (11). Therefore, it is crucial for any ongoing
and future clinical trials to examine the DLL3 expression
pattern. At present, the DLL3 expression pattern in SCLC
remains unknown.
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SCLC is positive for thyroid transcription factor-1 (TTF-1)
in <90-95% of cases due to its neuroendocrine differen-
tiation (12-14). TTF-1 protein is routinely used for differential
diagnosis in clinical pathology labs (15). A previous study
revealed a positive correlation between the expression of DLL3
and TTF-1 in SCLC, suggesting the potential application of
TTF-1 to predict the DLL3 expression level and response to
targeted therapy (16). However, a limited number of studies
have been published on the prognostic significance of TTF-1
in SCLC.

Taking this into consideration, the aim of the present
study was to examine the expression pattern of DLL3 in
SCLC by immunohistochemical staining of formalin-fixed,
paraffin-embedded (FFPE) tumor tissues. Furthermore, the
association between DLL3 and TTF-1 expression in SCLC
was analyzed. Finally, the prognostic value of protein markers
DLL3 and TTF-1 was examined.

Materials and methods

Human tissues. A retrospective study of patients with de novo
SCLC was performed. Hematoxylin and Eosin (H&E)
staining of the tissue sections included nuclear staining with
1% hematoxylin for 5-15 min at room temperature and coun-
terstaining with 1% eosin for 2-3 min at room temperature.
Expert lung cancer pathologists Dr Yan-Hui Liu, Dr Li-Xu
Yan and Dr Yu-Fa Li from The Guangdong Provincial People's
Hospital of Guangdong Academy of Medical Sciences
(Guangzhou, China) independently reviewed the diagnoses of
the histological samples according to the 2015 World Health
Organization classification (17). Inconsistent diagnoses were
submitted to the expert panel to reach a consensus diagnosis.
A total of 335 cases were identified at Guangdong Provincial
People's Hospital (Guangzhou, China) between January 2006
and June 2015. All cases had adequate tumor tissues and
complete clinical and prognostic data. Patients with only
cytology specimens were excluded. Out of the 335 patients, 11
had paired biopsy of primary site and lobectomy specimens. A
total of 37 patients had paired specimens of primary and meta-
static site, including mediastinal lymph node, supraclavicular
lymph node and distant metastatic site.

Tumor staging was classified according to the 8th Edition
of The Tumor-Node-Metastasis Classification for Lung
Cancer (18). A total of 324 of the 335 patients received cyto-
toxic therapy (75 or 80 mg/m? cisplatin on day 1 and 100 or
80 mg/m? etoposide on days 1,2 and 3),and 11 patients received
surgery with paired biopsy of primary site and lobectomy
specimens. The Research Ethics Committee of Guangdong
Provincial People's Hospital (Guangzhou, China) approved the
present study (approval no. GDREC2016373H).

Immunohistochemistry (IHC). The specimens were fixed
in 10% neutral buffered formalin for 24 to 48 h at room
temperature. Pretreated FFPE tumor specimens were used
for testing. Each tumor tissue block was sectioned at 4 ym.
Slides were stained with a DLL3-specific antibody (dilu-
tion, 1:100; cat. no. ab103102; Abcam, Cambridge, UK) at
37°C for 32 min. The OptiView DAB THC Detection Kit
(cat. no. 760-700; Ventana Medical Systems, Inc.), including
blocking reagent and secondary antibody, was used according
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to the manufacturer's protocol. IHC staining was performed
using an automated immunostaining instrument (Ventana
BenchMark XT; Ventana Medical Systems, Inc., Tucson, AZ,
USA) according to the manufacturer's protocol. For the detec-
tion of TTF-1, IHC was performed with anti-TTF-1 antibody
(undiluted; cat. no. 790-4398; Ventana Medical Systems,
Inc.) combined with the same detection kit and procedures
as DLL3. DLL3-positive SCLC tissue was used as a positive
control, and DLL3-negative lung adenocarcinoma tissue was
used as a negative control; positive and negative control tumor
slides were included in each assay. An Olympus BX51 light
microscope (magnification, x20-400), equipped with a DP72
camera and DP2-BSW software (Olympus, Tokyo, Japan), was
used. Positive TTF-1 staining was defined as >5% of tumor
cells stained for the marker for TTF-1- targeted treatment (13).

Scoring for DLL3. The results of immunohistochemical
staining for DLL3 were semi-quantitatively evaluated using an
immunohistochemical H-score (HS) method (7,11,19). Staining
intensity of DLL3 was categorized into the following four
groups: 1) 0, no membrane or cytoplasmic staining; ii) 1+, weak
membranous with or without cytoplasmic staining; iii) 2+,
moderate membranous with or without cytoplasmic staining;
and iv) 3+, strong membranous (observable with x10 objective)
with or without cytoplasmic staining. HS (range, 0-300) was
calculated using the formula: HS=X(i+1) x Pi, in which
i=staining intensity and Pi=percentage of stained cells (7,11,19).

Statistical analysis. Statistical analyses were conducted using
SPSS version 20.0 (IBM Corp., Armonk, NY, USA). Wilcoxon
matched-pairs test was used to analyze DLL3 expression in
paired samples. The receiver operating characteristic (ROC)
curve was used to define the optimal cut-off value for DLL3
in predicting 5-year overall survival rate (36.1%) of SCLCs.
Pearson's %* test was used to analyze the potential association
between DLL3 level and TTF-1 and the clinicopathological
features. The concordance analyses between paired specimens
were estimated using Kappa test. Kaplan-Meier curve with
log-rank test was used to analyze the impact of DLL3 expres-
sion levels on survival of patients. Univariate and multivariate
analysis was performed using a Cox proportional hazard regres-
sion model. Multivariable models were constructed using a
forward selection (likelihood ratio, LR) test, starting with vari-
ables with P<0.05 in univariable analyses. Two-sided P<0.05
was considered to indicate a statistically significant difference.

Results

Patient characteristics. The clinical characteristics of the
335 patients with SCLC are summarized in Table I. The median
age was 63 years (range, 34-87), and the majority of the patients,
91.3%, were male (306/335), while 72.2% were smokers
(242/335). Distant metastasis at diagnosis was observed in
approximately one-half (50.7%) of the patients (170/335).

Cut-off value for DLL3. The optimal cut-off value for DLL3
in predicting overall survival of patients with SCLC was
determined by ROC curves (data not shown). DLL3-low was
defined as an H-score <150 and DLL3-high was defined as an
H-score >150.
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Table I. Association analysis between DLL3 and TTF-1 expression and clinicopathological characteristics of patients with

small-cell lung cancer.

Number of patients,

DLL3-Low, DLL3-High,

TTF-1 negative, TTF-1 positive,

Variables N=335 (%) N=126 (%) N=209 (%) P-value N=65 (%) N=270 (%) P-value
Age (years)
<60 143 (42.7) 51 (40.5) 92 (44.0) 0.525 25 (38.5) 118 (43.7) 0.443
>60 192 (57.3) 75 (59.5) 117 (56.0) 40 (61.5) 152 (56.3)
Sex
Female 29 (8.7) 16 (12.7) 13 (6.2) 0.041* 8 (12.3) 21 (7.8) 0.244
Male 306 (91.3) 110 (87.3) 196 (93.8) 57 (87.7) 249 (92.2)
Smoking history
Non-smokers® 93 (27.8) 44 (34.9) 49 (23.4) 0.023* 17 (26.2) 76 (28.1) 0.747
Smokers 242 (72.2) 82 (65.1) 160 (76.6) 48 (73.8) 194 (71.9)
Distant metastasis
Negative 165 (49.3) 69 (54.8) 96 (45.9) 0.117 38 (58.5) 127 (47.0) 0.098
Positive 170 (50.7) 57 (45.2) 113 (54.1) 27 (41.5) 143 (53.0)
TNM stage (18)
I 12 (3.6) 5(4.0) 7 (3.3) 0.661° 4(6.2) 8(3.0) 0.244
11 17 (5.1) 7 (5.6) 10 (4.8) 4(6.2) 13 (4.8)
11T 136 (40.6) 57 (45.2) 79 (37.8) 30 (46.2) 106 (39.3)
v 170 (50.7) 57 (45.2) 113 (54.1) 27 (41.5) 143 (53.0)
TTF-1
Negative 65(194) 34 (27.0) 31 (14.8) 0.006* - - -
Positive 270 (80.6) 92 (73.0) 178 (85.2) - -

1P<0.05. All P-values were derived from Pearson's ¥ test. *P-values were compared between stage I/I and III/ IV. °<100 cigarettes in patient
lifetime. DLL3, delta-like protein 3; TTF-1, thyroid transcription factor-1; TNM, Tumor-Node-Metastasis.

Expression pattern of DLL3 protein in SCLCs. Tumor cells
labeled by DLL3 exhibited a membranous staining with
or without a cytoplasmic staining pattern as previously
reported (6). Representative images of DLL3 protein are indi-
cated in Fig. 1. Intratumoral distribution of DLL3 indicated
homogeneity in 11 lobectomy specimens (Fig. 2). To compare
intratumoral expression of DLL3, paired biopsy of primary site
and lobectomy specimens were used (Fig. 3A). No difference
in DLL3 H-scores was observed in paired biopsy [median HS,
140; interquartile range (IQR), 100-280] and lobectomy speci-
mens (median HS, 150; IQR 100-270; Wilcoxon test; P=0.774;
H-score). Concordant staining, either high or low for DLL3 in
paired biopsy and lobectomy specimens, was observed in 11
out of the 11 (100%) SCLCs. Kappa test indicated significant
concordance between the paired specimens (P<0.001; Fig. 3B).

To compare intertumoral expression of DLL3, paired biop-
sies of primary and metastatic sites were used; no difference of
DLL3 H-scores was observed in paired primary sites (median
HS, 150; IQR, 100-260) and metastatic sites (median HS,
150; IQR, 100-285; P=0.472; Fig. 3C). Concordant staining,
either high or low for DLL3 in paired specimens of primary
and metastatic sites, was also observed in 37 of the 37 (100%)
SCLCs (P<0.001; Fig. 3D).

Association of DLL3 and TTF-1 with clinicopathological
characteristics. SCLC with high DLL3 expression levels were

more frequent in males (P=0.041), smokers (P=0.023) and
TTF-1 expression (P=0.006) compared with SCLCs with low
DLL3 expression levels (Table I). There was no significant
association of DLL3 expression level with age, distant metas-
tasis status or TNM stage. No significant association of TTF-1
expression with clinical characteristics was observed.

DLL3 combined with TTF-1 predicts survival of SCLC.
The median follow-up time for the patients with SCLCs
was 11.3 months (range, 0.1-75.1). The extent to which
analysis of DLL3 and TTF-1 levels delineate prognosis in
SCLC was investigated. A Kaplan-Meier survival curve
indicated that patients with SCLC with a high DLL3 expres-
sion level exhibited a lower overall survival compared with
patients with DLL3-low expression (log-rank test; P=0.007;
Fig. 4A). TTF-1+ SCLCs experienced a decrease in overall
survival compared with TTF-1- SCLCs (P<0.001; Fig. 4B).
Based on the DLL3 and TTF-1 features, the SCLC cohort
was divided into the following four subgroups: Group 1
consisting of DLL3-high/TTF-1+; Group 2 consisting of
DLL3-high/TTF-1-; Group 3 consisting of DLL3-low/TTF-1+;
and Group 4 consisting of DLL3-low/TTF-1-. A Kaplan-Meier
survival curve of the four different subgroups indicated
significant differences (P<0.001; Fig. 4C). Group 4, repre-
senting DLL3-low/TTF-1- had improved overall survival
compared with Group 1+2+3 (P<0.001; Fig. 4D). Group 1
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Figure 1. Representative images of DLL3 protein in small-cell lung cancer (x400 magnification). (A) DLL3 H-score=0. (B) DLL3 H-score=150. (C) DLL3

H-score=300. DLL3, Delta-like protein 3.

H&E

DLL3

Figure 2. Representative images of two lobectomy specimens with immunohistochemical staining for DLL3, indicating the intratumoral homogeneity of DLL3
protein in small-cell lung cancer. (A) DLL3 H-score=100. (B) DLL3 H-score=300. Black boxes indicate the corresponding high magnification fields. H&E,

hematoxylin and eosin; DLL3, delta-like protein 3.

had inferior survival compared with Group 2 (P=0.024) and
Group 4 (P<0.001; data not shown). Group 1 and 3 (P=0.192),
and Group 2 and 3 (P=0.298) exhibited a similar survival
pattern (data not shown). A univariate model was fitted
for each patient characteristic, including age, sex, smoking
history, distant metastasis, clinical stage, DLL3, TTF-1, and
combination of DLL3 and TTF-1. Univariate analysis indi-
cated that non-distant metastasis (P<0.001), early clinical
stage (P<0.001), DLL3-low (P=0.008), TTF-1- (P<0.001)
and DLL3-low/TTF-1- (P<0.001) were prognostic factors for
improved overall survival of patients with SCLC. All eight
characteristics were included in the multivariate analysis using
a forward selection (LR) test in SPSS software, with P<0.05 as
the entry criterion. Therefore, only significant characteristics
were included in the final multivariate cox model. Multivariate
analysis indicated that early clinical stage (P<0.001) and
DLL3-low/TTF-1- (P=0.001) were independent prognostic
factors for improved overall survival of patients with SCLC
(Table II).

Discussion

The aim of the present study was to examine the expression
pattern of DLL3 protein in pretreated tumor tissues of patients

with SCLC. The main finding was that the intratumoral
and intertumoral distribution of DLL3 protein in SCLC is
homogeneous, supporting the conclusion that biopsy speci-
mens are a reliable source for DLL3 evaluation for targeted
therapy. In addition, the clinical and prognostic significance
of DLL3 and TTF-1 for SCLC were examined, given the fact
that high DLL3 in SCLCs was associated with the smoking
history of the patient, TTF-1 expression and poor survival.
One of the most notable findings of the present study was that
DLL3-low/TTF-1- was an independent prognostic marker and
defined a distinct subpopulation of patients with SCLC with
improved overall survival.

Rova-T, a novel DLL3-targeted conjugate, has been
reported to exhibit single-agent antitumor activity in
preclinical and early clinical studies with a strong correlation
between DLL3 expression level and antitumor activity (6,7).
These results indicate that DLL3 is a potential predictive
biomarker for therapy with Rova-T. Multiple clinical trials
of Rova-T are ongoing (20). Therefore, DLL3 expression
pattern is essential from a clinical point of view. The present
study indicated high consistency of DLL3 expression levels
in paired specimens, adding novel information on DLL3
expression and further demonstrating its predictive value for
DLL3-targeted agents.
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Figure 3. Comparison of DLL3 expression in paired specimens of patients with small-cell lung cancer. (A) DLL3 H-scores in paired biopsy and lobectomy
specimens (N=11). (B) Comparison of DLL3 expression levels in paired biopsy and lobectomy specimens (N=11). DLL3-low was defined as an H-score <150
and DLL3-high was defined as an H-score >150. (C) DLL3 H-scores in paired primary and metastatic site specimens (N=37). (D) Comparison of DLL3
expression levels in paired primary and metastatic site specimens (N=37). DLL3, delta-like protein 3.

However, these clinical trials support the role of DLL3 as a
predictive marker for the therapeutic utility of Rova-T therapy.
However, the prognostic value of DLL3 in SCLC remains
unclear. One of the main purposes of the present study was to
investigate the prognostic value of DLL3. The present study
indicated that DLL3-high was an inferior survival marker for
SCLC.

Previous preclinical studies suggested that DLL3 may lead
to high-grade neuroendocrine tumorigenesis, by inhibiting the
Notch receptor activation (7,21). SCLC is positive for TTF-1
in <90-95% of cases, due to its neuroendocrine differen-
tiation (12-14). Therefore, the association between DLL3 and
TTF-1 protein expression was analyzed. It was indicated that
high expression of DLL3 in SCLCs are associated with the
expression of TTF-1, suggesting that DLL3 may be associ-
ated with the neuroendocrine phenotype. The findings of
the present study are in agreement with a recent study with a

small sample size, reporting that TTF-1 and DLL3 were highly
associated in SCLC (16).

The prognostic value of TTF-1 for patients with SCLC is
supported by a limited number of previous studies (13,22,23).
Patients with SCLC with TTF-1 expression had worse
disease-free survival and overall survival (22). The results of
the present study demonstrated that TTF-1 predicts inferior
survival, which reinforces the prognostic value of TTF-1 in
SCLC. In addition, the prognostic value of the combination
of DLL3 and TTF-1 was examined. It was indicated that the
combination of DLL3 and TTF-1 was an independent prog-
nostic marker, and had a higher prognostic value compared
with a single marker. The cohort was further divided into
four subgroups based on TTF-1 and DLL3 protein expres-
sion levels. It was indicated that DLL3-low/TTF-1- was an
independent marker and defined a distinct molecular subgroup
of patients with SCLC exhibiting the optimal prognosis. The
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Table II. Cox regression analyses of overall survival of patients with small-cell lung cancer.

Univariate Cox model Multivariate Cox model

Variables HR 95% CI P-value HR 95% CI P-value
Age (=60 years vs. >60 years) 1.05 0.80-1.37 0.753 NS

Sex (male vs. female) 1.08 0.68-1.72 0.743 NS

Smoking history (no vs. yes) 1.01 0.74-1.36 0.968 NS

Distant metastasis (negative vs. positive) 2,01 1.52-2.64 <0.001* NS

TNM stage (18) (I vs. II vs. IIT vs. IV) 1.82 1.49-2.22 <0.001* 1.73 1.43-2.10 <0.001*
DLL3 (low vs. high) 1.49 1.11-1.99 0.008* NS

TTF-1 (negative vs. positive) 227 1.53-3.34 <0.001* NS

Combination of DLL3 and TTF-1

(Group 4 vs. Group 1-3) 3.71 1.90-7.25 <0.001* 3.26 1.67-6.39 0.001*

"P<0.05. *All eight variables were included using forward selection likelihood ratio test. HR, hazard ratio; CI, confidence interval; DLL3,
delta-like protein 3; TTF-1, thyroid transcription factor-1; NS, not significant; Group 1, DLL3-high/TTF-1+; Group 2, DLL3-high/TTF-1-;
Group 3, DLL3-1ow/TTF-1+; Group 4, DLL3-low/TTF-1-.
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Figure 4. Kaplan-Meier survival analyses for patients with SCLC, according to DLL3 and TTF-1. Kaplan-Meier survival analyses for patients with SCLC
according to (A) DLL3 and (B) TTF-1. (C) Combination of DLL3 and TTF-1 separated patients into distinct prognostic groups. (D) Combination of DLL3
and TTF-1 segregated patients into two main prognostic groups, Group 14243 and Group 4. Group 1 consisted of DLL3-high/TTF-1+; Group 2 consisted of
DLL3-high/TTF-1-; Group 3 consisted of DLL3-low/TTF-1+; and Group 4 consisted of DLL3-low/TTF-1-. SCLC, small-cell lung cancer; DLL3, delta-like
protein 3; TTF-1, thyroid transcription factor-1.
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combination of the two markers has potential clinical value
to stratify patients with SCLC into subgroups of different
prognosis.

It should be noted that the optimal cut-off value for DLL3
in the present study was used for predicting overall survival.
Further clinical trials to determine the optimal cut-off value
for DLL3 as a predictive biomarker for DLL3-targeted agents
are required. The main limitation of the present study is
the small sample size of paired specimens, due to a limited
number of patients with SCLC receiving lobectomy (patients
with T1-2NO0), dissection or sampling of metastatic site. A
total of 1,145 consecutive cases of high-grade pulmonary
neuroendocrine carcinomas were reviewed in Guangdong
Provincial People's Hospital between January 2006 and June
2015, of which 335 SCLC cases had adequate tissues for IHC
detection. In order to reduce selection bias, all eligible cases
were recruited. A second limitation is the relatively high
proportion of early-censored patients, the majority of whom
received treatments at other hospitals following diagnosis or
first-line treatment. The original follow-up data was updated.
The updated one-year and five-year censored rate of the total
cohort were 16.1 (54/335) and 34.6% (116/335), respectively.
There was no bias of early-censored cases between Group 1-3
(46/301, censored/total) and Group 4 (8/34; P=0.215; data not
shown). Therefore, it is suggested that the survival analyses of
the present study are reliable.

In conclusion, this is the first study, to the best of our
knowledge, to examine DLL3 expression in Chinese patients
with SCLC. Novel information on the homogeneous expres-
sion pattern of DLL3 was indicated in the present study,
and evidence supporting the reliability of biopsy specimens
for evaluating DLL3 expression level in SCLC for targeted
therapy has been provided. Additionally, it was indicated
that high DLL3 was associated with smoking history, TTF-1
expression and poor survival of patients with SCLC. A total of
two subgroups of SCLC with distinct prognoses were further
identified, defined by the combination of TTF-1 and DLL3.
The combination of the two protein markers has potential
clinical value in risk stratification for patients with SCLC.
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