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Helicobacter pylori neutrophil-activating protein (NAP) is 
a major virulence factor and powerful inducer of inflam-
matory reaction and Th1-polarized immune response. 
Here, we evaluated the therapeutic efficacy of measles 
virus (MV) strains engineered to express secretory NAP 
forms against metastatic breast cancer. Recombinant 
viruses encoding secretory NAP forms (MV-lambda-NAP 
and MV-s-NAP) efficiently infect and destroy breast can-
cer cells by cell-to-cell viral spread and large syncytia 
formation independently of hormone receptor status. 
Intrapleural administration of MV-s-NAP doubled the 
median survival in a pleural effusion xenograft model: 
65 days as compared to 29 days in the control group 
(P < 0.0001). This therapeutic effect correlated with a 
brisk Th1 type cytokine response in vivo. Secretory NAP 
was expressed at high levels by infected tumor cells and 
increased tumor necrosis factor-α (TNF-α), interleu-
kin-6 (IL-6), and IL-12/23 cytokine concentrations were 
detected in the pleural effusion. In an aggressive model of 
lung metastatic breast cancer, MV-lambda-NAP and MV-
s-NAP also significantly improved survival of the treated 
animals (P < 0.05) as compared to the control MV strain. 
These data suggest that potent immunomodulators of 
bacterial origin, such as H. pylori NAP, can enhance the 
antitumor effect of oncolytic viruses and support the fea-
sibility and potential of a combined viroimmunotherapy 
approach.

Received 3 August 2011; accepted 5 January 2012; advance online 
publication 14 February 2012. doi:10.1038/mt.2012.4

IntroductIon
Breast cancer is the most common malignancy diagnosed in 
women with >207,000 new cases of invasive cancer and almost 
40,000 deaths due to metastatic disease in the United States annu-
ally.1 Development of lung and pleural metastases signals incur-
able disease with poor prognosis. Breast cancer is the second most 
frequent cause of malignant pleural effusion in cancer patients.2,3 
Treatment options for patients with breast cancer metastases to the 
lung and malignant pleural/pericardial effusions are palliative4–6 

and development of novel therapeutic approaches is urgently 
needed.

Attenuated measles virus (MV) represents an attractive onco-
lytic vector platform in cancer virotherapy.7 MV is an enveloped 
paramyxovirus with a single strand negative RNA genome.8 One 
major therapeutic advantage of this oncolytic virus platform is 
its significant bystander effect mediated through spread of infec-
tion via cell-to-cell fusion and formation of large multinucleated 
syncytia.9 Currently, clinical phase I trials using MV Edmonston 
vaccine strain derivatives are ongoing for treatment of patients 
with ovarian cancer, malignant brain tumors and hematological 
malignancies.7

Recent reports suggest that tumor-specific immune response 
developed as result of virus-mediated tumor destruction can 
have synergistic therapeutic effect.10 Induction of nonspecific 
immune reaction and neutrophil infiltration enhanced the anti-
tumor  activity of oncolytic MV.11 Thus, engineering of novel class 
 vectors encoding potent immunomodulators and inducers of 
robust  nonspecific inflammatory response is attractive approach 
in  cancer virotherapy.

Helicobacter pylori neutrophil-activating protein (NAP) is a 
small 144 amino acid dodecamer-forming, iron-binding protein.12 
It is a major virulence factor and protective antigen, involved in 
pathogenesis of the chronic mucosal inflammation in the course 
of H. pylori infection.13,14 NAP acts as a Toll-like receptor-2 agonist 
and potent immunomodulator triggering proinflammatory Th1 
cytokine release (including interleukin-12 (IL-12), tumor necro-
sis factor-α (TNF-α) and interferon-γ) and Th1 type immune 
response polarization.15,16 We have recently demonstrated that 
MV vectors expressing high levels of chimeric secretory NAP 
induce strong, long-lasting humoral and cell-mediated immuni-
ty.17 MV-expressed NAP is biologically active and able to stimulate 
IL-8 production by monocytic cells.17 We therefore hypothesized 
that NAP transgene being a Toll-like receptor-2 activator can also 
enhance viral oncolysis by stimulating a strong inflammatory 
reaction and Th1 cytokine release, thus mobilizing host antitumor 
immune mechanisms and we tested this hypothesis in refractory 
metastatic breast cancer models.

Here, we present the evaluation of therapeutic efficacy of 
oncolytic MV strains expressing H. pylori NAP as a therapeutic 
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transgene for the treatment of metastatic breast cancer and man-
agement of malignant pleural effusion. In xenograft lung and 
intrapleural models of metastatic breast cancer we demonstrated 
that recombinant MV vectors expressing the secretory NAP forms 
have enhanced oncolytic potency and significantly prolonged sur-
vival as compared to other MV strains, mediated in part by the 
secretion of proinflammatory cytokines and induction of nonspe-
cific inflammatory reaction in the tumor microenvironment.

results
MV strains encoding H. pylori nAP have significant 
antitumor activity against breast cancer lines in vitro
NAP constructs were cloned upstream of the nucleoprotein gene 
in MV genome (see Figure 1). We have previously demonstrated 
high levels of NAP expression by two MV strains encoding the 
chimeric secretory forms of the NAP transgene: MV-lambda-
NAP and MV-s-NAP17 and these strains were used for subsequent 
experiments. Both strains showed potent in vitro antiprolifera-
tive activity against estrogen-dependent (MCF-7) and hormone-
 independent (MDA-MB-231) human breast cancer lines as 
measured by MTT assay (Figure 2a–c). Viral replication in breast 
cancer cells and cell-to-cell spread of infection caused large multi-
nucleated syncytia formation within 48 hours postinoculation, 
preceding massive cell death.

The presence of a constant lambda domain in the chimeric 
lambda-NAP protein allowed accurate quantification of trans-
gene expression using a human lambda immunoglobulin- specific 
enzyme-linked immunosorbent assay (ELISA). Expression of the 
secretory NAP transgene by MV-lambda-NAP-infected MDA231-
lu-P4 breast cancer cells reached ~1 μg/106 cells at 72 hours 
postinoculation.

In previous experiments, we confirmed that MV-s-
NAP-infected Vero cells secreted biologically active NAP by 

demonstrating stimulation of IL-8 production in THP-1 mono-
cytic cells treated with virus-inactivated supernatants.17 Here, we 
confirmed that infection with an oncolytic MV strain- encoding 
NAP transgene also triggers IL-8 expression in THP-1 cells 
(Figure 2d). Seventy-two hours postinoculation at the low mul-
tiplicity of infection (MOI) of 0.1 infection with MV-s-NAP 
resulted in significantly higher levels of IL-8 release in the super-
natant, as compared to the control MV-lambda strain. These 
in vitro data support that MV-expressed NAP retains its immu-
nomodulatory activity.

Secretory NAP produced by tumor cells in the course of 
infection could exert its biological effects over the neighboring 
noninfected cells by recruitment of immune cells and secretion 
of proinflammatory cytokines. Since NAP is a potent inducer 
of IL-12 and TNF-α15 and both of them (in contrast to IL-6) 
are species crossreactive in mouse xenograft models, we tested 
the in vitro effect of these cytokines on tumor cells. Significant 
inhibition of breast cancer cell growth was observed following 
preincubation with 250 U/ml specific activity of recombinant 
TNF-α. When high cell densities and MV-s-NAP at MOI = 0.5 
were employed (Figure 2e), addition of TNF-α did not increase 
significantly the observed antitumor effect, which was predomi-
nated by MV-s-NAP-induced oncolysis. When lower cell den-
sities and a lower MOI = 0.25 were employed, the absence of 
cell-to-cell contact in the monolayer prevented rapid expansion 
of MV infection via syncytia formation and the antitumor effect 
is predominantly TNF-α mediated. TNF-α treatment alone or in 
combination with MV resulted in > 50% reduction in cell pro-
liferation by 72 hours incubation (Figure 2f). Under these con-
ditions, expansion of MV-s-NAP infection requires multistep 
viral propagation and 6–7 days to destroy the tumor cells (data 
not shown). These results suggested that TNF-α released at the 
earlier stage of oncolytic MV infection could exert significant 
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Figure 1 schematic representation of the recombinant measles virus (MV) strains used in the experiments: MV-lambda, MV-lambda-nAP, 
MV-s-nAP and MV-nIs. NAP, neutrophil-activating protein.
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bystander tumor inhibitory effect. IL-12 did not show significant 
direct antitumor effect against MDA231-lu-P4 cells in vitro (data 
not shown).

treatment with nAP-expressing MV strains 
significantly improved survival in pleural effusion 
model of advanced breast cancer
We have previously described the development of a pleural effu-
sion model of metastatic breast cancer in mice.9 Transthoracically 
injected MDA231-lu-P4 cells grow aggressively in the pleural space 
and animals develop symptomatic disease with massive accumula-
tion of pleural exudates 5–7 weeks postengraftment. For the thera-
peutic efficacy experiments, breast cancer cells were implanted by 
transthoracic (t.t.) injection and 3 days later animals were imaged 
to verify tumor engraftment (Figure 3). Three repeat t.t. injections 
of 5 × 105 TCID50 MV-s-NAP prolonged more than twice the sur-
vival of the treated group (65 vs. 29 days, respectively, P < 0.0001) 
in control animals injected with inactivated virus (Figure 3c). In 
contrast, treatment with MV-NIS (MV strain-encoding human 
sodium-iodide symporter gene) administered in the same dose and 
schedule did not significantly impact survival as compared to the 
corresponding control group treated with heat-inactivated MV-NIS 
(Figure 3d). Since the vector backbone of MV-NIS is identical to 
those of MV-s-NAP and MV-lambda-NAP strains, and in vitro data 
indicate comparable antitumor activity of MV-NIS and MV-s-NAP, 
it is likely that the expression of NAP is mediating the observed dif-
ference in the therapeutic effect in vivo.

demonstration of MV replication, nAP expression, 
and biological activity in a breast cancer pleural 
effusion model in vivo
Both secretory NAP and lambda light immunoglobulin chain were 
detected by immunoblotting in the pleural effusion of the animals 
treated t.t. with MV-s-NAP (four of four samples tested positive for 
the chimeric NAP) or MV-lambda (three of four positive for lambda 
chain), respectively, indicating viral replication (Figure 4a,b). 
Infection induced large spherical syncytia in tumor cells floating in 
the pleural fluid and MV was recovered by overlay on Vero cells 
(Figure 4c–f). Immunohistochemistry staining confirmed a signifi-
cant neutrophil presence in the pleural fluid (Figure 4d).

To determine the role of NAP expression for induction of 
inflammatory reaction that can contribute to enhancement of 
the MV oncolytic activity, advanced intrapleural MDA231-lu-P4 
tumors were treated by a single t.t. injection of MV-s-NAP or the 
control MV-lambda virus. Pleural fluid and serum were collected 
and analyzed for inflammatory Th1 cytokines. MV-lambda was 
used as the control virus in these experiments because it encodes a 
full-length human lambda light immunoglobulin chain18 and was 
used as the backbone for engineering the secretory NAP transgene 
forms (see Figure 1). Mice were sacrificed (2–6 per time point) 
on days 1, 2, 4, and 9 post-treatment and cytokine levels in pleu-
ral fluid and serum were determined by ELISA. Increase of Th1 
type cytokine concentrations in the pleural fluid samples from 
MV-s-NAP-injected mice was observed at 48 hours  post-treatment 
(Table 1). The levels of IL-6 in MV-s-NAP-treated mice were more 
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Figure 2 In vitro antitumor activity of engineered measles virus (MV) strains against breast cancer cells. (a) MCF-7 cell line and the highly tum-
origenic MDA231-lu-P4 in vivo derivative of (b) MDA-MB-231 cells were infected with MV strains at an multiplicity of infection (MOI) = 1.0 and cell 
viability was determined by MTT assay. Both MV-lambda-NAP and MV-lambda viruses propagated rapidly causing complete destruction of the breast 
cancer monolayers 72 hours postinfection. MV-s-NAP and MV-NIS showed similar tumor cell-killing kinetics with complete eradication of MCF-7 cells 
or ~80% reduction of cell viability of MDA231-lu-P4 cells. (c) Vero cells were used as control. The data are presented as percent of untreated control 
cells ± SD. (d) NAP transgene induced significant interleukin (IL)-8 expression in MV vector-infected THP-1 cells. THP-1 monocytic cells were infected 
with MV-s-NAP or control MV-lambda virus at a MOI = 0.1 and incubated for 72 hours. Supernatants were collected and IL-8 concentration was 
measured by enzyme-linked immunosorbent assay (ELISA) specific for human IL-8. The effect of TNF-α (one of the known NAP-triggered inflamma-
tory cytokines) on proliferation of MV-infected or uninfected MDA231-lu-P4 cells was examined by MTT assay (e,f). MDA231-lu-P4 cells were plated 
at 104 cell/well density and inoculated at MOI = 0.5 of MV-s-NAP in the presence or absence of 250 U/ml recombinant human TNF-α (e). The same 
experiment was repeated with lower cell density (2.5 × 103 per well) and MV-s-NAP at MOI of 0.25 (f).
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than fourfold higher (group mean value >11,000 pg/ml) than in 
the animals that received control MV-lambda virus. Higher lev-
els of IL-6 were also detected in serum samples from the same 
animals indicating increased systemic inflammatory cytokine 
response. Pleural fluid concentration of IL-12/23 p40 and TNF-α 
were also elevated in MV-s-NAP-injected mice as compared to the 
MV-lambda-treated controls (Table 1). The cells isolated from pleu-
ral fluid and cultured in vitro from mice treated with MV-s-NAP 
also produced detectable TNF-α in four of six samples in the range 
of 35.4–378.0 pg/ml after 24 hours of incubation. In contrast, none 
of the cell samples isolated from control MV-lambda-treated group 
was positive for TNF-α. Pleural cells from MV-s-NAP-injected 
mice also secreted higher levels of IL-6 (range 193.9–1,104.3 pg/ml 
at 24 hours) as compared to pleural cells from control MV-lambda-
treated mice (range 46.2–96.9 pg/ml at 24 hours).

These results demonstrate that MV-s-NAP-infected tumor 
cells produce high levels of the NAP transgene in vivo. The ele-
vated pleural fluid concentration of Th1 cytokine IL-12/23 as well 
as local and systemic IL-6 levels correlated with better oncolytic 
effect in MV-s-NAP-treated mice and suggest that the NAP trans-
gene could significantly increase the therapeutic efficacy of MV 
in management of malignant effusions by enhancement of local 
inflammatory reaction in the pleural space. In vitro experiments 
(described above) confirmed that at least one of the NAP-induced 
proinflammatory cytokines, TNF-α, can also contribute to the 
MV-s-NAP antitumor effect by direct inhibition of tumor cell 
growth. Although IL-12 has no direct inhibitory effect in vitro on 

MDA231-lu-P4, as a key Th1 cytokine NAP-induced IL-12 expres-
sion can also play a crucial role indirectly by activation of nonspe-
cific inflammatory or tumor-specific immune mechanisms.

therapeutic activity of nAP-expressing MV strains 
against a disseminated breast cancer mode
We have previously shown that in vivo passaging in the mouse 
lungs can significantly increase the tumorigenicity of MDA-MB-
231 cells, forming disseminated lung metastases after tail vein 
injection. The MDA231-lu-P4 derivative line, isolated after four 
in vivo passages demonstrates a gene expression profile that is 
consistent with the gene expression profiling observed in lung 
metastases of breast cancer patients.9 Mice were injected with 
1–2 × 106 MDA231-lu-P4 cells via the tail vein. Tumor implanta-
tion was confirmed by bioluminescence imaging (Figure 5a) and 
animals were assigned into groups to ensure comparable tumor 
burden. In two separate experiments mice received either: (i) 
MV-lambda-NAP (10 repeated intravenous (i.v.) injections of 2 × 
106 TCID50/injection) or (ii) MV-NIS or MV-s-NAP (7 i.v. injec-
tions of 106 TCID50/injection) via systemic i.v. route of adminis-
tration (Figure 5b and d). Control groups were injected with the 
corresponding heat-inactivated viruses in a similar administra-
tion schedule. Treatment with either MV-lambda-NAP or MV-s-
NAP significantly prolonged median survival: P = 0.0055 and P = 
0.0378, respectively (Figure 5c and e). In contrast, MV-NIS treat-
ment (7 therapeutic injections of 106 TCID50) did not significantly 
affect survival in this model (Figure 5f).
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Figure 3 therapeutic efficacy of attenuated measles virus (MV) engineered to express secretory neutrophil-activating protein (nAP) in the 
MdA231-lu-P4 pleural effusion breast cancer xenograft model in athymic nude mice. (a) Engraftment of transthoracic (t.t.) implanted tumors was 
confirmed by bioluminescence imaging. (b) The animals (11 per group) received 3 weekly t.t. injections of 5 × 105 TCID50 of MV-s-NAP or MV-NIS. Viruses 
were diluted in phosphate-buffered saline (PBS) (MV-s-NAP) or 5% sucrose, Tris-HCl buffer (MV-NIS). Individual control groups for each virus strains (10–11 
mice) were injected with heat-inactivated MV-s-NAP or MV-NIS (HI-control), respectively. (c,d) Survival was analyzed using Kaplan–Meyer method and 
log-rank test. In contrast to to MV-NIS, MV-s-NAP significantly improved median survival of the treated mice from 29 to 65 days (P < 0.0001).
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Assessment of toxicity of MV-s-nAP in the measles 
susceptible transgenic mouse model Ifnarko-cd46Ge
MV Edmonston strain derivatives do not infect rodent cells 
because of the lack of expression of MV receptors and intra-
cellular restriction mechanisms impairing viral replication. 
Consequently, our xenograft efficacy models in athymic nude 
mice cannot be used for assessment of MV-s-NAP toxicity. We 
therefore employed a measles infection-susceptible transgenic 
mouse model, the type I interferon receptor knockout/human 
CD46 transgenic (Ifnarko-CD46Ge) mice, for toxicity assess-
ment.19 These mice express the MV receptor CD46 with a tissue 
distribution and levels of expression that parallel human CD46 
expression.19 Although breast cancer cell lines are not tumori-
genic in Ifnarko-CD46Ge mice and as a result this model cannot 
be used for assessment of efficacy, it is still an excellent system 
for comparative evaluation of measles toxicity and has been 
accepted by the United States Food and Drug Administration 
as a model of measles toxicity in toxicology studies, prior to 
initiation of three ongoing clinical trials of engineered MV 
Edmonston strains.20,21

A preliminary analysis of potential toxicity of i.v. or intrap-
eritoneal (i.p.) administration of the NAP-expressing MV strains 
was performed in 3–5-week-old female Ifnarko-CD46Ge mice. 
The animals were injected either with 106 TCID50 (i.p. route of 
administration, n = 11 animals) or with 2 × 106 TCID50 (i.v. 
group, n = 9 animals) of MV-s-NAP and blood samples were col-
lected on day 1, 2, 3, 7, and 14 for complete blood count. Prior to 
start of study, age-matched female Ifnarko-CD46Ge mice (n = 6 
total) were bled retro-orbitally and their hematology parameters 
served as controls. As shown in Supplementary Table S1, there 
were transient changes in some hematologic parameters at dif-
ferent time points postvirus injection, although the correspond-
ing values still remained within the normal range for mice. A 
transient decrease in the white blood cell count was observed in 
the i.v. injected mice on day 1 (mean = 3.99 × 109/l, P = 0.0251). 
Although a transient increase in the platelet count was detected 
on day 7 for i.v. injected mice (mean = 784.4 × 109/l, P = 0.041 
vs. controls) and on day 14 for i.p. injected mice (mean 696.1 × 
109/l, P = 0.0012), the values were within the normal range for 
mice: 100–1,000 × 109/l.22 Slight decrease in hematocrit (mean = 
46.03%, P = 0.034 vs. control) and erythrocyte count (red blood 
cells) (mean = 8.39 × 1012/l, P = 0.0026) observed on day 7 in the 
i.p injected mice (Supplementary Table S1), but with  normal 
hemoglobin.22 The effect was transient and the mean red blood 
cells values of the i.p. treated mice on day 14 returned to the 
normal range (9.78 × 1012/l) with higher than control hemoglo-
bin (16.46 g/dl, P = 0.026) and hematocrit (mean = 52.9%,  P = 
0.0018) (Supplementary Table S1). Low levels of serum IL-6 
was detected in one animal on day 1 after i.p. administration 
(92 pg/ml/group) and one animal on day 2 after i.v. adminis-
tration (116 pg/ml). Both animals were asymptomatic. Low 
levels of serum TNF-α were detected in two of the i.p. injected 
mice on day 2 (82 pg/ml) and day 3 (147 pg/ml), postinjection, 
again without associated symptoms. MV-s-NAP-injected ani-
mals remained alive and healthy without signs of toxicity of 
oncolytic agent until the end of the study—more than 3 months 
 post-treatment. These results from the pilot toxicology study 
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Figure 4 Measles virus (MV) infection and neutrophil-activating pro-
tein (nAP) transgene expression in the malignant pleural effusion 
of mice-bearing MdA231-lu-P4 pleural xenografts. Mice were treated 
by a single transthoracic (t.t.). injection of MV-s-NAP or MV-lambda. 
NAP transgene expression in pleural fluid was demonstrated by immu-
noblotting using (a) NAP-specific monoclonal antibody (MAb) 16F4 or 
(b) lambda chain-specific antibody. The secretory form of the NAP trans-
gene was detected in the pleural fluid of four of four MV-s-NAP-treated 
mice (lanes 1–4) but not in MV-lambda-injected (lanes 5, 6) control mice 
(a). Human lambda light chain was detected in three of four samples 
from MV-lambda-injected (lanes 3–6) mice but not in samples from 
MV-s-NAP-treated (lanes 1, 2) animals (b) using a lambda chain-specific 
detection antibody. MV-s-NAP (c) induced large multinucleated syncytia 
in infected tumor cells (Giemsa staining) in the pleural fluid of mice with 
MDA231-lu-P4 xenografts. Immunohistochemistry (IHC) staining for 
neutrophils in the pleural fluid of MV-s-NAP is shown in (d). MV-s-NAP 
was isolated from the pleural fluid by overlay on Vero cells. MV-s-NAP 
induced giant syncytia formation 24 hours after overlay (e). Uninfected 
control Vero cells (f).

table 1 Inflammatory cytokine levels in biological fluids of mice with 
MdA231-lu-P4 pleural tumors 48 hours after injection with MV-s-nAP 
or the MV-lambda control strain

 
Il-12/23 p40 
pleural fluid

tnF-α pleural 
fluid

Il-6 pleural 
fluid Il-6 serum

MV-s-NAP (n = 6 mice)

Mean 1,684.2 1,027.6 11,329b 1,122c

Range 204.0–5,605.2 176.2–1972.3 4,138–20,244 416–1,779

MV-lambda (n = 6 mice)

Mean 365.4a ND 2,621b 234c

range —a — 167–8,506 0–1,065

Results are presented in pg/ml concentration of the cytokines (mean and range) 
in pleural fluid and serum (for IL-6).
Abbreviations: IL, interleukin; MV, measles virus; NAP, neutrophil-activating 
protein; ND, not detected; TNF-α tumor necrosis factor-α.
aIL-12/23 p40 was detected in only one of six animals injected with the  
MV-lambda control virus. bPleural fluid IL-6 in MV-s-NAP vs. MV-lambda group 
P = 0.0146. cSerum IL-6 in MV-s-NAP vs. MV-lambda group P = 0.0192; in  
MV-lambda-treated group serum IL-6 was above detectable level in only three 
of six mice.
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support the safety of MV-s-NAP administration in a measles 
replication susceptible transgenic mouse model: a larger study is 
expected to be required prior to clinical translation.

dIscussIon
MV strains of Edmonston vaccine lineage demonstrated potent 
antitumor activity against different human tumor types in vitro 
and in preclinical in vivo studies.23–28 It has been reported that 
granulocyte macrophage colony-stimulating factor-mediated 
neutrophil attraction could additionally increase the MV antitu-
mor effect against lymphoma xenografts in immunocompromised 
mice.11 Insertion of foreign genes in the MV genome is tolerated 
without significant impact on virus propagation and recombinant 
strains such as MV-CEA (MV encoding carcinoembryonic anti-
gen as reporter) and MV-NIS are currently being tested in clinical 
trials for cancer patient therapy.7,29

Our main hypothesis is that expression of bacteria-derived 
potent immunostimulatory factors can significantly enhance the 
therapeutic activity of oncolytic viruses. We have recently character-
ized and tested the immunogenicity of a panel of NAP-expressing 
MV constructs.17 The NAP transgene was cloned upstream of the N 
gene in the MV genome. To allow extracellular secretion, the NAP 
transgene was inserted in the human lambda light immunoglobu-
lin chain gene by replacing the variable domain while maintaining 
(MV-lambda-NAP) or deleting (MV-s-NAP) the constant lambda 
chain domain. Our data showed that secretory NAP forms encoded 
by recombinant MV strains were expressed at high levels by infected 
virus producer Vero cells. NAP inserts did not affect viral propaga-
tion and growth kinetics in Vero cells as compared to the control 
strains not expressing the transgene. Both MV-lambda-NAP and 

MV-s-NAP replicated efficiently in vivo inducing strong and long-
lasting immunity in measles infection permissive transgenic ani-
mals.17 H. pylori NAP is a potent immunomodulator, stimulating 
robust inflammatory reaction and Th1 polarization of the immune 
response.30 Systemic NAP administration can reverse the Th2-biased 
immune response against allergens, stimulating IL-12 production 
and reduction of plasma IgE levels.31,32

We tested this concept using the NAP-expressing MV con-
structs in two aggressive metastatic breast cancer models (lung 
and pleural metastases) corresponding to challenging clini-
cal scenarios frequently encountered in breast cancer patients. 
Malignant pleural effusions in cancer patients are an indication of 
advanced disseminated disease. Therapy is limited to treatments 
such as thoracocentesis, drainage and therapeutic pleurodesis33 
plus systemic therapy, all of which are palliative. Induction of 
strong local inflammation and obliteration of the pleural space is 
the main current palliative approach in management of malignant 
pleural effusions in cancer patients.34,35 Activation of immune cells 
and secretion of proinflammatory cytokines such as TNF-α, IL-1, 
IL-6, and IL-8 have been shown to play a key role in successful 
treatment outcome.36,37

The rationale for developing MV as an oncolytic platform is 
based on clinically observed remission of hematological malignan-
cies following natural measles infection.7 Documented reports on 
spontaneous tumor regression in patients are frequently related to 
infections accompanied by high fever as a clinical manifestation of 
a robust immune reaction and proinflammatory cytokine release.38 
These findings led to development of therapeutic approaches 
using bacterial extracts or components in cancer immunotherapy. 
Bacterial preparations from Streptococcus pyogenes,  staphylococcal 
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Figure 5 therapeutic effect of neutrophil-activating protein (nAP)-expressing measles virus (MV) strains against lung metastatic breast 
cancer compared to control MV-nIs. (a) Engraftment of the systemically injected MDA231-lu-P3 or P4 cells was confirmed by bioluminescence 
imaging. (b,c) The animals with MDA231-lu-P3 lung tumors (8 per group) were treated with 10 repeat intravenous (i.v.) injections of 2 × 106 TCID50 
of MV-lambda-NAP or heat-inactivated (HI-control) control. In a separate in vivo experiment MDA231-lu-P4 lung metastatic xenografts (9 mice per 
group) were treated by 7 i.v. injections of 106 TCID50 of MV-s-NAP, MV-NIS or the corresponding heat-inactivated controls (d–f). Both MV-lambda-
NAP and MV-s-NAP improved the median survival with 10–12 days (P < 0.05) in this aggressive model of breast cancer metastatic to the lungs.
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superantigens and muramyl dipeptide derivatives have been success-
fully tested in the treatment of pleural effusions in patients with lung 
cancer and metastatic breast cancer.37,39–41 Thus, oncolytic vectors 
engineered to express bacterial factors with potent immunostimula-
tory activity are promising alternatives to the conventional pleurod-
esis approach combining the antitumor effect of viral oncolysis with 
the therapeutic impact of proinflammatory cytokine release.

Virotherapy with locally administered MV encoding secre-
tory forms of H. pylori NAP was well tolerated and showed signif-
icant activity against metastatic breast cancer in a pleural effusion 
xenograft model in mice. Treatment prolonged more than twice 
the median survival of the animals. MV exerted its oncolytic 
activity via massive infection of malignant cells and large syncytia 
formation in the pleural tumor deposits. Although athymic nude 
mice are T-cell response-deficient, they still have intact activity 
of the innate immune mechanisms, such as the complement sys-
tem, macrophages, and NK cells. As a Toll-like receptor-2 agonist 
and potent attractant of immune cells,16,42,43 the NAP transgene 
can contribute to stimulation of local inflammatory reaction pre-
venting reaccumulation of malignant pleural effusion. Analysis 
of pleural fluid samples within 48 hours after treatment revealed 
high levels of secretory NAP in the pleural fluid and increase 
of the local and systemic proinflammatory cytokines in MV-s-
NAP-injected mice, including IL-12 as an activator of NK cells 
and marker of Th1 shift of the immune response. Elevated levels 
of TNF-α, IL-12, and IL-6 indicated induction of a strong local 
inflammatory reaction in MV-s-NAP-treated groups. Our in 
vitro results (see Figure 2) indicate that NAP transgene-mediated 
induction of TNF-α can contribute to enhancement of MV onco-
lytic activity via its bystander antiproliferative effect on nonin-
fected cancer cells. The effect of elevated TNF-α secretion was not 
observed in animals treated with MV-lambda, the control virus 
encoding the full-length human lambda immunoglobulin chain, 
which was used as the backbone for secretory NAP engineering. 
In addition to the direct inhibition of tumor cell growth, TNF-α 
can act synergistically with chemotherapeutic agents against 
breast cancer cells.44,45

These data support the potential use of NAP as an immuno-
adjuvant for stimulation of specific cell-mediated and humoral 
antitumor immunity. While the virus-mediated tumor destruc-
tion requires massive infection of tumor tissue, stimulation of 
the antitumor immune mechanisms and enhancement of the 
virotherapy efficacy by potent vector-encoded immunomodula-
tors, such as NAP, could be achieved by infection of a fraction 
of the cancer cells. Our results confirmed that MV-encoded NAP 
is synthesized and secreted in biologically active form, capable of 
stimulate cytokine production by immune cells. Additional exper-
iments comparing replication competent to nonreplicating NAP 
gene delivery systems are in progress to help us characterize the 
individual contribution of NAP-induced inflammatory reaction 
versus productive virus infection as mediators of tumor regres-
sion and therapeutic outcome. We have previously demonstrated 
that infected cells were efficient carriers for systemic or local 
delivery of oncolytic agents to metastatic tumors46 and that den-
dritic cells were capable of delivering oncolytic MV to the pleural 
tumor deposits and significantly improved survival in a pleural 
effusion xenograft model.9 Thus, professional antigen-presenting 

cells, such as monocyte/macrophages and dendritic cells, could 
be used in a dual purpose—both transfer of MV infection to the 
tumor site and NAP-mediated augmentation of the immune reac-
tion against tumor cells. Experiments using NAP-expressing MV 
strains in this context are ongoing.

In conclusion, clinical translation of MV vectors encoding 
NAP could lead to development of a novel therapeutic strategy for 
treatment of metastatic solid tumors in patients by combining the 
benefits of oncolytic virotherapy and immunotherapy.

MAterIAls And Methods
Cell lines and cell culture. Vero cells, human THP-1 monocytic line and 
human breast cancer cell lines MCF-7 and MDA-MB-231 were pur-
chased from American Type Culture Collection (Manassas VA). Vero 
and breast cancer cells were maintained in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum and antibiotics 
(Invitrogen, Carlsbad, CA). THP-1 monocytic cells were grown in RPMI 
1640 medium with 10% fetal bovine serum and supplements according 
to American Type Culture Collection recommendations (American Type 
Culture Collection). We have previously reported on development of an 
aggressive model of metastatic breast cancer with spread to the lungs and 
pleural  cavity. MDA231-lu-P3 and MDA231-lu-P4 cells are derivatives of 
the MDA-MB-231 line following three or four in vivo passages in athymic 
nude mice and transduced to express firefly luciferase (F-lu) as reporter 
gene.9 MDA231-lu-P3 and MDA231-lu-P4 cells form metastatic tumor 
deposits after i.v. injection or t.t. implantation in mice.

MV strains, virus propagation, and titration. Attenuated MV Edmonston 
vaccine strain has been proposed as a platform for generation of recom-
binant MV constructs.47 We have recently reported on construction of 
MV strains encoding H. pylori NAP.17 MV-lambda-NAP and MV-s-NAP 
were designed to express secretory chimeric NAP replacing the main part 
of variable domain of human lambda light immunoglobulin chain with 
(MV-lambda-NAP) or without (MV-s-NAP) the constant part of the 
molecule (Figure 1). Recombinant MVs encoding either the full lambda 
immunoglobulin chain (MV-lambda) as a reporter18 or the human 
sodium- iodide symporter (MV-NIS) gene48 were used as control strains 
in the experiments. Recombinant strains were propagated on Vero cells 
as described previously and the viral stocks were stored at −80 °C.49 Viral 
titer was determined in plaque-forming units and tissue culture infectious 
doses 50% (TCID50) per ml.18 MN-NIS stocks were produced and purified 
as previously described.50

In vitro antitumor activity of recombinant MV strains and cytokines. 
MCF-7, MDA-MB-231, and MDA231-lu-P4 breast cancer lines were plated 
at a density of 104 cells/well in 96-well plates. The monolayers were inocu-
lated at a MOI of 1.0 with viral strains diluted in Opti-MEM (Invitrogen). 
In vitro tumor-killing effect was determined at 24, 48, 72 hours, and 
6–7 days postinfection using MTT proliferation assay (American Type 
Culture Collection) as previously described.9

In another experiment we tested the direct effect of NAP-inducible 
proinflammatory cytokines on breast cancer cells. Briefly, MDA231- 
lu-P4 cells were plated at higher (104 cells/well) or lower density (2.5 × 103 
cells/well) in 96-well plates (Falcon; Becton Dickinson Labware, Franklin 
Lakes, NJ). The cells were treated with 100 ng/ml recombinant mouse IL-
12 p70 (BioLegend, San Diego, CA) corresponding to 500 U/ml specific 
activity or 100 ng/ml of human TNF-α (Novus Biologicals, Littleton, CO) 
with 250 U/ml specific activity. The cells were infected with MV-s-NAP at 
MOI of 0.25–0.5 in the presence or absence of cytokines and cell viability 
at different time points was measured by MTT assay as described above.

ELISA and immunoblotting for detection of NAP transgene expression by 
infected cells. Chimeric lambda-NAP and lambda light immunoglobulin 
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chain expression by MV-lambda-NAP and control MV-lambda-infected 
cells in cell culture supernatants in vitro and biological fluids in vivo was 
quantified using a human lambda immunoglobulin-specific ELISA kit, 
following the manufacturer’s recommendations (Bethyl Laboratories, 
Montgomery, TX). Secretory NAP produced by MV-s-NAP-infected cells 
was detected by immunoblotting using the NAP-specific monoclonal anti-
body clone 16F4, which we have recently generated and characterized.17 
Expression of chimeric lambda-NAP and lambda chain transgene was 
confirmed by immunoblotting using an antihuman lambda immunoglob-
ulin secondary antibody (Bethyl Laboratories) as previously described.18

Human IL-8 expression analysis. Human THP-1 monocytic cells were 
inoculated with MV strains at MOI = 0.1. Supernatants were collected at 
different time intervals during the infection course and IL-8 concentra-
tion was measured by ELISA kits according to the manufacturer’s protocol 
(eBioscience, San Diego, CA).

Immunohistochemistry. Microscopy slides were prepared by smearing of 
the pleural fluid samples. The slides were dried at room temperature and 
fixed in ice-cold methanol for 5–10 minutes. Endogenous peroxidase was 
inactivated by incubation of the slides in 0.2% H2O2 for 5 minutes. Samples 
were blocked with 5% normal goat serum in phosphate-buffered saline 
(PBS), washed and incubated for 1 hour with neutrophil marker specific 
rat monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA). 
After washing in PBS the slides were incubated with biotin-conjugated goat 
anti-rat immunoglobulin secondary antibody (Santa Cruz Biotechnology) 
for 30 minutes. The immunohistochemistry reaction was visualized 
using Vectastain Elite ABC kit and DAB peroxidase substrate according 
to the manufacturer’s protocol (Vector Laboratories, Burlingame, CA). 
Hematoxylin (Sigma, St Louis, CA) was used for counterstaining. Parallel 
slides were stained using Giemsa’s staining procedure.

Animal models and MV therapy experiments. For the in vivo studies 
4–5-week-old female athymic nude mice were purchased from Harlan, 
Indianapolis IN. The animal experiments were reviewed and approved by 
the Mayo Foundation Institutional Animal Care and Use Committee.

Pleural effusion xenograft model. Athymic nude mice were engrafted 
with 1–2 × 106 exponentially grown MBA231-lu-P4 cells in 10 μl PBS. Cells 
were implanted by t.t. injection in the left pleural cavity of 4–5-week-old 
female nude mice as described previously.9 Intrapleural tumor engraft-
ment was confirmed by live body imaging using the Xenogen Ivis 200 
System (Caliper Life Sciences, Hopkinton, MA) on day 3 after the tumor 
cell injection.9 Animal groups (9–11 mice per group) were arranged 
according to the bioluminescent signal intensity of the pleural tumors to 
ensure comparable tumor burden. Mice received three therapeutic injec-
tions (once per week, starting on day 4–6 of the study) of MV strains in 
50 μl volume via t.t. injection under brief Isoflurane inhalation anesthe-
sia. Survival was monitored and compared to the control group injected 
with heat- inactivated (60 °C/1 hour) virus. Animals were euthanized if 
they developed weight loss >15–20% and dyspnea. Pleural fluid samples 
from the euthanized mice were collected for MV isolation and histological 
examination.

Cytokine expression analysis following MV treatment of advanced pleu-
ral effusion. Mice with advanced intrapleural tumors (3–4 weeks posten-
graftment) were injected with a single t.t. injection of 5 × 105 TCID50 of 
MV-s-NAP or MV-lambda control virus. Two to six mice per group were 
sacrificed at different time points (day 1, 2, 4, and 9) and pleural fluid and 
serum samples were collected. Pleural fluid specimens were examined for 
the presence of tumor cells and virus-induced syncytia by light microscopy 
using Giemsa’s staining and immunohistochemistry as described above. 
MV infection in the tumor cells was also confirmed by overlay on Vero cell 
monolayers.9 For measurement of cytokine levels and transgene expres-
sion analysis, pleural fluid samples were centrifuged to remove cells and 
the supernatant was collected and frozen at −80 °C. The concentration of 

proinflammatory cytokines released in the pleural fluid and serum was mea-
sured using mouse IL-12/23 p40, IL-6, and TNF-α ELISA kits according to 
the manufacturer’s instructions (eBioscience). Expression of the NAP trans-
gene in the pleural fluid of treated animals was confirmed by immunoblot-
ting. Briefly, 10 μl of 1:10 diluted in PBS pleural fluid were mixed with 10 μl 
sample buffer and were resolved on 15% Criterion gel (Bio-Rad, Hercules, 
CA). Proteins were transferred to polyvinylidene fluoride membrane (Bio-
Rad) and probed with the NAP-specific monoclonal antibody 16F4 or anti-
body against human lambda light chain as previously described.17

Disseminated breast cancer animal model. Female nude mice were 
injected i.v. with 1–2 × 106 exponentially growing MDA231-lu-P3 or 
MDA231-lu-P4 cells resuspended in 100 μl PBS. Forty-eight to seventy-two 
hours postinjection, engraftment of the tumor metastases in the lungs was 
verified by the Xenogen system imaging (Caliper Life Sciences, Hopkinton, 
MA).9 Animals were assigned to groups (8–9 animals per group) based 
on the bioluminescence intensity of the lung metastases to ensure compa-
rable tumor burden. Mice were treated with 7–10 repeated i.v. injections 
of oncolytic MV strains (1–2 × 106 TCID50 in 100 μl) starting on day 5–6 
postengraftment. Survival of the treated groups was compared to that of 
mice injected with heat-inactivated virus.

Toxicology studies. To assess a possible toxicity of the NAP-expressing MV 
strains, 11 female 3–4 week-old Ifnarko-CD46Ge mice were injected i.p. 
with 106 TCID50 of MV-s-NAP. Mice were monitored for clinical toxicity, 
development of neurologic symptoms, and weight loss up to 3 months after 
virus inoculation. The animals were bled on days 1, 2, 3, 7, and 14 postin-
jection (3–4 animals per time point) and blood samples were analyzed on 
the HMT2 Hematology Counter (Abaxis, Union City, CA) for complete 
blood count. Serum levels of inflammatory cytokines (TNF-α and IL-6) 
were measured by ELISA. Non-injected mice served as control group. The 
animals were monitored for >3 months post-MV injection for develop-
ment of adverse reactions.

In a similar experiment female 4–5 week-old Ifnarko-CD46Ge 
mice (n = 9) were injected i.v. with 2 × 106 TCID50 of MV-s-NAP. Mice 
were monitored daily and compared to control mice for development of 
toxicity. Blood and serum samples were collected on days 1, 2, 3, 7, and 14 
and analyzed as described above.

Statistical analysis. The GraphPad Prism 5.0 computer software (GraphPad 
Software, San Diego, CA) was used in statistical analysis of the data. Kaplan–
Meyer curves were generated and median survival was compared using the 
log-rank test. Statistical significance was based on P values < 0.05.

suPPleMentArY MAterIAl
Table S1. Hematological analysis of blood samples from Ifnarko-
CD46Ge mice injected with MV-s-NAP via the i.p. or i.v. route of 
 administration compared to controls.
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