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Abstract
Background Immunotherapy is emerging as a major
player in the current standard of care for aggressive cancers
such as non-small cell lung cancer (NSCLC). The Newcas-
tle disease virus with its tumor-speciWc replicative and
oncolytic abilities is a promising immunotherapeutic candi-
date. A DNA vaccine expressing the major immunogenic
hemagglutinin-neuraminidase (HN) protein of this virus
has shown promising results as an immunotherapeutic
agent.
Methods In the present study, three diVerent DNA vac-
cine constructs encoding diVerentially targeted HN proteins
(cytoplasmic or Cy-HN, secreted or Sc-HN and membrane-
anchored or M-HN) were generated to evaluate their anti-
tumor eVect in vitro and in vivo.
Results Although all three DNA constructs elicited an
immune response, tumor-bearing mice intratumorally

injected with M-HN demonstrated a signiWcantly better
anti-tumor eVect than those injected with Cy-HN or Sc-HN.
We also showed that this anti-tumor eVect was mediated by
higher lymphocyte proliferative response and CTL activity
in mice intratumorally injected with M-HN.
Conclusion The membrane-anchored form of the HN
protein appears to be an ideal candidate to develop as an
immunotherapeutic agent for NSCLC.

Keywords Non-small cell lung cancer (NSCLC) · 
Hemagglutinin-neuraminidase (HN) protein · Cellular 
localization · Anti-tumor eVect · CTL activity

Introduction

Non-small cell lung cancer (NSCLC) accounts for approxi-
mately 80% of all cases of lung cancer [1], with >60% of
patients presenting with locally advanced or metastatic
(stage III/IV) disease at initial diagnosis. Conventional
treatments such as surgery, radiotherapy and chemotherapy
have limited value in curbing the progression of aggressive
forms of lung cancer. However, with increasing under-
standing of the immune processes in cancer, new
approaches in cancer treatment use immunotherapeutic
strategies such as targeted antibody delivery, the use of
cytokines and “cancer vaccines”. Monoclonal antibodies
targeting cell surface receptors (i.e., cetuximab, bev-
acizumab) have been approved by the US Food and Drug
Administration and are currently being used in the treat-
ment of lung cancer.

In recent years, there has been an active interest in the
potential use of replication-competent oncolytic viruses as
therapeutic agents in the treatment of cancer [2–6]. One
such virus is the Newcastle disease virus (NDV) which
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belongs to the Paramyxoviridae family of RNA viruses and
infects all species of birds [7, 8]. Recent reports demon-
strated that the highly puriWed, replication-competent D90
strain directly lysed diverse human cancer cells in vitro
(oncolytic) while being signiWcantly less toxic toward nor-
mal human cells [9]. Intralesional NDV caused complete
tumor regression in athymic mice with a high therapeutic
index [10].

The oncolytic mechanism of NDV is known to be medi-
ated via its hemagglutinin-neuraminidase (HN) and fusion
proteins (F) which are targeted to the surface of tumor cells
infected with the virus. The induction of T cell costimula-
tory activity and cytokine production enhances tumor-spe-
ciWc antigen expression which results a speciWc anti-tumor
response. Previous studies showed that the HN but not the
F protein induced IFN-alpha and TRAIL in peripheral
blood mononuclear cells [11]. Antibodies against HN but
not F were able to block these responses. The exact mecha-
nism by which these viruses selectively target tumor cells is
not well-understood.

However, the oncolytic eYciency of many naturally
occurring NDV strains can be relatively low and many
tumors exhibit strong innate immune responses that sup-
press viral replication and spread. In fact, some murine
tumor model systems were shown to generate anti-NDV
antibodies which counteracted oncolysis mediated presum-
ably by lymphocytes [12]. Some groups focused on devel-
oping a recombinant strain of the virus to modulate innate
immune responses in order to optimize its oncolytic proper-
ties [13–15].

The aim of our study was to use a rational molecular
design to enhance the anti-tumor eVect of the HN protein of
NDV. We designed three diVerent expression plasmids
encoding the HN protein targeted to diVerent subcellular
compartments: cytoplasmic (Cy-HN), secreted (Sc-HN)
and membrane-anchored (M-HN). We developed a mouse
model in order to evaluate the anti-tumor eVect of the intra-
tumorally injected modiWed HN proteins. Our data clearly
showed that the membrane-anchored form of HN generated
a more eYcient anti-tumor eVect than the secreted or cyto-
plasmic forms.

Materials and methods

Cells and viruses

The human lung carcinoma cell line A549 was obtained
from the Harbin Veterinary Medicine Research Institute of
the Chinese Academy of Agricultural Sciences and main-
tained in Dulbecco’s modiWed Eagle’s medium (DMEM,
Invitrogen, USA), supplemented with 10% (v/v) heat-inac-
tivated fetal bovine serum (Invitrogen, USA), 100 �g/ml

streptomycin and 100 IU/ml penicillin (both obtained from
the Harbin General Pharmaceutical Factory, China). The
NDV strain D90 used in this study was obtained from
the Harbin Veterinary Medicine Research Institute of the
Chinese Academy of Agricultural Sciences and propagated
in allantoic Xuid.

Construction and puriWcation of plasmids

DNA vaccine constructs expressing three diVerent versions
of the HN protein were cloned in a pcDNA3.1(+) expres-
sion vector (Invitrogen, USA). Full length and truncated
versions of the HN gene were ampliWed using genomic
DNA of the D90 strain of NDV as a template in a high-
Wdelity PCR reaction. PCR cycling conditions were as fol-
lows: denaturation at 94°C for 5 min followed by 35 cycles
of 94°C for 50 s, 56.3°C for 50 s, 72°C for 150 s. Final
elongation was at 72°C for 8 min. The Cy-HN expression
vector (the cytoplasmic targeted protein) was created by
PCR ampliWcation of a 1,716-bp DNA fragment represent-
ing the full-length protein using the primer pair HNs/HNr
(Table 1). The PCR product was digested with EcoRI/
EcoRV and subcloned in pcDNA3.1(+) using standard pro-
tocols. The Sc-HN expression vector (the secreted protein)
was created by PCR ampliWcation of the full-length HN
fragment. This was then digested with EcoRI And EcoRV
and subcloned into pcDNA3.1-tPA, a modiWed
pcDNA3.1(+) containing the tissue plasminogen activator
(tPA) leader sequence which increases secretion eYciency
[16]. The M-HN expression vector (the membrane-
anchored protein) was created by PCR ampliWcation of the
HN fragment without a stop codon, using primer pair HN�s/
HN�r. This 1,713-bp fragment was subcloned into
pcDNA3.1-tPA, resulting in pcDNA3.1-tPA-HN�. A 126-
bp DNA fragment containing the transmembrane anchor
domains (TM) of inXuenza virus hemagglutinin (HA) was
PCR ampliWed from genomic DNA of the inXuenza A virus
using the primer pair HA1/HA2 designed from the appro-
priate GenBank sequence (GenBank accession:
AF461521). After digestion with EcoRV and XhoI, this
PCR product was cloned into pcDNA3.1-tPA-HN�, imme-
diately downstream of the HN gene. A schematic of these
recombinant plasmids is shown in Fig. 1. All plasmids were
veriWed by appropriate restriction enzyme digestion and
sequencing.

Transfections, indirect immunoXuorescence assay 
and sodium dodecyl sulfate (SDS)-PAGE

Six-well tissue culture plates (BD, USA) were seeded with
A549 cells at a concentration of 4 £ 105 cells/well. Cells
were grown to approximately 80–90% conXuence. All tran-
sient transfections were carried out using LipofectAMINE
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2000 reagent (Invitrogen, USA) according to the manufac-
turer’s instructions. At 48-h post-transfection, the cells
were Wxed with absolute methanol and processed for indi-
rect immunoXuorescence assay using homemade mouse
anti-NDV polyclonal antibodies (1:100), followed by
FITC-conjugated rabbit anti-mouse IgG (1:80) (Sigma,
USA). Fluorescent images were examined under an
inverted Xuorescence microscope (Olympus IX70). For
protein analysis, cells were harvested at 48-h post-transfec-
tion and washed three times with PBS. The cell pellet was
then resuspended in 100 �l deionized water, mixed with an
equal volume of 2£ SDS sample buVer [0.1 M Tris–Cl (pH
6.8), 20% (m/v) glycerol, 4% (m/v) SDS, 3.1% (m/v) DTT,
0.001% (m/v) bromophenol blue] and boiled for 10 min.
Twenty microliters of each lysate was electrophoresed on a
12% SDS-polyacrylamide gel.

MTT cell viability assay

The MTT cell viability assay and growth curves were used
to measure the inhibitory eVects of recombinant HN protein
on the proliferation of A549 cells. Cells were plated at a
density of 8 £ 103 cells/well in 96-well tissue culture plates
and transfected with 0.25 �g of the plasmids Cy-HN,
Sc-HN or M-HN. Cells transfected with empty vector
pcDNA3.1 and untransfected cells were used as controls.

At 48-h post-transfection, cell viability was determined by
incubating the cells with 25 �l of MTT solution [5 mg/ml in
phosphate buVer (PBS, pH 7.2) and Wltered] for 4 h at
37°C. DMSO (200 �l) was added to each well to dissolve
the formazan product produced by viable cells. The optical
density was read at 570 nm using an automated microplate
reader (Bio-Tek Instruments, Inc., VT, USA). To normalize
for diVerences in cell densities, a WST-1 assay was per-
formed in parallel on the same plate. The results deter-
mined in Wve wells were adjusted to cell numbers.

Apoptosis assay

Six-well plates were seeded with single-cell suspensions of
A549 cells (5 £ 105 cells/ml). Cells were transfected as
described above and incubated for 24 or 72 h at 37°C. Cells
were harvested by trypsinization and resuspended in PBS.
Cells were stained with a TACS annexin V-FITC kit (R&D
Systems, USA) and apoptosis was evaluated using a FAC-
Scan Xow cytometer (BD Biosciences, USA). Results were
analyzed using CellQuest version 3.1f software (BD Bio-
sciences, USA). Propidium iodide-negative cells that
stained positively with annexin V were considered to be
apoptotic. The diVerence between early and late apoptotic
cells was analyzed using Xow cytometry by Annexin V-PI
assay. Electron microscopy was used to capture representa-
tive images of apoptotic bodies. Apoptotic and morphologi-
cal changes were identiWed by AO/PI double staining and
subsequent visualization using a confocal laser scanning
microscope (CLSM).

Establishment of a mouse model bearing human lung 
carcinoma and intratumoral injection schedule

We used 6–8-week-old female, athymic homozygous nu/nu
BALB/c mice purchased from the Shanghai Slac Labora-
tory Animal Company, Shanghai, China. Mice were housed
in groups of four or Wve per cage and were maintained at
22°C, 55% relative humidity and a 12-h light/dark cycle.
All experiments were carried out under the guidelines of
the Laboratory Protocol of Animal Handling, Harbin Medi-
cal University. Tumors were established by subcutaneous
injection of 3 £ 106 A549 cells in 150 �l of PBS into the

Table 1 Oligonucleotide prim-
ers used in this study

Primer Sequences (5� ! 3�) Fragment size (bp)

HNs CCGGAATTCATGGACCGCGCGGTTAACAGAG 1,716

HNr CGATATCTTAAACTCTATCATCCTTGAGG

HN�s CCGGAATTCATGGACCGCGCGGTTAACAGAG 1,713

HN�r CGATATCAACTCTATCATCCTTGAGGATCTC

HA1 CGGATATCCAAACTTACCAAATACT 126

HA2 CTCGAGCGGTTAAATGCAAATTC

Fig. 1 Plasmids used for expression analysis in vitro and for DNA
treatment. pcDNA3.1(+) was used to express three diVerent versions
of HN encoding cytoplasmic (Cy-HN), secreted (Sc-HN) and mem-
brane-anchored (M-HN) HN protein, respectively. CMV cytomegalo-
virus immediate-early promoter/enhancer, TPA tissue plasminogen
activator signal sequence, polyA polyadenylation signal, TM the trans-
membrane anchor domains (TM) of inXuenza virus HA, HN HN gene
of new castle disease virus strain D90. The boxed arrows show the
position of the CMV promoter and direction of transcription
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outer thigh of athymic nude mice. Solid tumors became
visible after 5–6 days and tumor sizes were determined as
the product of the perpendicular diameters of the tumors at
2–3-day intervals. Tumor volumes were estimated as follows:
volume = (square root of maximal tumor cross-sectional
area)3 [17]. Once tumors reached at least 25 mm in any one
dimension, mice were randomized into Wve treatment
groups and intratumorally injected with 100 �g of Cy-HN,
Sc-HN, M-HN, the empty vector pcDNA3.1(+) plasmids
and physiological saline. Treatment was administered every
5 days over a period of 15 days (days 1, 5, 10, 15) as previ-
ously described [18]. All animals were killed 21 days after
treatment was initiated and none of the mice developed
symptoms such as weight loss or dyscrasia.

Lymphocyte proliferative response

Mouse lymphocytes were prepared as follows. Spleens
from the immunized mice were homogenized in 1:4 (v/v) of
PBS (pH 7.4). The erythrocytes were lysed with 0.75%
Tris–NH4Cl (pH 7.4). After three washes with PBS, single-
cell suspensions of lymphocytes were puriWed from spleno-
cytes with Ficoll-isopaque solution and were resuspended
at a density of 1 £ 107 cells/ml in RPMI 1640 containing
10% FBS, 14 mM HEPES, 50 mM 2-mercaptoethanol,
100 �g/ml streptomycin and 100 IU/ml penicillin. The lym-
phocytes were plated in 96-well Xat-bottom plates at
100 �l/well (1 £ 106 cells/well). Subsequently 100 �l of
medium with or without HN antigen (5 �g/ml) was added
to each well and mixed. Concanavalin A (5 �g/ml; Sigma,
USA) was used as a positive control. Each lymphocytes
sample was plated in triplicate. The proliferative response
was measured using a modiWcation of the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
BrieXy, after 72 h of incubation, 20 �l of MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; Promega, USA) was
added to each well and plates were incubated for a further 5 h.
At the end of the incubation, the plates were read at 570 nm.
The stimulation index (SI) was calculated as the ratio of the
average OD value of wells containing antigen-stimulated cells
to the average OD of wells containing cells treated with
only medium.

CTL assay

A standard 4-h 51Cr release assay [19] was used to measure
CTL activity in vitro. BrieXy, single-cell suspensions of
lymphocytes were prepared from spleens in complete
RPMI 1640 medium (containing 10% heat-inactivated
FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 1% peni-
cillin–streptomycin–Fungizone, 1% non-essential amino
acids, 1% HEPES buVer, and 5 £ 10¡5 M 2-ME) and used

as eVector cells. Experimental and control eVector lympho-
cytes were boosted in vitro for 96 h at 37°C with mitomy-
cin C-treated A549 tumor cells. The in vitro-boosted
eVector cells were washed, and resuspended in complete
RPMI medium. 51Cr-labeled A549 cells were dispensed in
triplicate in a 96-well U-bottom microtiter plates (BD) at a
density of 2 £ 104 cells/well. DiVerent ratios of eVector
cells:tumor cells (75:1, 50:1 and 25:1) were dispensed in a
total volume of 200 �l/well. Tumor cells were also incu-
bated alone (spontaneous release) or with 50 �l of Zapoglo-
bin (Beckman Coulter) lytic reagent (total release). The
plate was incubated at 37°C for 4 h and centrifuged at
800 rpm for 6 min before harvesting 100 �l of the superna-
tant from each well and estimating chromium release on a
gamma counter. Cytotoxicity was determined by the
amount of 51Cr released by the target cells using a (Model
Cobra II, Packard Instrument Company). SpeciWc lysis was
calculated as follows: [(experimental cpm) ¡ (spontaneous
release cpm)]/[(maximum release cpm) ¡ (spontaneous
release cpm)] £ 100%.

Statistical analyses were performed using SPSS™ software

All data were expressed as mean § standard deviation
(SD). One-way analysis of variation (one-way ANOVA)
was used to test if diVerences in cell death rate, tumor size,
SI and speciWc lysis transfected by the diVerent constructs
were statistically signiWcant. The diVerence among time-
points was examined by one-way ANOVA as well. When
the measurement at one time-point was dependent on oth-
ers, one-way ANOVA was supplanted with a linear mixed
model. Once a signiWcant result was revealed by one-way
ANOVA or linear mixed model, Fisher’s LSD was then uti-
lized for post hoc tests. As long as the assumption of equal
SD in all groups was violated, Dunnett’s T3 test was
applied to post hoc tests. A two-sided P value < 0.05 was
deWned as statistically signiWcant. All statistics were com-
puted with SPSS statistical software (version 15.0, SPSS
Inc., Chicago, IL, USA).

Results

Plasmid design and localization analysis

Figure 1 depicts the construction of three diVerent versions
of the HN protein targeted to diVerent subcellular compart-
ments. Cy-HN contained the full-length HN gene, resulting
in a cytoplasmic localized form of the HN protein. In order
to create a secreted form of HN (Sc-HN), the human tPA
leader sequence, a strong signal peptide for protein secretion
[16] was cloned immediately upstream of the full-length
HN gene. The membrane-anchored form of HN (M-HN)
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contained the transmembrane domain of the HA gene in
addition to the tPA leader sequence. In order to verify the
diVerential targeting of the three versions of the HN pro-
tein, 80–90% conXuent A549 cells were transfected with
Cy-HN, Sc-HN, M-HN, or the empty vector pcDNA3.1(+),
respectively, and an indirect immunoXuorescence assay
was performed. There was no Xuorescence observed in
pcDNA3.1(+)-transfected cells (Fig. 2d). Cy-HN-transfec-
ted cells showed a cytoplasmic localization of HN in the
majority of the transfected cells (Fig. 2a). M-HN-transfec-
ted cells showed a clear and strong Xuorescence at the cell
surface (Fig. 2c). Although there was little immunoXuores-
cence in Sc-HN-transfected cells (Fig. 2b), SDS-PAGE
analysis demonstrated that the expressed protein of the
expected size was found mainly in the supernatant of
Sc-HN-transfected cells (Fig. 2e), indicating that transfection
of cells with the Sc-HN construct resulted in eYcient secre-
tion of HN to the supernatant. These results demonstrated
that the modiWed HN gene was expressed eYciently and
targeted into the expected cell compartments of the trans-
fected cells.

Recombinant HN protein induces cell death 
in A549 cells in vitro

Figure 3 shows the percentage of cell death induced by the
three diVerentially targeted HN proteins in A549 cells. We
found that the percentage of cell death was maximal in
M-HN-transfected cells at 24-h post-transfection while
maximal cell death was observed in Sc-HN-transfected
cells at 48-h post-transfection. We did not Wnd any statisti-
cally signiWcant diVerences in cell death induced by the
three versions of HN at 72-h post-transfection (P = 0.056).

When kinetics of cell death were charted, we found that
Sc-HN caused maximal cell death at 48 h and this declined
signiWcantly at 96 h. Kinetics of cell death in M-HN-trans-
fected cells showed a peak between 24 and 48 h and then
signiWcantly decreased at 72 h and maintained plateaued
thereafter.

Fig. 2 Expression and intracellular localization analyses of modiWed
HN protein in transfected A549 cells. Approximately 80–90% conXu-
ent A549 cells were transfected with 4 �g of plasmid DNA. At 48-h
post-transfection, the cells were Wxed with absolute ethanol and
processed for an indirect immunoXuorescence assay. Representative

Xuorescence images of cells transfected with Cy-HN (a), Sc-HN (b),
M-HN (c) or the empty vector pcDNA3.1(+) (d) are shown. For SDS-
PAGE (e), cell lysates (lane 3) or supernatants (lane 2) from cells
transfected with Sc-HN were prepared at 48-h post-transfection. Arrow
indicates the expressed HN protein

Fig. 3 Cell death rate in A549 cells transfected with Cy-HN, Sc-HN,
M-HN or the empty vector pcDNA3.1(+) for 120 h (n = 3 or 4 per
group). One-way ANOVA followed by LSD or Dunnett’s T3 test was
performed to test for diVerences among the four subcellular localiza-
tions at a speciWc time-point and the diVerence between Wve time-
points for a given subcellular localization (signiWcantly diVerent from
Cy-HN, *P < 0.05; signiWcantly diVerent from Sc-HN, 9P < 0.05; sig-
niWcantly diVerent from M-HN, ‡P < 0.05; a indicates signiWcantly
diVerent from 24 h; b indicates signiWcantly diVerent from 48 h; c indi-
cates signiWcantly diVerent from 72 h). Data are presented as
mean § standard deviation (SD)
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Recombinant HN protein induces apoptosis of A549 cells 
in vitro

A549 cells transfected with the plasmids encoding the three
diVerentially targeted HN proteins were evaluated for apop-
tosis using FCM. Figure 4 demonstrates that the percentage
of apoptosis induced in A549 cells at 24-h post-transfection
(right lower quadrant) by Cy-HN, Sc-HN, M-HN or the
empty vector pcDNA3.1(+) was 30.13, 39.29, 49.59 and
4.70%, respectively. The percentage of total apoptosis (the
sum of the right lower quadrant and right upper quadrant) at
72-h post-transfection for the same set of transfected cells
was 48.27, 94.2, 54.56 and 4.80%, respectively (Fig. 4).

Detection of apoptotic bodies using electron microscopy 
and AO/PI double-staining CLSM

Using electron microscopy and AO/PI double staining, we
demonstrated (Fig. 5b) that apoptosis was mainly seen dur-
ing the early stages (lower right quadrant) while necrosis
was seen at later stages (upper right quadrant). We also
used electron microscopy to show the presence of apoptotic
bodies in A549 cells transfected with Sc-HN, Cy-HN and
M-HN (Fig. 5a).

The eVect of diVerentially targeted HN protein 
on A549 tumor growth in vivo

Mice carrying lung tumors derived from A549 cells were
treated with intratumoral injections of the three diVerent
versions of the HN DNA vaccine constructs. Table 2 shows
the variation in tumor size among animals treated with the
diVerently targeted HN constructs. At Day 9, the tumor size
of negative control animals treated with PC3.1(+) was sig-
niWcantly larger than M-HN. On Days 12, 15 and 18, the
saline-treated as well as PC3.1(+)-treated animals also
exhibited larger tumor sizes than HN-treated animals. At
Day 21, we found that the largest tumor size was in the
saline-treated animals followed by PC3.1(+)-treated ani-
mals followed by Cy-HN, Sc-HN and M-HN, respectively.

As expected, when the mice were evaluated between
Days 18 and 21 after the primary intratumoral injection, we
observed the highest anti-tumor eVect in M-HN injected
mice compared with other groups (at 18-day timeline:
P = 0.022 for M-HN; at 21-day timeline: P < 0.01 for
M-HN).

DiVerentially targeted HN DNA constructs inXuence 
the proliferative activity of splenocytes diVerently

The eVect of the three diVerentially targeted forms of HN
on the proliferative response of splenocytes was measured
using the MTT assay. As shown in Fig. 6, the highest SI

was detected in M-HN-injected mice and the lowest SI
was observed in PC3.1(+)-injected mice (2.18 vs. 0.87,
p = 0.003).

M-HN elicits a more robust CTL activity in tumor-bearing 
mice when compared to Sc-HN or Cy-HN

The ability of CD8+ T cells (CTLs) to lyse tumor cells in
the setting of our diVerentially targeted HN DNA vaccines
was measured using a standard CTL assay. As expected,
BALB/c mice injected subcutaneously with HN-transfected
A549 tumor cells developed CTLs that eVectively lysed
these A549 tumor cells but failed to lyse the empty vector-
transfected A549 tumor cells, indicating that A549 tumor
cells were susceptible to lysis by allogeneic CTLs. We
referred to these CD8+ T cells as “CD8+ anti-tumor eVector
cells” rather than “CTLs”. We showed (Fig. 7) that mice
injected intratumorally with M-HN demonstrated signiW-
cantly higher CTL activity (mainly CD8+ T cells) compared
with mice injected intratumorally with Cy-HN, Sc-HN or
PC3.1(+) vector at 75:1 E/T ratio. This diVerence was sta-
tistically signiWcant when compared with Cy-HN, Sc-HN
or PC3.1(+) vector (P = 0.019, P = 0.043, P < 0.01, respec-
tively) at 75:1 E/T ratio. There was no signiWcant diVerence
between the Cy-HN group and Sc-HN groups (P = 0.656).
SpeciWc lysis induced by the diVerently targeted constructs
at a 75:1 E/T ratio was ranked as PC3.1(+) < Sc-HN < M-
HN. Furthermore, in the M-HN group, higher speciWc lysis
was seen at a 75:1 E/T ratio when compared to a ratio of
25:1.

Discussion

Strategies using immunological approaches to elicit an anti-
tumor response have emerged as an attractive approach to
treat cancers such as NSCLC where mortality statistics
have not improved much in more than 20 years. Although
lung cancer was not originally considered an immune-sen-
sitive malignancy, there is increasing evidence that speciWc
humoral and cellular anti-tumor immune responses can be
evoked during the course of this disease. With the emer-
gence of data proposing a beneWcial role for chemotherapy
and radiation in the production of anti-tumor immune
response, it increasingly appears that immunotherapy could
become an important component of the current standard of
care for NSCLC.

Creating an eYcacious vaccine involves selection of the
most appropriate tumor antigens and formulation of their
immunogenic epitopes into a construct for delivery to anti-
gen-presenting cells. Clinical trials employing immunother-
apy to treat NSCLC showed that there was a strong
induction of an immune response augmenting the clinical
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responses seen when compared with controls treated with
standard therapy [20]. NDV, an enveloped, cytoplasmic
RNA virus with a very restricted host range belongs to the

family Paramyxoviridae and was found to have an intrinsic
oncolytic activity associated with it [21]. NDV was found
to eVectively and selectively replicate in and kill tumor

Fig. 4 Detection of apoptosis of A549 by Xow cytometry. Approxi-
mately 80–90% conXuent A549 cells were transfected with 4 �g of
plasmid DNA in six-well tissue culture plates. At 24-h (1) or 72-h (2)

post-transfection, the cells were collected and stained with a TACS
annexin V-FITC kit as described
123
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cells but not normal cells. The NDV infectious particle uses
its functional HN protein to bind speciWc host cell receptors
while the fusion protein (F) mediates the fusion of the viral
envelope to the host cell membrane. Introduction of the HN
protein (1,000 molecules per virus particle) into the tumor
cell facilitates cell–cell interactions and elicits a strong
CTL response. It was shown that NDV caused an upregula-
tion of the tumor-speciWc cytotoxic CD8 T cell (CTL)
response as well as an increased CD4 T-helper cell activity
in the absence of an antiviral response [22].

However, the exact mechanism by which the HN gene
induces oncolysis has not been elucidated. The neur-
aminidase activity of HN is known to hydrolyze sialic
acid residues on the host cell surface causing the receptor

to be exposed and subsequent viral replication-indepen-
dent induction of TRAIL (tumor necrosis factor-related
apoptosis inducing ligand) expression in peripheral
blood monocytes/lymphocytes. The HN protein also
induced the formation of a special recognition site on the
membrane of tumor cell that enhanced tumor cell recog-
nition by the immune system followed by a cytotoxic
response [11, 23].

We elected to investigate the immunogenicity of the HN
protein in the context of its subcellular compartmentalization
within the host cell. Our objective was to manipulate the
localization of this protein in order to change its immunoge-
nicity to modulate tumor cell recognition and cytotoxicity by
the host immune system. Our data suggest that targeting the

Fig. 5 Representative images of apoptotic bodies. 1 Demonstration of
apoptotic bodies in A549 cells induced by Cy-HN (a), Sc-HN (b) and
M-HN (c) by electron microscopy. 2 AO/PI double staining of A549

cell after transfection with Cy-HN (a), Sc-HN (b), M-HN (c) and the
empty vector pcDNA3.1(+) (d) by CLSM
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HN protein to diVerent subcellular compartments inXuences
both the humoral and cellular immune responses.

We found that growth inhibition of A549 cells was max-
imal with the secreted form of HN in the group treated for
less than 48 h. This eVect was statistically signiWcant when
compared to the membrane-anchored or the cytoplasmic
forms of HN. However, growth inhibition of A549 cells
was higher in the M-HN group at 24 h while there was no
statistically signiWcant diVerence among the three groups
between 72 and 120 h. We speculate that the modiWed HN
protein in the transfected A549 cells could enhance cell
mortality of A549 cells or eVect a change in the kinetics of
the growth curve. The presence of apoptotic bodies corre-
lated with the MTT cell viability assay when we evaluated

the inhibitory eVects of the diVerent forms of HN on A549
cells.

Based on the data from the MTT and FCM assays, we
concluded that the anti-tumor eVect of the HN protein could
be manipulated by diVerential subcellular targeting.
Although it is possible that plasmid processing and protein
localization may diVer in vitro from an in vivo situation, it
is noteworthy that the membrane-anchored form of HN
intratumorally injected into tumor-bearing mice inhibited
tumor growth more eVectively than did the cytoplasmic

Table 2 Variation of tumor size of A549 lung carcinoma tumor in 40 mice between 6 and 21 days

DiVerent letters meant signiWcant diVerences between various time-points, P < 0.05

SD standard deviation, Cy-HN cytoplasmic HN, Sc secreted HN, M membrane-anchored HN, NA not available
a Linear mixed model was implemented to examine the diVerences between the time-points studied
b One-way ANOVA was performed
c LSD test or Dunnett’s T3 test was used

* SigniWcantly diVerent among all groups, P < 0.05

Daya Mean § SD Pb Post hoc testc

Group 1: 
PC3.1(+) (n = 8)

Group 2: 
Cy-HN (n = 8)

Group 3: 
Sc-HN (n = 8)

Group 4: 
M-HN (n = 8)

Group 5: physiological 
saline (n = 8)

6 22.8 § 2.4a 20.9 § 3.6a 21.4 § 2.1a 20.7 § 1.6a 23.0 § 3.5a 0.336 NA

9 27.0 § 3.5b 23.9 § 1.6b 23.8 § 1.7b 22.4 § 0.8b 25.2 § 3.4b 0.007* G1 > G4

12 32.4 § 0.2c 26.1 § 1.0c 26.6 § 2.0c 25.1 § 0.9c 31.8 § 0.3c <0.001* G2 = G3 = G4 < G5 < G1

15 32.3 § 1.8c 27.3 § 0.5c 27.0 § 1.2c 25.9 § 2.1c 33.4 § 1.7c <0.001* G2 = G3 = G4 < G1 = G5

18 36.9 § 0.7d 31.8 § 0.8d 32.0 § 3.9d 29.4 § 1.4d 36.5 § 1.2d <0.001* G4 < G2 < G3 < G1 = G5

21 42.0 § 1.6e 34.0 § 0.8e 34.8 § 1.3e 32.7 § 0.3e 44.2 § 0.1e <0.001* G4 < G2 = G3 < G1 < G5

Fig. 6 Stimulation index in A549 cells transfected with PC3.1(+),
Cy-HN, Sc-HN and M-HN (n = 4 per group). One-way ANOVA was
used; LSD was utilized for post hoc tests. SigniWcantly diVerent from
PC3.1(+), ¶P < 0.05. Data are presented as mean § standard deviation
(SD)

Fig. 7 The CTL activity in tumor-bearing mice treated with PC3.1(+),
Cy-HN, Sc-HN and M-HN (n = 4 per group). One-way ANOVA fol-
lowed by LSD or Dunnett’s T3 test was performed to test the diVerence
between the four subcellular localizations at a speciWc E/T ratio and the
diVerence between the three E/T ratios for each subcellular localiza-
tion. SigniWcantly diVerent from PC3.1(+), ¶P < 0.05. SigniWcantly
diVerent from M-HN, ‡P < 0.05. a indicates signiWcantly diVerent from
E/T ratio of 25:1, P < 0.05. Data are presented as mean § standard
deviation (SD)
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or secreted versions of the HN protein. We propose to
follow-up on these data with immunohistochemistry and
immunoblotting experiments in our animal model in order
to determine subcellular localization in vivo. All the DNA
constructs elicited an eYcient immunogenic response lead-
ing us to propose that the HN protein in all its versions is
processed and presented eYciently on the cell surface in
agreement with previous results [23].

We evaluated the proliferative activity of splenocytes
after restimulation in vitro with recombinant HN protein.
Our results showed enhanced cellular immunity in mice
that were intratumorally injected with M-HN when com-
pared to mice injected with Sc-HN or Cy-HN. M-HN
induced a signiWcantly higher CTL activity. We demon-
strated that these were mainly CD8+ T cells and that this
diVerence was statistically signiWcant (P < 0.01). The
diVerence between the Cy-HN and Sc-HN groups was not
statistically signiWcant (P > 0.05).

Most models of tumor rejection describe CD8+ T cells
as the primary mediators of tumor rejection [24–26] act-
ing through the direct recognition of MHC class I to
achieve cytolysis. In some models of tumor rejection,
CD4+ T cells function as helper cells that are needed only
for the induction of CTLs [27–29]. Once CD8+ T cells are
primed, the eVector function of the CTLs is unaVected by
the depletion of CD4+ T cells [30]. We speculate that the
modiWed HN protein induces eYcient antigen processing
and presentation of the expressed antigens, resulting in
high levels of IFN-� response especially in the case of
M-HN [23].

In summary, we demonstrated that the immunogenicity
of the HN protein can be signiWcantly enhanced by a
molecular design that alters the subcellular localization of
the expressed antigen. We draw this conclusion from the
fact that the membrane-bound form of the HN protein
exerted a stronger anti-tumor eVect when compared with
the secreted or cytoplasmic forms, although we do not have
direct evidence in this report of plasmid processing and
subcellular localization in vivo. It is possible that our data
could be interpreted diVerently in light of the fact that the
mechanisms of plasmid processing, subcellular localization
and mechanisms of immunogenicity in vitro may not be
faithfully reXected in vivo. However, our results suggest
that the M-HN construct is the best anti-tumor vaccine
candidate to study and develop further as an immunothera-
peutic anti-tumor agent. While our present study only
demonstrates the potential of M-HN in a small animal
model, its anti-tumor eVect on human tumor xenografts
warrants further investigation. We would also like to inves-
tigate the eVect of cytokines such as IFN and TNF in
anti-tumor immune responses. We expect the addition of
immunotherapy as a non-toxic adjunct to increase treatment

success rates over those obtained with traditional regimens
alone.
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