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Abstract
Metastatic neuroendocrine cancer still constitutes a pallia-
tive situation, lacking promising treatment options. Onco-
lytic virotherapy, a novel type of virus-based immunothera-
py, lyses tumor cells using genetically engineered viruses 
thereby activating the immune system to induce an opti-
mized antitumor response which could bring down tumor 
masses to a stage of minimal residual tumor disease. The on-
colytic vector talimogene laherparepvec (T-VEC, herpes sim-
plex virus [HSV] type 1) has already shown excellent safety 
profiles in clinical studies and has become the first ever FDA/
EMA-approved oncolytic virus (OV). This work presents a first 
preclinical assessment of this state-of-the-art OV, using a 
panel of human neuroendocrine tumor/neuroendocrine 
carcinoma (NET/NEC) cell lines. Cytotoxicity, transgene ex-
pression, and viral replication patterns were studied. Fur-
thermore, the antiproliferative activity was compared to the 
one of mTOR inhibitor Everolimus and also interactions be-
tween the OV and Everolimus were evaluated. Moreover, vi-
rostatic effects of ganciclovir (GCV) on replication of T-VEC 

were assessed and electron microscopic pictures were taken 
to comprehend viral envelopment and details of the replica-
tion cycle of T-VEC in human neuroendocrine cancer. It could 
be shown that T-VEC infects, replicates in, and lyses human 
NET/NEC cells exhibiting high oncolytic efficiencies already 
at quite low virus concentrations. Interestingly, Everolimus 
was not found to have any relevant impact on rates of viral 
replication, but no additive effects could be proved using a 
combinatorial therapy regimen. On the other hand, GCV was 
shown to be able to limit replication of T-VEC, thus establish-
ing an important safety feature for future treatments of NET/
NEC patients. Taken together, T-VEC opens up a promising 
novel treatment option for NET/NEC patients, warranting its 
further preclinical and clinical development.

© 2019 S. Karger AG, Basel

Introduction

Neuroendocrine tumors (NETs) are a diverse and rare 
group of tumors, but with rapidly increasing incidence 
(e.g., as documented in the United States [1]). Due to 
their generally slow proliferation, NETs are often asymp-
tomatic in early disease stages and hence only diagnosed 
in a late, metastatic state where no curative therapies are 
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available any longer. In this situation, the current treat-
ment options include somatostatin analogs, interferon, 
the mTOR inhibitor Everolimus, the multikinase inhibi-
tor Sunitinib, peptide receptor radiotherapy, radiation, or 
debulking surgery [2]. For high-grade neuroendocrine 
carcinomas (NECs), systemic chemotherapy, and radia-
tion are often the only possible choices but associated 
with a poor prognosis.

Oncolytic virotherapy has already shown its potential 
in clinical studies with other tumor entities, opening up 
the opportunity for a complete, durable response [3, 4]. 
The underlying mechanism of action involves tumor cell 
selective replication of genetically tumor-targeted virus-
es, subsequent “direct” tumor cell lysis and the produc-
tion of viral progeny in tumor cells to amplify the onco-
lytic process and facilitate an infectious spread within the 
tumor. The durable, secondary antitumor activity is me-
diated by the patient’s immune system, which gets primed 
against tumor antigens due to the inflammatory environ-
ment created by the combination of tumor cell lysis and 
massive virus replication [5, 6].

Talimogene laherparepvec (T-VEC), the virotherapeu-
tic agent employed in this study, is the only EMA/FDA-
approved oncolytic virus (OV). T-VEC is a genetically 
modified herpes simplex virus (HSV) type 1 where a viral 
gene responsible for virulence has been deleted to ensure 
tumor-specific replication (ICP 34.5) and another gene 
normally reducing viral immunogenicity (ICP 47) has 
been deleted as well. Instead, a GM-CSF transgene has 
been inserted to enhance the stimulation of the immune 
system [7]. The first clinical trial for this OV was conduct-
ed in 2006 [8], and it has been approved in 2015 as a sec-
ond-line treatment for late-stage melanoma [9]. For mela-
noma treatment, it is injected intralesionally and leads to 
a response in injected as well as noninjected lesions, taking 
the advantage of both direct tumor cell lysis and systemic 
antitumoral immune activity [10]. The duration of re-
sponse and response rate were shown to be augmented in 
combination with checkpoint inhibitors such as anti-
PD-1 (programmed death 1) and anti-CTLA-4 (cytotoxic 
T-lymphocyte-associated antigen 4) antibodies [5, 11]. 
Therefore, T-VEC is currently studied in several clinical 
studies for combinatorial treatment regimens to expand 
approval also for other malignancies. Besides melanoma, 
T-VEC is under clinical investigation for diverse tumor 
entities such as liver tumors (NCT02509507), pancreatic 
cancer (NCT03086642), breast cancer (NCT02658812), 
or sarcoma (NCT03069378). But, until now, it has not 
been investigated for its efficacy in neuroendocrine malig-
nancies neither in a clinical nor a preclinical setting.

So far, there are only 2 clinical studies using virothera-
peutics to treat neuroendocrine cancer. One phase I trial 
was conducted with intravenous administration of Sen-
eca Valley virus (SVV-001) for patients with small-cell 
lung cancer (SCLC) and NETs, but it only showed prom-
ising results for SCLC [12]. In another ongoing clinical 
phase I/II study (NCT02749331), a genetically engineered 
adenovirus (AdVince) is injected in the hepatic artery to 
treat NETs exhibiting liver metastases. AdVince has been 
specifically targeted to NET cells by putting the viral E1A 
gene, which is crucial for viral replication, under the hu-
man chromogranin A promoter [13]. Further virothera-
peutic approaches with adenoviruses for NETs are in pre-
clinical testing [14, 15], but no other OVs than SVV-001 
and adenoviruses have been evaluated for their efficacy in 
NETs yet.

Everolimus is an mTOR inhibitor and thus affects the 
PI3K/Akt/mTOR signaling pathway, which is frequently 
altered in NETs [16, 17]. It was approved for treatment of 
progressive advanced lung and intestinal NETs in 2016 
and earlier for treatment of progressive advanced pancre-
atic NETs (pNETs) [18]. Since there is preclinical evi-
dence for synergistic effects of the closely related rapamy-
cin in combination with oncolytic HSVs [19] and other 
virotherapeutics [20, 21], a combinatorial treatment reg-
imen using Everolimus and virotherapy could be effective 
for NETs.

Taken together, this paper seeks to verify the antitumor 
potency of this safe and well-characterized OV against 
NETs. This is the first study where an oncolytic herpes vi-
rus is employed to evaluate if oncolytic virotherapy could 
be a suitable treatment option for inoperable NETs. For 
this purpose, viral infection, replication, and tumor cell 
lysis in human NET/NEC cell lines derived from lung 
NETs, pNETs and intestinal NECs are assessed. Further-
more, a possible combination of virotherapy with the 
mTOR inhibitor Everolimus, which is approved for treat-
ment of metastatic gastroenteropancreatic and lung NETs, 
is evaluated. To prevent safety concerns, the virostatic 
drug ganciclovir (GCV) is investigated for its potential to 
attenuate T-VEC activity in NET cells in case of any un-
controllable viral replication features.

Materials and Methods

NET/NEC Cell Lines
A panel of 4 NET and 2 NEC cell lines from different anatom-

ical origins was collected and employed in this study. The 2 pNET 
cell lines BON-1 and QGP-1 were obtained from Dr. Renner (MPI 
Psychiatry, Munich, Germany) and the Japanese Collection of Re-
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search Bio-Resources Cell Bank, respectively. The H727 and 
UMC-11 lung NET cell lines both were purchased from ATCC. 
Moreover, 2 large cell G3 NEC cell lines were employed: HROC-57 
cells are derived from a colon ascendens NEC and were obtained 
from PD Dr. Linnebacher (University Hospital Rostock, Germa-
ny). NEC-DUE1 cells descend from a liver metastasis of a pretreat-
ed large-cell NEC at gastroesophageal junction and were received 
from Prof. Krieg (University Hospital Düsseldorf, Germany). All 
6 NET/NEC cell lines were characterized and described earlier 
[22–27]. QGP-1, H727, UMC-1, and NEC-DUE1 cells were main-
tained in RPMI-1640 medium (Gibco) supplemented with 10% 
fetal calf serum (FCS, Biochrom). BON-1 cells were cultured in 
Dulbecco’s modified Eagle’s Medium (DMEM, Sigma-Aldrich) 
supplemented with 10% FCS; HROC-57 cells required DMEM/
F12 medium (Gibco) with 10% FCS. For virus titrations, Vero cells 
(African green monkey kidney) were used and obtained from the 
German Collection of Microorganisms and Cell Cultures (DSMZ, 
Braunschweig, Germany) and were cultured in DMEM supple-
mented with 10% FCS.

For treatment or infection cells were seeded in 24-well plates 
using the following cell counts per well: BON-1 4 × 104, Vero 5 × 
104, HROC-57 and H727 6 × 104, UMC-11, and QGP-1 8 × 104, and 
NEC-DUE1 2 × 105, respectively. Three cell lines were also seeded 
in 6-well plates using the following cell counts per well: H727 4 × 
105, QGP-1 6 × 105, and NEC-DUE1 106, respectively. Cells were 
maintained at 37  ° C and 5% CO2 in a humidified atmosphere.

Everolimus Treatment
Cells were seeded in 24-well plates and treated with Everolimus 

(Selleckchem) 24 h after seeding. For this purpose, medium was 
replaced with cell culture medium containing Everolimus in 10-
fold dilutions ranging from 10 μM to 10 pM. Cytotoxicity analysis 
was carried out at 72 and 96 h posttreatment (hpt) with the Sul-
forhodamine B (SRB) viability assay.

Virus Infection
The OV (T-VEC; HSV type 1 derived) was kindly provided by 

Amgen Inc., (Thousand Oaks, CA, USA). The virus was stored in 
aliquots and sonicated in a 4  ° C water bath for 30 s immediately 
after thawing and before usage in cell culture. Cells were seeded 
in 6- or 24-well plates 24 h prior to infection. T-VEC was diluted 
in serum-free DMEM to reach the desired multiplicity of infection 
(MOI; i.e., infectious particles per cultured cell). For infection 
cells were washed once with phosphate-buffered saline (PBS); 
then, diluted virus was added. After 1 h of the onset of infection, 
the inoculum was discarded and replaced with the respective cell 
culture medium. For mock treatment, the infection medium did 
not contain any viral particles. For combinatorial treatment, the 
infection medium was replaced with cell culture medium contain-
ing Everolimus at the respective concentration. Cytotoxicity was 
analyzed at 72 and 96 h postinfection (hpi) with the SRB viability 
assay.

GCV Treatment
GCV (Selleckchem) was diluted in the respective cell culture 

medium employing concentrations from 1 to 50 µM and was add-
ed at 1 hpi. For addition at 72 hpi, GCV was added to the present 
cell culture medium.

SRB Viability Assay
Cell viability was measured by the SRB assay [28]. The assay 

was carried out in 24-well plates, and cell viability was measured 
compared to mock treatment at 72 and 96 h post Everolimus treat-
ment or post virus infection. Cells were washed with PBS and then 
fixed with 10% trichloroacetic acid for 30 min at 4  ° C. Next, the 
plate was washed with water and dried in an incubator at 40  ° C for 
24 h before staining cellular proteins with SRB dye (0.4 in 1% ace-
tic acid, Sigma-Aldrich). After 10 min, unbound dye was removed 
by washing with 1% acetic acid, the plates were dried overnight, 
and the SRB dye was dissolved in 10 mM TRIS base (pH 10.5). Ab-
sorbance was measured at 550 nm using a Tecan Genios Plus Mi-
croplate Reader and was proportional to cell density. The resulting 
percentage rates refer to the cell number of remaining treated cells 
compared to the number of mock-treated cells at the same point 
of time.

Real-Time Cell Monitoring Assay
H727 cells (2 × 104 cells/well) were seeded in 96-well plates 

(E-Plate 96, Roche Applied Science, Mannheim, Germany). Real-
time dynamic cell proliferation was monitored in 30 min inter-
vals during a 120 h observation period using the xCELLigence 
RTCA SP system (Roche Applied Science). Cell index values were 
calculated using the RTCA Software (1.0.0.0805). Twenty-four 
hours after seeding, cells were infected with T-VEC at MOIs 
0.001 and 0.0001, respectively, or mock-infected or treated with 
Everolimus.

Virus Quantification
To create viral growth curves, tumor cells were seeded and in-

fected in 6-well plates. Following infection, plates were washed 3 
times with PBS to remove all free viral particles. At the time points 
1, 24, 48, 72, and 96 hpi, cells were scraped in the medium, the sus-
pension was harvested and subsequently frozen to induce cell lysis 
and release of intracellular viral particles. Indicator cells (Vero cells 
for T-VEC) were seeded in 24-well plates 24 h prior to virus titra-
tion. The collected titration samples were thawed quickly, and the 
indicator cells were infected in duplicates with 10-fold dilutions 
(10–1 to 10–6) of the samples. After 1 h of viral infection with sway-
ing every 15 min, 1.5% carboxymethylcellulose (Sigma-Aldrich) in 
DMEM with 5% FCS and 1% Pen/Strep were added to prevent vi-
ral spread through the culture medium. After 96 h, cells were 
stained overnight by adding 0.1% crystal violet staining solution 
(Fluka Chemie AG) (0.1% (w/v) in 5% ethanol, 10% formalde-
hyde). After washing the plate with tap water, plaques were count-
ed and viral titers (plaque forming units [PFUs] per mL) were de-
termined.

GM-CSF Quantification
H727 and NEC-DUE1 cells were seeded in 6-well plates and 

infected with T-VEC at MOI 0.0001 (H727) or MOI 0.1 (NEC-
DUE1) as described. Supernatants were harvested at the time 
points 1, 24, 48, 72, and 96 hpi. Analysis of the samples was per-
formed using the LEGEND MAXTM Human GM-CSF ELISA Kit 
(BioLegend) according to the manufacturer’s instructions.

Microscopy
An Olympus IX 50 microscope was employed for microscopic 

pictures with PhL phase contrast filter. Images were created with 
the associated F-View Soft Imaging System.
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Fig. 1. SRB viability assays employing the clinically approved compound Everolimus on the NET/NEC human 
cell line panel (analysis performed at 72 and at 96 hpt; mean and SD of 2 independent experiments carried out 
in triplicates are shown); at 1 nM Everolimus, a significant reduction of tumor cell numbers was observed for all 
NET/NEC human cell lines; however, even when using high concentrations (up to 10 μM), no complete tumor 
cell reduction could be achieved with Everolimus monotherapy. hpt, hours posttreatment; NEC, neuroendocrine 
carcinoma. (Figure continued on next page.)
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Transmission Electron Microscopy
The pNET cell line QGP-1 was infected with MOI 0.0001 and 

trypsinized and fixed in Karnovsky fixative after 24, 48, 72, and 96 
h. For electron microscopic analyses, the cell pellets were embed-
ded in 3.5% agarose at 37  ° C, coagulated at room temperature, and 
fixed again in Karnovsky’s solution. Postfixation was based on 
1.0% osmium tetroxide containing 1.5% K-ferrocyanide in 0.1 M 
cacodylate buffer for 2 h. Samples were rinsed with distilled water, 

block-stained with uranyl acetate (2% in distilled water), dehydrat-
ed in alcohol (stepwise 30–96%), immersed in propylenoxide, em-
bedded in glycide ether (polymerized 48 h at 60  ° C, Serva, Heidel-
berg), and cut using an ultra microtome (Ultracut, Reichert, Vi-
enna, Austria). Ultrathin sections (30 nm) were mounted on 
copper grids and analyzed using a Zeiss LIBRA 120 transmission 
electron microscope (Carl Zeiss, Oberkochen, Germany) operat-
ing at 120 kV.
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Results

Everolimus Treatment
First, the antitumor potency of the FDA/EMA ap-

proved compound Everolimus was assessed via SRB via-
bility assay on all 6 NET/NEC cell lines (Fig. 1). As a re-
sult, all cell lines showed a uniform response with a sig-
nificant reduction of tumor cell numbers after 72 h when 
applying Everolimus concentrations of 1 nM and higher. 
Notably, lung NET cell line UMC-11 (Fig. 1b) was found 
to be most susceptible to Everolimus treatment, display-
ing a remnant cell number of only 45% after 96 h when 
applying Everolimus concentrations as low as 500 pM. Al-
though all NET/NEC cell lines did respond quite well to 
Everolimus treatment, no complete reduction of tumor 
cell numbers (≤10%) could be achieved, even with con-
centrations up to 10 µM high. Residual tumor cell counts 
obtained at 96 h with the highest Everolimus concentra-
tions were found to range between 60% (QGP-1; Fig. 1d) 
and 30% (UMC-11; Fig.  1b). These findings imply a 
search for potential combination partners not likewise 
belonging to molecular compounds, but may be to a dif-
ferent class of therapeutics such as biologicals, for exam-
ple, virotherapeutics.

Virotherapy with T-VEC
In this context, our panel of NET/NEC human cell 

lines next was infected with the recombinant oncolytic 
HSV T-VEC, constituting a well-established virothera-
peutic compound currently being under extensive clini-
cal development. SRB assays were carried out in analogy 
to the Everolimus treatment to prove and compare cyto-
static and cytotoxic/oncolytic effects. Then, the efficacy of 
a combinatorial treatment with both agents was assessed. 
Beyond that, viral titers also were determined sequential-
ly to study and quantify replication of T-VEC in NET/
NEC human tumor cells. Since T-VEC holds a GM-CSF 
cytokine transgene, also the amount of GM-CSF protein 
produced by T-VEC-infected NET/NEC cells was ana-
lyzed with an ELISA.

Oncolytic Cell Killing with T-VEC
For viability assays, tumor cells were infected with 

MOIs ranging from 0.0001 to 0.01. As a threshold for clin-
ically relevant antitumor activities, 60% and less tumor 
cells being residual in SRB viability assays at 96 hpi was set 
for T-VEC (Fig. 2, dotted horizontal line). Based on the 
results of the SRB viability assays, MOIs had to be adjusted 
as follows: adding MOI 0.05 and 0.1 instead of MOI 0.0001 
and 0.0005 for the QGP-1 and NEC-DUE1 cell line.

Infections with T-VEC resulted in a dose-dependent 
reduction of tumor cell numbers in all NET/NEC human 
cell lines (Fig. 2). Of note, T-VEC was found to mediate 
a highly efficient oncolysis in all NET/NEC cell lines, al-
ready at quite low MOIs. Four of six NET/NEC cell lines 
met the threshold of 60% tumor cells being residual at 96 
hpi with the lowest MOI employed (0.0001). For QGP-1 
cells, it took an MOI of 0.01. Interestingly, NEC-DUE-1 
cells were identified to be relatively resistant to T-VEC 
oncolysis: no cytotoxicity was found after 72 h and only 
little cell killing could be observed after 96 h with the 2 
highest MOIs employed (0.05 and 0.1). However, the 
60% threshold could not be reached with this cell line 
(Fig. 2f). pNET cells BON-1 and lung NET cells UMC-11 
were found to be most sensitive to T-VEC after 72 h, 
reaching a remaining cell count below 10% of mock with 
the highest MOIs (0.005 and 0.01). After 96 h, UMC-11 
cells were found to be most susceptible to T-VEC-medi-
ated tumor cell lyses, exhibiting a complete tumor cell 
reduction with all MOIs employed. Taken together, no 
completely resistant NET/NEC cell line could be detect-
ed at all.

In contrast, the highest MOI employed (0.1) resulted 
in a complete tumor cell count reduction in 5 of 6 NET/
NEC cell lines at 96 hpi. Comparatively, treatment with 
Everolimus (Fig. 1) had not been able to reach such low 
residual tumor cell numbers at all.

Combinatorial Therapy
The results from monotherapy with either agent sug-

gest a possible combinatorial therapy. Therefore, one cell 
line that was found to be susceptible to T-VEC treatment 
(H727) and the NEC-DUE1 cells, which were relatively 
resistant to T-VEC, were chosen and infected with MOI 
0.00005 and MOI 0.1, respectively. Whereas monothera-
py confirmed the results of the earlier experiments, the 
combinatorial treatment with T-VEC and Everolimus 
did not show a relevant additive effect (Fig. 3). In NEC-
DUE1 cells, the combinatorial therapy turned out to be 
little more effective than Everolimus alone, but not in a 
relevant dimension. However, both agents seemed not to 
hamper each other and the remaining tumor cell count 
with the combinatorial therapy was found to be as high as 
the remaining cell count with the more effective (T-VEC 
in H727 cells and Everolimus in NEC-DUE1 cells) mono-
therapy.

Real-Time Cell Monitoring Assay
As the SRB viability assay displays a composite param-

eter of cytostatic and cytotoxic effects of the treatment 
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agent employed, the cytotoxic nature of T-VEC was 
proved by continuous measurement of cell proliferation 
via real-time cell monitoring assay. In this purpose, the 
representative lung NET cell line H727 was used and 

treated with either T-VEC or Everolimus. As of 24 hpi  
(48 h on x-axis), T-VEC showed a dose-dependent reduc-
tion in cellular impedance, proving a cytotoxic effect (on-
line suppl. Fig. S1; for all online suppl. material, see www.
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Fig. 2. SRB viability assays of the NET/NEC human tumor cell panel with recombinant HSV-1 derived virother-
apeutic vector T-VEC (analysis performed at 72 and 96 hpi; mean and SD of 2 independent experiments carried 
out in quadruplicates are shown). T-VEC showed a highly effective cytoreduction already at extremely low MOIs; 
only in NEC-DUE1 cells, a relevant oncolytic effect could be observed only at 96 hpi when using much higher 
MOIs (up to 0.1). hpi, hours postinfection; T-VEC, talimogene laherparepvec; MOI, multiplicity of infection; 
NEC, neuroendocrine carcinoma.

(Figure continued on next page.)
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karger.com/doi/10.1159/000500159). On the other hand, 
Everolimus treatment only led to a slower cell prolifera-
tion (lower gradient of the curve) resulting in a reduced 
cell count compared to mock in SRB assay, although 
Everolimus was not able to reduce cell density over time 
(online suppl. Fig. S1). Concludingly, only a cytostatic ef-
fect of Everolimus could be observed, even with the high 
concentration of 100 nM.

Virus Replication of T-VEC
To measure virus replication of T-VEC in the absence 

and presence of Everolimus, 3 human NET/NEC cell 
lines from each anatomical origin were chosen (H727, 
QGP-1, NEC-DUE1). H727 cells were infected with MOI 
0.0001; for QGP-1 and for NEC-DUE1 cells a MOI of 0.01 
was employed, respectively. Of note, the lowest concen-
tration of Everolimus that showed an effect in the previ-
ous viability assay (i.e., 1 nM) was picked for combinato-
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rial treatment (T-VEC + Everolimus). After infection, all 
free viral particles were removed so that only viral parti-
cles that had already entered the tumor cells could pro-
duce progeny.

With virotherapy alone, constantly growing virus ti-
ters were detected in all 3 cell lines and titers over 107 
PFU/mL were reached (Fig. 4). The stagnation in virus 
titer growth after 72 h was explained by the efficient on-
colytic depletion of tumor cells, resulting in significantly 
lower numbers of host cells being available for further 
rounds of infection and viral replication. This effect could 
be observed especially in H727 and QGP-1 cells (Fig. 4a, 
b) since both cell lines were found to be susceptible to on-
colytic cell killing.

In NEC-DUE1 cells, slower but albeit still substantial 
replication kinetics of T-VEC were observed compared to 
the other cell lines, consistent with the results from the 
SRB viability assay, where NEC-DUE1 were identified to 
be the most resistant cell line. Nevertheless, T-VEC pro-
duced high virus titers also in NEC-DUE1 cells, indicat-
ing slow but sufficient virus replication and therefore a 
relative resistance to oncolysis.

Everolimus (1 nM) did only show small effects on viral 
titers; again, this difference can be explained by the lower 
number of host cells for viral replication resulting from 
an Everolimus-mediated cytotoxicity. In summary, no 

particular inhibitory effect of Everolimus on replication 
of T-VEC could be found.

Microscopy of T-VEC-Mediated NET/NEC Cell 
Oncolysis
Microscopic phase contrast pictures were also taken 

from T-VEC-infected human NET/NEC tumor cells at 72 
hpi (online suppl. Fig. S2) and at 96 hpi (online suppl. Fig. 
S3), respectively. A major reduction in confluence of the 
tumor cell layers became visible in dependence of the 
MOI being applied (MOIs decrease from top to bottom), 
indicating T-VEC-mediated oncolysis, whereas mock 
treatment (pictures on top) always displayed the highest 
confluence.

T-VEC Encoded Transgene Expression
To prove expression of the T-VEC encoded GM-CSF 

transgene, an ELISA detecting human GM-CSF was em-
ployed. Two representative cell lines (H727 and NEC-
DUE1) were first infected with T-VEC using MOI 0.0001 
and MOI 0.1. Then supernatants were collected and ana-
lyzed every 24 h. At 1 hpi, no GM-CSF protein could be 
detected at all (Fig. 5). However, at 24 hpi, a low GM-CSF 
concentration of 128 pg/mL became detectable in H727 
cell lines, whereas in NEC-DUE1 a slightly higher concen-
tration of 163 pg/mL was measured. Then, GM-CSF con-

0

20

40

60

80

100

120

MOCK

0.2
5 n

M

Eve
rolim

us

T-V
EC

 M
OI 0

.1

T-V
EC

 M
OI 0

.1 
+ 

 0.
25

 nM Ev
ero

lim
us

NEC-DUE1
T-VEC +

Everolimus

0

20

40

60

80

100

120

Ce
ll 

m
as

s, 
%

 o
f c

on
tro

l

MOCK
1 n

M

Eve
rolim

us

T-V
EC

 M
OI 0

.00
00

5

T-V
EC

 M
OI 0

.00
00

5 +

1 n
M Ev

ero
lim

us

H727

Fig. 3. SRB viability assays of 2 representative NET/NEC cell lines treated with Everolimus, T-VEC and the com-
bination of both agents (analysis performed at 96 hpi/hpt; experiments were carried out in quadruplicates; bars 
show mean and SD). Although both agents exhibit significant effects in monotherapy, the combination therapy 
showed no relevant additive or synergistic effects. T-VEC, talimogene laherparepvec; MOI, multiplicity of infec-
tion; NEC, neuroendocrine carcinoma.
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centrations were found to increase constantly over time in 
both cell lines, finally reaching their maxima of 68 ng/mL 
at 96 hpi in H727 cells and of 4.7 ng/mL in NEC-DUE1 
cells. Taken together, strong transgene expression could 
be proved in particular in H727 cells, again indicating a 
highly significant infection and replication of T-VEC in 
H727 tumor cells. Lower transgene expression was found 
in NEC-DUE1 cells indicating a correlation between virus 
replication and transgene expression, as T-VEC replica-
tion was shown to be limited in NEC-DUE1 cells.

GCV as a Safety Compound
The virostatic drug GCV was investigated for its ability 

to attenuate the replication of T-VEC in human NET/
NEC cells. For this purpose, virus replication was analyzed 
after the addition of GCV in concentrations of 1 or 10 µM 
and compared to the replication in the absence of GCV. 
Again, NET/NEC cell lines H727, QGP-1, and NEC-
DUE1 were infected, but now GCV was added at 1 hpi.

As a result, GCV was found to lower viral titers in all 
cell lines tested in a dose-dependent manner (Fig. 4). In 
H727 cells, 10 µM GCV reduced the maximum virus titer 
by log 2 PFU/mL, the first relevant increase in virus titer 
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Fig. 4. Virus growth curves performed for virotherapeutic com-
pound T-VEC in absence and presence of Everolimus or GCV, 
using representative NET/NEC cell lines H727 of lung origin, 
QGP-1 cells of pNET origin and NEC-DUE1 cells. GCV or Evero-
limus were added 1 hpi (a). PFU were determined every 24 h. Sam-
ples were analyzed in duplicates, experiments were performed 
twice, one representative result is shown. Employing H727 cells, 
T-VEC showed effective replication reaching virus titers over 106 
PFU/mL at 48 hpi and maximum titers over 107 PFU/ml at 72 hpi 
(a, line dotted by black squares). Whereas Everolimus did not af-
fect viral replication (a, line dotted by white squares), GCV (10 μM) 
was found to attenuate virus replication, lowering the maximum 
virus titer to 105 PFU/mL (a, line dotted by triangles). In QGP-1 

pNET cells (b), T-VEC showed similar replication kinetics to 
H727 cells of lung origin, whereas viral replication was much slow-
er in NEC-DUE1 cells (c), consistent with their relative oncolysis 
resistance shown in the SRB viability assay. Everolimus did not 
have any significant impact on viral replication (slightly lower vi-
rus titers being explained by the cytotoxicity being inherent to 
Everolimus, resulting in lower numbers of virus host cells). GCV 
attenuated viral replication in a dose dependent way in QGP-1 as 
well as in NEC-DUE1 cells. PFU, plaque forming unit; T-VEC, 
talimogene laherparepvec; MOI, multiplicity of infection; NEC, 
neuroendocrine carcinoma;. GCV, ganciclovir; hpi, hours postin-
fection.

Fig. 5. Expression of the T-VEC encoded GM-CSF cytokine gene 
could be detected with an ELISA first at 24 hpi, reaching its highest 
level at 96 hpi in both cell lines. Of note, GM-CSF concentration 
increased more slowly in NEC-DUE1 cells, this can be explained 
by the limited replication of T-VEC in this cell line (Fig. 4). T-VEC, 
talimogene laherparepvec; NEC, neuroendocrine carcinoma.
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was only detected after 48 h. In QGP-1 and NEC-DUE1 
cells, 10 µM GCV reduced the highest virus titers by log 3 
and 4, respectively. Taken together with the results from 
the viability assay, the efficacy of GCV was lower in high-
ly susceptible cells (H727) and higher in more resistant 
cells (NEC-DUE1). More efficient and constant inhibi-
tion of viral replication possibly could be achieved by em-
ploying not only a single dose directly after viral infection 
but also repetitive doses of GCV.

To assess the impact of the GCV attenuated virus rep-
lication on oncolytic cell killing, viability assays were car-
ried out with the addition of GCV at 1 and 72 hpi, em-
ploying GCV concentrations ranging from 1 to 50 µM 

(Fig. 6a–c). The same NET/NEC cell lines (H727, QGP-1, 
and NEC-DUE1) were tested as in the virus quantifica-
tion experiment. When GCV was added at 1 hpi without 
virus, no toxicity could be observed in H727 cells, where-
as little toxicity was detected in QGP-1 and NEC-DUE1 
cells with 50 µM GCV. When the cells were infected with 
T-VEC using the respective MOIs, the results from the 
SRB viability assay were confirmed when no GCV was 
added (Fig. 6a–c, bars in black). Using GCV and T-VEC 
together, a complete inhibition of viral cytotoxicity could 
be observed with 10 µM GCV in H727 cells and with only 
1 µM GCV in QGP-1 and NEC-DUE1 cells (Fig.  6a–c, 
bars in white). With 50 µM GCV, the reduction of rem-

0
10
20
30
40
50
60
70
80
90

100
110
120
130

Ce
ll 

m
as

s, 
%

 o
f c

on
tro

l

0 µ
M

1 µ
M
10

 µM
50

 µM
0 µ

M
1 µ

M
10

 µM
50

 µM

H727

w/o virus T-VEC MOI 0.0001

0
10
20
30
40
50
60
70
80
90

100
110
120
130

0 µ
M

1 µ
M
10

 µM
50

 µM
0 µ

M
1 µ

M
10

 µM
50

 µM

QGP-1

GCV

w/o virus T-VEC MOI 0.01

0
10
20
30
40
50
60
70
80
90

100
110
120
130

0 µ
M

1 µ
M
10

 µM
50

 µM
0 µ

M
1 µ

M
10

 µM
50

 µM

NEC-DUE1

w/o virus T-VEC MOI 0.05

GCV 72 hpi

0
10
20
30
40
50
60
70
80
90

100
110
120
130

Ce
ll 

m
as

s, 
%

 o
f c

on
tro

l

0 µ
M

1 µ
M
10

 µM
50

 µM
0 µ

M
1 µ

M
10

 µM
50

 µM

H727

w/o virus T-VEC MOI 0.0001

0
10
20
30
40
50
60
70
80
90

100
110
120
130

0 µ
M

1 µ
M
10

 µM
50

 µM
0 µ

M
1 µ

M
10

 µM
50

 µM

QGP-1

GCV

d

a

w/o virus T-VEC MOI 0.01

0
10
20
30
40
50
60
70
80
90

100
110
120
130

0 µ
M

1 µ
M
10

 µM
50

 µM
0 µ

M
1 µ

M
10

 µM
50

 µM

NEC-DUE1

w/o virus T-VEC MOI 0.05

GCV 1 hpi

e

b

f

c

Fig. 6. GCV treatment of 3 T-VEC-infected NET cell lines (chosen 
from lung, pancreas, and upper gastrointestinal tract); SRB viabil-
ity assays were performed at 96 hpi (mean and SD of 3 independent 
experiments carried out in triplicates are shown). When GCV was 
added at 1 hpi (a–c), 10 µM GCV were required to prevent T-VEC-
mediated tumor cell killing in H727 cells (a); in contrast, 1 µM 
GCV was found to be sufficient in QGP-1 and NEC-DUE1 cells (b, 
c). Slight reductions in tumor cell counts obtained at 50 µM GCV 
are caused by the inherent cytotoxicity of GCV as they are similar 
in the T-VEC and mock treatment groups. When GCV was added 

as late as at 72 hpi (d–f), T-VEC-mediated tumor cell killing could 
not be completely ablated any longer; tumor cells already had been 
oncolysed to a large degree, thereby preventing expression of rel-
evant amounts of HSV thymidine kinase (TK) being required for 
GCV’s virostatic effects. With 50 µM GCV added at 72 hpi, again 
a small increase in cytotoxicity could be observed. hpi, hours 
postinfection; GCV, ganciclovir; T-VEC, talimogene laher-
parepvec; MOI, multiplicity of infection; NEC, neuroendocrine 
carcinoma.
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nant tumor cell numbers was only due to the inherent 
cytotoxicity of GCV because presence/absence of T-VEC 
made no difference.

Furthermore, the virostatic effect of GCV was also 
studied by adding GCV as late as at 72 hpi, when viral 
replication and cell killing already were in full progress 
(Fig. 6d–f). In this setting, most of the tumor cells already 
had been lysed by T-VEC and GCV was found to limit the 
activity of T-VEC even after 72 h in QGP-1 and NEC-
DUE1 cells (Fig. 6d–f, bars in white). With the addition 
of 10 µM GCV, 10–15% of the tumor cell population could 
be “saved.” When GCV was added in a concentration of 
50 µM, the inherent cytotoxicity of GCV outweighed and 
reduced the tumor cell count being residual at 96 hpi. In 
H727 cells, no relevant effect of GCV addition at 72 hpi 

could be detected, being consistent with the high suscep-
tibility to T-VEC and the high virus titers despite GCV 
addition in this cell line.

In summary, GCV was not able to raise the remnant 
tumor cell numbers over the 60% threshold when it was 
added as late as 72 hpi. But GCV effectively prevented 
viral cytotoxicity when it was employed at 1 hpi although 
it did not completely bring down viral replication. 
Thereby, GCV can be regarded as an effective safety 
compound in the context of T-VEC mediated NET/
NEC oncolysis.

Transmission Electron Microscopy
To visualize the viral egress and the envelopment of 

T-VEC, transmission electron microscopy (TEM) images 

b c

d e f

a

Fig. 7. Electron microscopic pictures of QGP-1 cells of pNET ori-
gin (nucleus green). Scale bars show 2 µm in (a–c) and 0.2 µm in 
(d–f). a Noninfected cell, nucleus (green) with a huge amount of 
euchromatin due to tumor cell characteristic synthesis and prolif-
erative activity; electron dense nucleolus (Nn); secretory vesicles 
(single) being visible as QGP-1 cells secrete somatostatin, 5-HT as 
well as carcinoembryonic antigen. b T-VEC-infected cell (at 24 
hpi; MOI 0.0001) exhibiting a nucleus containing almost only eu-
chromatin (due to massive synthesis activity after T-VEC has oc-
cupied all cellular anabolic mechanisms required for production 

of huge amounts of progeny viral particles). c T-VEC oncolysed 
cell (at 96 hpi). The cell membrane now is completely covered with 
freshly produced virions (arrows). d Viral capsids (arrows) inside 
the nucleus with a diameter of approx. 100 nm. e Viral capsid bud-
ding at the IM (arrow). Enveloped capsids are detectable as com-
plete virions (V) in the perinuclear space. f T-VEC virions with a 
size up to 200 nm in diameter consisting of a DNA containing nu-
cleocapsid (C), tegument protein, and an envelope (E) with glyco-
protein spikes. IM, inner nuclear membrane; OM, outer nuclear 
membrane.
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were taken from QGP-1 cells infected with MOI 0.0001 
and compared with noninfected samples (Fig. 7). Beside 
direct identification of viral capsids or virions, also di-
verse morphological effects of T-VEC infections on QGP-
1 cells of pNET origin could be demonstrated.

Compared to mock-infected QGP-1 cells (Fig.  7a), 
cells that were infected by T-VEC showed signs of mas-
sive protein and DNA synthesis, including a large amount 
of euchromatin in the nucleus, a dilated endoplasmic re-
ticulum, and a swollen mitochondria. In a later stage of 
viral infection, T-VEC-mediated tumor cell lysis became 
visible, the cytoplasm lost its structure and the cell mem-
brane was hardly detectable any longer (Fig. 7b). Where-
as all these morphological changes could already be ob-
served after 24 h, the first viral capsids and particles were 
detected after 72 h at first. This might be due to the low 
virus titers being applied (MOI 0.0001 “only”) and there-
fore a small chance to cut viral particles at this early time 
point. In contrast, at 72 hpi, the tumor cells were com-
pletely surrounded by virions due to a massive synthesis 
of viral progeny particles (Fig. 7c).

The well-described pathways of wild-type HSV en-
velopment could be observed in a similar manner for the 
recombinant virotherapeutic derivative T-VEC (online 
suppl. Fig. S4). Briefly, viral capsids are produced in the 
nucleus (Fig. 7d), then bud at the inner nuclear mem-
brane (IM) into the perinuclear space (Fig. 7e), or leave 
the nucleus via altered nuclear pores to bud at the outer 
nuclear membrane (OM), the endoplasmic reticulum or 
the Golgi network. Completed virions then get packaged 
into transport vacuoles to leave the cell and are released 
in the extracellular space by exocytosis (online suppl. 
Fig. S4). A third pathway of envelopment, including 
budding at the IM, deenvelopment at the OM, and sec-
ondary envelopment at cytosolic compartments, is de-
scribed [29] but could not be retraced in this study. Tak-
en together, when using TEM, recombinant T-VEC vi-
rions were found to be indistinguishable from wild-type 
HSV-1 virions, both containing a capsid, an envelope, 
and a tegument between, as visible structural compo-
nents (Fig. 7f).

Discussion

T-VEC constitutes a state-of-the-art first-generation 
HSV-1-based OV exhibiting several favorable features, 
making it applicable for a broad spectrum of cancer enti-
ties. With its attenuating genetic modifications, it is not 
targeted to a specific type of tumor tissues but shows ro-

bust replication activity in neoplastic cells of several ori-
gins. The ICP 34.5 deletion ensures reduced neuroviru-
lence and selective replication in cells with a defective pro-
tein kinase RNA-activated (PKR) signaling, a pathway 
which is dysregulated in many tumors. In healthy cells 
furnished with an intact PKR pathway, protein synthesis 
interrupts during virus infection mediated by an eIF-2a 
phosphorylation through PKR [30]. The innate cellular 
interferon response is another crucial feature for suppres-
sion of herpes virus infection and is also defective in many 
tumor cells [31]. A further advantage for T-VEC virother-
apy is that this OV does not incorporate its viral DNA into 
the host genome, reducing the risk of virus induced mu-
tagenesis. As demonstrated also in this work, there are 
multiple virostatic drugs such as GCV, acyclovir, or fam-
ciclovir, which exhibit an important safety feature for T-
VEC based virotherapy. The problem of preexisting anti-
bodies in the majority of the patient makes T-VEC unsuit-
able for systemic intravenous delivery. Nevertheless, it 
could be shown that preexisting antibodies reduce treat-
ment related adverse events and viral shedding in case of 
intralesional virus delivery [8]. Hence, an initial lower 
dose of 106 PFU to induce seroconversion in seronegative 
patients has been incorporated in the regular treatment 
scheme [32], followed then by regular dosages of 108 PFU. 
For NET patients, intratumoral injections or infusions via 
the hepatic artery as already pursued by Yu et al. [13], em-
ploying an adenovirus-based recombinant virotherapeu-
tic compound, also would be conceivable.

Until now, immunotherapy has not played a signifi-
cant role in neuroendocrine cancer. There were ap-
proaches using dendritic cell vaccination [33] and a clin-
ical phase I trial with an immune checkpoint inhibitor 
[34, 35], but results were not really encouraging. Recent 
studies show that only a small part of NETs and NECs 
show PD-L1 expression, which is the most encouraging 
target for immunotherapy so far [36]. But PD-L1 expres-
sion in metastatic NETs was found to be associated with 
higher WHO classification and worse overall survival 
[37]. The second well-established parameter for a re-
sponse to immunotherapy is the tumor mutational bur-
den, which is also relatively low in NETs [38]. Regarding 
the success of immune checkpoint inhibitors in non-
SCLC and Merkel-cell carcinoma, these agents could pos-
sibly be efficient in similar tumors with a high tumor mu-
tational burden like NECs [39]. Currently, clinical phase 
II/III studies investigating checkpoint inhibitors for treat-
ment of neuroendocrine neoplasias are ongoing and are 
described in detail by Weber and Fottner [35]. Trials em-
ploying virotherapeutics, in particular adenoviral agents 
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and SVV, have been described above. In this context, on-
colytic virotherapy might be a new way for immunother-
apy to enter the field of neuroendocrine cancer.

In this paper, the ability of T-VEC to enter, replicate 
in, and lyse NET/NEC cells was demonstrated for the first 
time. Of note, high virus titers and high oncolytic activity 
of T-VEC were reached with strikingly low MOIs, under-
scoring the effectivity of viral replication in NET/NEC 
cells (Fig. 2). Interestingly, the cytotoxicity of T-VEC was 
found to be higher than in melanoma cell lines in a previ-
ous work [40]. In this paper, a MOI of 0.1 did not lead to 
a complete reduction of tumor cells after 72 h, in contrast 
to the results with most of the cell lines employed in this 
work. This capability was shown to be stable throughout 
cells derived from lung and pNETs and intestinal NECs. 
According to the preclinical nature of this study, any sec-
ondary, immune mediated antitumor effects could not be 
displayed when using our panel of NET/NEC human cell 
lines. However, this effect directly depends on the pri-
mary virus mediated oncolysis/cytotoxicity, which was 
presented here in a very convincing manner. In addition, 
high concentrations of the immunostimulatory GM-CSF 
transgene were detected, predicting a further increase in 
efficacy by immune effects in animal models and first hu-
man trials (Fig. 5). Interestingly, the curves showing virus 
replication and GM-CSF transgene expression seem to 
correlate in both cell lines tested (Fig. 4, 5). This proves 
that the inserted GM-CSF transgene is steadily expressed 
during virus replication in NET/NEC cell lines.

Combining T-VEC conducted virotherapy with other 
treatment modalities is a currently emerging strategy to 
improve response rates, especially in melanoma. In NETs, 
the targeted drugs Everolimus and Sunitinib are approved 
for treatment in advanced progressive stages, a situation 
where virotherapy could be a future option.

Since Everolimus is approved for a broader spectrum 
of neuroendocrine cancer, including progressive pNETs, 
intestinal NETs, and lung NETs, it was picked as aimed 
combinatorial treatment with T-VEC in this study. Fur-
thermore, it is currently under clinical investigation for its 
efficacy in G3 NETs and NECs (NCT02113800). Given 
that background, the cytotoxic effects of T-VEC could be 
compared with an effective and widely approved drug in 
neuroendocrine cancer. T-VEC was found to reach a 
higher in vitro cytotoxicity than Everolimus in realistic 
dosing patterns, since tolerable Everolimus blood concen-
trations are known to reach up to 100 nM in peak and up 
to 20 nM over 24 h in patients [41]. Comparing the respec-
tive cytotoxicity at these concentrations in cell culture 
(Fig. 1) with the ones of T-VEC (Fig. 2), T-VEC was able 

to reach lower remnant tumor cell numbers with realistic 
MOIs. With Everolimus monotherapy, a stagnation of the 
treatment effect could be found with a dose of approxi-
mately 100 nM with most cell lines. As higher doses did not 
reach a significantly higher cytoreduction, a growth in-
hibitory rather than a cytotoxic effect of Everolimus could 
be assumed and proved with the real-time cell monitoring 
assay (online suppl. Fig. S1). In the context of synergistic 
effects of rapamycin (like Everolimus also belonging to the 
class of small molecule mTOR inhibitors) related and an 
oncolytic recombinant herpes virus, both agents seem to 
be possible combination partners for future NET/NEC 
treatment regimens [19]. In this work, no additive effects 
of a combinatorial therapy with T-VEC and Everolimus 
could be detected. The efficacy of the combination therapy 
was not found to be superior to the efficacy of the more 
effective monotherapy. Therefore, the effect of Everolim-
us on virus replication was assessed with the result that 
Everolimus was not found to alter/influence T-VEC rep-
lication (Fig. 4). Taken together, a combinatorial therapy 
with T-VEC and Everolimus is still arguable as the com-
bination does not impair treatment efficacy, but whether 
combinatorial treatment can be more effective than mono-
therapy has to be further investigated.

In this context, the multikinase inhibitor Sunitinib 
could be another promising combination partner for T-
VEC in treatment of neuroendocrine neoplasia. Sunitinib 
is approved for progressive pNET and was already shown 
to be a favorable combinatorial partner for virotherapeu-
tics in a murine renal cell carcinoma model [42]. More-
over, it was found to augment antitumor properties of an 
oncolytic Vaccinia virus in a mouse model of progressive 
pNETs, underlining the potential of Sunitinib combined 
with an OV [43].

Interestingly, in terms of potential safety features, 
GCV was shown to significantly reduce virus replication 
(Fig. 4) and efficiently limit T-VEC-mediated cytotoxic-
ity in NET/NEC cells (Fig. 6). A realistic tolerable blood 
concentration of GCV is approximately 5 µM in average 
over 24 h [44]. Regarding this, the experiments demon-
strate that GCV is an applicable virostatic drug also in 
NET/NEC cells to ensure safety of T-VEC virotherapy in 
cases of any overwhelming virus replication scenarios 
which otherwise are unstoppable.

In a last step, both the viral egress and envelopment pro-
cesses of T-VEC were visualized for the first time. The T-
VEC virion has been observed under the TEM previously 
when it was investigated for its physical stability [45]. In 
this work, T-VEC capsid formation in the nucleus, bud-
ding at the IM, viral particles in the space between inner 
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and OM, and the transport for exocytosis were demon-
strated in pNET cells (QGP-1, Fig. 7 and online suppl. Fig. 
S4). The 3 possible pathways of alphaherpesvirus envelop-
ment have been described in detail earlier [46–48]. Wheth-
er deenvelopment at the OM and subsequent secondary 
envelopment at cytosolic compartments plays a role in T-
VEC envelopment remains unclear. Morphological chang-
es of the pNET cells were also detected. The massive forma-
tion of euchromatin shortly after virus infection indicates 
a lytic rather than a latent virus infection [49]. In summary, 
the efficient production and release of viral progeny could 
be observed, consistent with the fact of rapidly increasing 
virus titers in the other experiment (Fig. 4).

Taken together, this work suggests a highly promising 
perspective for T-VEC in the therapy of neuroendocrine 
cancers. Of note, this study constitutes only a first in vitro 
assessment including the well-known limitations in clin-
ical predictability. However, it is expected to lay the foun-
dation for future in vivo studies employing T-VEC in 
neuroendocrine cancers.
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