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ARTICLE INFO ABSTRACT

Keywords: Objectives: For stage IV pulmonary large cell neuroendocrine carcinoma (LCNEC), the only therapeutic option is
Large cell neuroendocrine carcinoma (LCNEC) palliative chemotherapy. DLL3 is a new therapeutic target, which seems to be often expressed in SCLC and
Lung cancer LCNEC. It has recently been reported that DLL3 mRNA expression is particularly upregulated in the LCNEC
DLL3 subgroup with STK11/KEAP1 and TP53 co-mutations, in contrast to lower expression levels in RB1 and TP53 co-
2;‘1:]“1 mutated LCNEC. Our aim was to investigate DLL3 protein expression in stage IV LCNEC and correlate data with
mutational profiles (i.e.STK11/KEAP1/RB1), immunostaining results (pRb, NE markers) and clinical char-
acteristics.
Materials and Methods: Immunohistochemical analysis for DLL3 (SC16.65) and ASCL1 (SC72.201) was per-
formed on 94 and 51 FFPE tissue sections, respectively, of pathologically reviewed stage IV LCNEC. DLL3 and
ASCL1 were scored positive if =1% of the tumor cells showed cytoplasmic/membranous or dotlike (DLL3) or
nuclear (ASCL1) immunostaining. Data were correlated with available sequencing (TP53, RB1, STK11, KEAPI),
immunostaining (pRb, NE markers) and clinical data.
Results: DLL3 was expressed in 70/94 (74%) LCNEC, 56 (80%) of which showed cytoplasmic/membranous
staining. Median H-score was 55 (interquartile range 0-160). DLL3 staining was not different in pRb im-
munohistochemistry negative and positive patients (DLL3+ in 53/70 (76%) vs. 14/21 (67%), p = 0.409) or RB1
mutated and wildtype patients (DLL3+ in 27/34 (79%) vs. 23/33 (70%), p = 0.361). Nevertheless, 6/6 (100%)
STK11 mutated, 10/11 (91%) KEAP1 mutated and 9/9 (100%) TP53 wildtype tumors were DLL3+ .
Furthermore, DLL3 expression was associated with expression of ASCL1 and at least 2 out of 3 neuroendocrine
markers.
Conclusion: The high percentage (74%) of DLL3 expression in stage IV LCNEC denotes the potential of DLL3
targeted therapy in this patient group.

1. Introduction carcinoma (SCLC) are aggressive neuroendocrine tumors with poor
survival rates [1-3]. For stage IV SCLC, treatment has not advanced
Large cell neuroendocrine carcinoma (LCNEC) and small cell lung significantly over the last decades and consists of palliative
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chemotherapy. The same applies to stage IV LCNEC, were no standard
treatment exists and palliative chemotherapy with SCLC and non-small
cell lung cancer (NSCLC) regimens are both deemed appropriate [4].
Recently, targeted therapy focusing on delta like protein 3 (DLL3) has
received attention to improve outcomes for SCLC and LCNEC [5].

DLL3 is part of the Notch family including four Notch receptors
(Notch1-4) and five transmembrane ligands, coded by jagged (JAG1 and
JAG2) and delta-like (DLL1, DLL3 and DLL4) gene families. DLL3 is an
important link in the achaete-scute complex-like 1 (ASCL1) — DLL3 —
Notchl pathway. The supposed exclusive function of DLL3 is inhibition of
Notchl, in contrast to DLL1 and DLL4 which have both inhibitory and
stimulatory effects on the Notch pathway [6-8]. DLL3 has been reported
to be a downstream target of ASCL1, a transcription factor critical for
development of pulmonary neuroendocrine cells in the developing lung
[9,10]. Therefore, activation of ASCL1 will result in DLL3 upregulation
and increased inhibition of Notchl [5]. In addition, Notch1 has been de-
scribed to be a negative regulator of ASCL1 [11,12]. Apparently, the
ASCL1 - DLL3 - Notch1 pathway is non-linear, and a change in expression
of one of the proteins influences the others. In some tumor types, Notch
pathway activation (i.e. Notchl upregulation or ASCL1 downregulation)
results in oncogenic stimulation and tumor growth [13,14]. However,
both Notchl inhibition and ASCL1 upregulation have shown to result in
development of neuroendocrine neoplasms [9,14-16].

Two main molecular subtypes of LCNEC have been identified by
next generation sequencing (NGS) studies. The first subtype has mu-
tations in TP53 and STK11 and/or KEAP1 (NSCLC-like), whereas the
second subtype has mutations of TP53 and RB1 (a hallmark of SCLC)
[17-19]. The subclassification could also be made based on pRb im-
munohistochemistry (IHC) expression, classifying tumors with loss of
pRb as SCLC-like [20]. A small subset of LCNEC with carcinoid-like
features has also been identified, enriched for MENI mutations [17].
Our recent study emphasized clinical relevance of the two main LCNEC
subtypes, by showing a worse survival for NSCLC-like LCNEC patients
treated with platinum-etoposide compared to NSCLC-regimen whereas
no difference was found for the SCLC-like subtype [20]. Interestingly, a
recent study identified that STK11/KEAP1 mutated LCNEC have a
Notch1'"/ DLL3"€"/ASCL1M8" RNA expression signature while the
TP53/RB1 mutated LCNEC had a Notch1™8"/DLL3%"/ASCL1"Y sig-
nature [18]. Hence, LCNEC molecular subtypes may be related to DLL3
expression also at protein level.

Only limited data on prevalence of DLL3 and no data on type of
staining, percentage of positive cells within each sample or survival
related to DLL3 expression in LCNEC is available. In this study, we
assessed DLL3 expression by IHC in a cohort of 94 patients with well
characterized and molecular profiled stage IV LCNEC. In addition, the
association of DLL3 status with mutational status (RB1, TP53, KEAPI,
STK11) and IHC expression of pRb, ASCL1, TTF1 and neuroendocrine
markers was investigated.

2. Materials and method
2.1. Patient selection

All data for this retrospective population-based study were retrieved
from the Netherlands Cancer Registry and Netherlands Pathology
Registry (PALGA) as described before (2003-2012) [21,22]. Clinical
data was updated until 2015 and comprised age, gender, overall sur-
vival (OS) and progression free survival (PFS).

The study protocol was approved by the medical ethical committee
of the Maastricht University Medical Centre (METC azM/UM 14-4-043).

2.2. Pathologic material
Panel consensus pathology revision was performed as described

earlier for 232 stage IV LCNEC. Samples were evaluated for neu-
roendocrine morphology (organoid nesting, palisading, rosettes or
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trabeculae), mitotic index, necrosis, and neuroendocrine differentiation
using IHC for at least one neuroendocrine marker (NE-marker).
Diagnosis was confirmed in patients meeting the WHO-criteria [23]. If
strict WHO-criteria were not met, but the pathologists found it likely
that LCNEC was the correct diagnosis, an exception was made as de-
scribed earlier [24,25].

IHC for pRb (13A10) were available for the majority of the patients
[20]. Furthermore, for most patients, IHC results for TTF1 and NE-
markers (CD56, chromogranin A and synaptophysin) were present. In
case of absence of one or two of the NE-markers, extra immunostaining
was performed if tissue was available. NE-markers were scored as ne-
gative, weakly (+), moderately (+ +) or strongly (+ + +) positive, as
described before [25].

2.3. Immunohistochemistry

2.3.1. DLL3

We performed DLL3 immunostaining on tumors with confirmed
LCNEC diagnosis if FFPE blocks with sufficient available tumor tissue
were available. IHC was performed on 3 pm thick tissue sections using
SC16.65 antibody (3 ng/ml) and a IHC DAKO FLEX Mouse linker pro-
tocol (both provided by Abbvie). A low pH antigen retrieval was used. A
positive control (HEK-293 T.hDLL3) and a negative control (HEK-
293 T) were included (also provided by Abbvie) [5]. Inmunostainings
were evaluated by two investigators (BH and EJS), who were blinded
for all clinical, histopathological and mutational data. Selected samples
were discussed with K. Isse (pathologist, Abbvie) for confirmation.
Samples were scored as positive (= 1% positive tumor cells) or negative
(< 1%) for DLL3 [26]. Scoring for positive samples was further speci-
fied by intensity (low (1), intermediate (2) or high (3)), percentage of
positive cells and type of staining: more diffuse staining of both cyto-
plasm and membrane was scored as cytoplasmic/membranous
(Fig. 1A), and a more punctuated perinuclear pattern was scored as
dotlike (Fig. 1B). H-score was calculated per case by multiplying in-
tensity with percentage of positive cells.

2.3.2. ASCL1

IHC for ASCL1 was performed if sufficient tumor material was
available. IHC was performed on 3um thick slides using SC72.201
antibody (1 pg/ml) and the IHC DAKO FLEX + mouse linker protocol
(both provided by Abbvie). A low pH antigen retrieval was used. An
ASCL1 positive cell line and SCLC sample were used as positive

Cytoplasmic/

’);Membranous
S

-4

Fig. 1. Representative samples of DLL3 immunohistochemistry on LCNEC tu-
mors. A) Combined cytoplasmic and membranous staining. B) Perinuclear
dotlike staining.
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controls. The negative controls were an ASCL1 negative cell line and an
SCLC sample. Nuclear staining was evaluated by two investigators (BH
and EJS), who were blinded for all clinical, histopathological and mu-
tational data. Samples were scored positive (= 1% positive tumor cells)
or negative (< 1%). Scoring for positive samples was further specified
by intensity (low (1), intermediate (2) or high (3)) and percentage of
positive cells. H-score was calculated per case by multiplying intensity
with percentage of positive cells.

2.4. Mutational analysis

DNA was isolated from available FFPE tissue blocks and targeted
NGS was performed for RB1, KEAP1, STK11 and TP53, as described
earlier [20]. All co-mutated RBI and TP53 samples as well as pRb IHC
negative/TP53 mutated samples were classified as SCLC-like. All other
samples were classified as non SCLC-like. Since the third LCNEC sub-
group with carcinoid-like morphology and MEN1 mutations is very
small, this subgroup was not further addressed in this study.

2.5. Statistics

All analyses were performed using SPSS (version 25 for Windows,
Armonk, NY: IBM Corp.). Association of DLL3 status (DLL3 + or DLL3-)
with gender, mutational status (RB1, STK11, KEAP1 and TP53 muta-
tion), number of positive NE-markers (1 or =2) and positive im-
munostaining for pRb, TTF1 and ASCL1, was investigated with Chi-
squared test or Fisher’s Exact Test. Association between DLL3 H-score
and ASCL1 H-score was investigated with Spearman correlation.
Differences in median age in DLL3+ versus DLL3- patients and differ-
ences in median DLL3 H-score in patients with 1 NE-marker versus =2
NE-markers were tested with Mann Whitney U test. Differences in
median DLL3 H-score for different intensities of NE-markers were
analyzed with Kruskal-Wallis test. Median overall survival (OS) was
evaluated by Kaplan Meier analysis and differences in survival were
tested for significance with Log-Rank test for DLL3 positive and nega-
tive staining. Results are presented as hazard ratios (HR) with 95%
confidence intervals (CI). P < 0.05 was considered significant.

3. Results
3.1. Patient characteristics

DLL3 immunostaining was performed in 94 out of 148 patients with
consensus based confirmed LCNEC (Supplemental figure A). Mean age at
diagnosis was 63 years (range 34-82 years). A total of 61% of patients
were male (Table 1). Staining for three NE-markers (CD56, synapto-
physin, chromogranin A), pRb and TTF1 was available in 91, 91 and 83
samples, respectively. NGS for STK11, KEAP1, RB1 and TP53 was
available for 67 patients (Supplemental figure A). For ASCL1 IHC, only in
51 cases sufficient tumor tissue was available.

3.2. DLL3 IHC

DLL3 staining was positive (=1% of tumor cells positive) in 70/94
(74%) samples (Table 1). Of the 94 patients, 62 (66%) had DLL3
staining in =25% of tumor cells, 51 (54%) in =50% and 35 (37%) in
=>75%. Median H-score was 55 (interquartile range (IQ) 0-160). Of the
70 DLL3 positive samples, 56 (80%) had mainly cytoplasmic/mem-
branous staining and only 14 (20%) had mainly perinuclear dotlike
staining (Table 1, Fig. 1). Isolated membranous staining was not ob-
served. DLL3 expression was not associated with gender or age
(Table 1). A trend towards more DLL3 positivity in TTF1 positive
LCNEC compared to TTF1 negative LCNEC was observed (52/63 (83%)
vs. 12/20 (60%), p = 0.063) (Fig. 2, Supplemental table A). OS in
DLL3+ patients was comparable to DLL3- patients (6.9 months (95% CI
5.1-8.7) vs. 6.1 months (95% CI 4.3-7.9), HR 1.00, p = 1.00)
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Table 1
DLL3 expression in stage IV LCNEC.
DLL3+ DLL3- P-value
Total (N = 94) 70 (74%) 24 (26%)
% positive cells
=1% 70 (74%) -
=25% 62 (66%) -
=50% 51 (54%) -
=75% 35 (37%) -
H-score (N = 70)
<100 33 (47%) -
101-<200 21 (30%) -
201-<300 16 (23%) -
Type of staining (N = 70)
Mainly dotlike 14 (20%) -
Mainly cytoplasmic/ membranous 56 (80%) -
Patient characteristics
Gender
Male (N = 57) 44 (77%) 13 (23%) 0.45*
Female (N = 37) 26 (70%) 11 (30%)
Age (median, IQ range) 62 (55-71) 65 (60-71) 0.28**

IQ range = interquartile range.
* Chi-square.
** Mann-Whitney U test.

(Supplemental figure B).

3.3. DLL3 in relation to LCNEC mutational subtypes

No difference was found between pRb IHC positive and negative
groups (DLL3+ in 14/21 (67%) vs. 53/70 (76%), p = 0.41) (Fig. 2,
Supplemental table A). Also, no difference was found between RBI
wildtype and RB1 mutated subgroups (DLL3 + in 23/33 (70%) vs. 27/
34 (79%), p = 0.36). After classification of samples by combining in-
formation on TP53 and RBI mutation and pRb IHC expression, 67
SCLC-like and 24 non SCLC-like cases were identified. No difference in
DLL3 expression was found in the two subgroups (DLL3+ in 49/67
(73%) vs. 18/24 (75%), p = 0.86). Regarding additional mutational
analysis, 6/6 (100%) STK11 mutated vs. 44/61 (72%) STK11 wildtype
(p = 0.33) and 10/11 (91%) KEAP1 mutated vs. 40/56 (71%) KEAPI
wildtype tumors (p = 0.27) were DLL3 positive. Furthermore, 9/9
(100%) TP53 wildtype tumors were DLL3 positive vs. 41/58 (71%)
TP53 mutated tumors (p = 0.098). No differences were found for the
type of staining in mutational subtypes (data not shown). In case a cut-
off value of =50% was used for DLL3 positivity, only for TP53 wildtype
tumors compared to TP53 mutated tumors a significantly higher DLL3
expression was found (DLL3 = 50% in 8/9 (89%) vs. 29/58 (50%),
p = 0.035) (Supplemental table B).

3.4. DLL3 in relation to neuroendocrine marker profile

In tumors with =2 positive NE-markers, DLL3 was expressed sig-
nificantly more often compared to tumors with 1 positive NE-marker
(DLL3+ in 66/82 (81%) vs. 3/9 (33%), p = 0.006), and median DLL3
H-score was higher in the group with =2 positive NE-markers (77.5 (IQ
18-160) vs. 0 (IQ 0-40), p = 0.02) (Fig. 3). Remarkably, 3/3 (100%)
DLL3+ patients with only 1 positive NE-marker had dotlike staining,
while in the samples with =2 positive NE-markers the fraction of
dotlike staining was 11/56 (20%) (Fig. 3). Furthermore, an increased
median DLL3 H-score was associated with an increased staining in-
tensity of synaptophysin and chromogranin A, but not with CD56
(Table 2, Supplemental figure C). Percentage of DLL3+ patients was
higher in the ASCL1 positive group compared to the ASCL1 negative
group (DLL3+ in 35/39 (90%) vs. 6/12 (50%), p = 0.007) (Fig. 2,
Supplemental table A). Furthermore, DLL3 H-score and ASCL1 H-score
were correlated (Spearman correlation 0.38, p = 0.007) (Supplemental

figure D).
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Fig. 2. DLL3 expression in LCNEC: A) pRb IHC negative (N = 70) & pRb IHC positive (N = 21) B) RB1 mutated (N = 34) & RB1 wildtype (N = 33) C) SCLC-like
(N = 67) & non SCLC-like (N = 24) D) KEAP1 wildtype (N = 56) & KEAP1 mutated (N = 11) E) STK11 wildtype (N = 61) & STK11 mutated (N = 6) F) TP53
mutated (N = 58) & TP53 wildtype (N = 9) G) ASCL1 IHC positive (N = 39) & ASCL1 IHC negative (N = 12) H) TTF1 IHC positive (N = 63) & TTF1 IHC negative
(N = 20). *Statistically significant (Fisher’s Exact Test).
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Association between DLL3 H-score, neuroendocrine markers and type of DLL3 staining
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Fig. 3. DLL3 H-score and type of DLL3 staining in tumors with =2 positive NE-markers (median H-score 77.5) and 1 positive NE-marker (median H-score 0,

p = 0.002 (Mann-Whitney U test)).
NE-marker = neuroendocrine marker, = Median H-score

Table 2
Correlation between DLL3 H-score and staining intensity of neuroendocrine
markers.

Staining intensity Median DLL3 H-score (IQ range) p-value
Chromogranin A

Neg 40 (0-73) 0.015*
+ 85 (0-185)
++ 65 (20-160)
+++ 160 (50-300)
Synaptophysin

Neg 0 (0-20) 0.001*
+ 80 (0-170)
++ 41 (0-135)
+++ 150 (43-263)
CD56

Neg 44 (8-150) 0.55*
+ 110 (24-243)
++ 50 (0-160)
+++ 55 (0-160)

1Q range = interquartile range.
+ = low intensity, + + = intermediate intensity, + + + = high intensity.
* Kruskal-Wallis test.

In both subgroups with (almost) 100% of samples expressing DLL3
(STK11/KEAP1 mutated and TP53 wildtype), 100% of samples were
positive for =2 NE-markers. On the contrary, in all 91 patients with all
NE-markers performed, =2 NE-markers were positive in only 82 sam-
ples (90%). ASCL1 was also highly expressed in the STK11/KEAP1
mutated group, whereas an unexpected trend for low ASCL1 expression
was seen in the TP53 wildtype group compared to TP53 mutated group
(ASCL1 + in 4/8 (50%) vs. 33/41 (81%), p = 0.088).

4. Discussion

In this study, we found a high prevalence of DLL3 positivity in stage
IV LCNEC and demonstrated that DLL3 is especially high in STK11 and
KEAPI mutated or TP53 wildtype tumors and in tumors positive for
ASCL1 and =2 neuroendocrine markers. The prevalence of DLL3 ex-
pression in LCNEC is comparable to SCLC and might therefore also be a
potential therapeutic target in LCNEC.

We demonstrated DLL3 expression in 74% of 94 stage IV LCNEC
patients, comparable with the only previous study in LCNEC reporting
positive immunohistochemical DLL3 staining in 37/57 (65%) of

106

samples [5]. So far, no data on type of staining, percentage of positive
cells within each sample, or survival related to DLL3 expression was
available for LCNEC. In the present study, DLL3 was expressed in
=50% of tumor cells in the majority of samples (54%). Reported per-
centages of DLL3 expression for SCLC are slightly higher (72-90%),
with the majority of positive samples having a high percentage of tumor
cells (=50%) expressing DLL3 [5,26-28]. The majority of LCNEC in our
study had cytoplasmic and membranous staining, as was reported be-
fore in SCLC [5,28]. DLL3 expression did not correlate with prognosis in
this LCNEC cohort. The only study evaluating survival in DLL3+ and
DLL3- SCLC patients without DLL3 targeted treatment, demonstrated
similar results [28].

DLL3 expression has been related with mutational status and ex-
pression profiles of ASCL1 and Notch1 in LCNEC. George et al. found an
ASCL1%#h/ DLL3Mh/ Notch'" gene expression profile and high ex-
pression levels of neuroendocrine genes (synaptophysin, chromogranin
A) in LCNEC with TP53 and STK11/KEAPI mutations [18]. On the
other hand, in LCNEC with TP53 and RBI mutations, an ASCL1"/
DLL3""/ Notch™8® gene expression profile and lower expression levels
of neuroendocrine genes were found [18]. In accordance with this
study, we found all STK11 mutated and 10/11 KEAP1 mutated samples
to be immune positive for DLL3. Furthermore, a high percentage of
those tumors had ASCL1 expression and all had =2 NE-markers posi-
tive. However, we did not find any relation with RBI mutation status or
pRb IHC staining. In addition, a special subgroup of LCNEC, wildtype
for TP53, with an ASCL1%"/ DLL3"" profile, was identified. Since this
study comprises only a limited number of patients in each subgroup,
further research is necessary to verify DLL3 and ASCL1 expression in
these subgroups.

A correlation between TTF1 and DLL3 expression in SCLC was found
by Cardnell et al., suggesting that TTF1 could be used as a surrogate
marker for DLL3 [29]. We could not confirm this correlation and in our
study 28% of tumors would be misclassified as DLL3 IHC positive or
negative if TTF1 would be used as a surrogate marker for DLL3.

Recently four subtypes of SCLC were defined by expression of
ASCL1, NEUROD1, POU2F3 and YAP1 [30]. Only the first group with
ASCL1 expression, the classic SCLC, was found to have high DLL3 ex-
pression, whereas the other smaller groups had no or limited expression
of DLL3 and ASCL1 [30]. In future research, NEUROD1, POU2F3 and
YAP1 could also be tested in LCNEC and correlated to ASCL1 and DLL3
expression.

This study has some limitations. Since it is a retrospective study, not
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all clinical characteristics (i.e. smoking history) could be obtained. Also,
material was not sufficient in all patients to perform NGS, evaluate NE-
markers and perform IHC for pRb, DLL3 and ASCL1. Though clear
distinction between dotlike and cytoplasmic staining could be made,
discrimination between cytoplasmic staining only and combined cyto-
plasmic and membranous staining was not possible. Therefore, all cy-
toplasmic stained samples are considered to have membranous staining
as well. Former studies also found a combined cytoplasmic/membra-
nous staining in the majority of tumors [5,28]. So far, it is not known
whether type of staining predicts response to DLL3 targeted therapy.
Furthermore, it is not yet known if the cut-off value of =1% is clinically
relevant or that a higher cut-off value should be chosen. One clinical
study found improved outcomes in patients with high DLL3 expression
(=50%) compared to low DLL3 expression (=1-50%), whereas pre-
liminary results of another study did not find a difference between high
(=75%) and low (=25-75%) DLL3 expression [26,31]. Finally, we
used the mouse DLL3 antibody (clone SC16.65) in this study whilst
other studies use the rabbit antibody (SP347). So far, no reports are
published comparing these two antibodies.

The high percentage of DLL3 positive SCLC and LCNEC combined
with low or non-detectable DLL3 levels in healthy tissue, make DLL3
attractive for targeted therapy [5,27,28]. In normal tissue, DLL3 mRNA
is only expressed within the brain and in very low amounts within
esophagus and pancreas [5,18]. The first-in-class drug to target DLL3
expressing tumors is an antibody-drug conjugate: rovalpituzumab-te-
sirine (Rova-T) [32]. After promising results in patient derived xeno-
graft (PDX) mice models and a phase 1 study with Rova-T, several
clinical trials were initiated for patients with SCLC and other solid
(neuroendocrine) tumors, including LCNEC [5,26]. Unfortunately, a
phase 2 trial (TRINITY) found a response in only a limited number of
patients and interim analysis by the Independent Data Monitoring
Committee of two phase 3 studies (TAHOE and MERU) revealed lack of
survival benefit in the Rova-T arm compared to the control arm
[33-35]. Both studies were closed for inclusion and development of
Rova-T was halted by Abbvie [34,35].

Two other approaches of targeting DLL3 are a bi-specific T-cell
engager (BiTE®) antibody construct (AMG 757 and DLL3/CD3 ITE) and
adoptive chimeric antigen receptor T-cell (CAR-T) therapy (AMG 119).
Preclinical studies showed a good safety profile and phase I trials are
currently enrolling (NCT03319940 and NCT03392064, respectively)
[36,37]. Hopefully, these new approaches will be more successful than
Rova-T in targeting DLL3 and treating SCLC and LCNEC.

In this study we demonstrated a high prevalence of cytoplasmic/
membranous DLL3 positivity in patients with stage IV LCNEC. This high
DLL3 percentage in LCNEC calls for further study of recently developed
DLL3 targeting agents such as approaches with BiTE® and CAR-T.
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