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Enhanced immune response to DNA-based HPV16L1
vaccination by costimulatory molecule B7-2
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Abstract

We have investigated whether co-injection of DNA encoding the costimulatory molecule B7-2 augments immune response to the major
capsid protein L1 of the high-risk human papillomavirus type 16 (HPV16L1). While immunoglobulin G (IgG) specific to HPV16L1 was
detected in sera from mice injected intramuscularly with pcDNA-L1 that encodes HPV16L1, a significantly increased level of IgG was
found in sera from mice immunised with pcDNA-L1 in conjunction with pLXHDmB7-2 DNA. Levels of IgG in the anti-sera were correlated
with the inhibitory activity of the murine erythrocyte hemagglutination caused by the virus-like particles (VLP) and the binding of VLP
to HeLa cells. Moreover, splenic cells isolated from mice co-injected with pLXHDmB7-2 had stronger proliferation and more IFN-�
producing T cells (CD4+ and CD8+) when stimulated with HPV16 VLP compared with cells from mice that had received pcDNA-L1
alone and mice of the control groups. Furthermore, in footpad swelling test, mice co-immunised with pLXHDmB7-2 had greater skin
thickness over those immunised with pcDNA-L1 alone or control mice. We conclude that co-injection of DNA encoding B7-2 can enhance
both humoral and cellular immune responses elicited by DNA-based vaccination against HPV16 infection in mice.
© 2003 Elsevier Science B.V. All rights reserved.
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A growing body of evidence indicates that HPV, partic-
ularly type 16, is an important initiating agent of cervical
carcinogenesis, causing up to a quarter of all cancer cases
in women from developing countries (Lowy and Schiller,
1998a; Walboomers et al., 1999). Therefore, prevention of
HPV16 infection is believed to be a potentially effective ap-
proach to control HPV-associated cervical carcinoma (Lowy
and Schiller, 1998b; Coursaget and Munoz, 1999).

In recent years, DNA-based immunisation has emerged
as a promising strategy to induce both humoral and cellular
immunity against a variety of antigens (Bagarazzi et al.,
1998; Benton and Kennedy, 1998). The basis for DNA
vaccination rests on the observation that intramuscular in-
oculation of “plasmid or naked” DNA could induce protein
expression within the muscle cells (Wolff et al., 1990). A
further study showed that DNA vaccination could protect
mice from influenza infection because of the induction of
both antibody and CD8+ cytotoxic T-lymphocytes (CTL)
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responses (Ulmer et al., 1993). DNA vaccination provides
several advantages over current vaccines (Gurunathan et al.,
2000). DNA vaccines mimic the effects of live attenuated
vaccines in their ability to induce major histocompatibility
complex (MHC) class I restricted CD8+ T-cell responses,
overcoming the safety concerns about the live vaccines
and inability of eliciting cellular immunity by conventional
protein-based vaccines. DNA vaccines can be easily man-
ufactured to high quality with a cost-effective manner and
stored with relative ease, suitable for economic transporta-
tion, which is especially beneficial in prevention of infec-
tious diseases in developing countries. For these reasons,
considerable efforts have been made to develop DNA-based
vaccines to prevent HPV infection. Yet, trials on human so
far have proven to be unsatisfactorily protective efficacy,
presumably due to the low levels of antibodies or cellular
responses (Tang et al., 1992; MacGregor et al., 1998).

T lymphocytes play a pivotal role in establishing acquired
humoral and cellular immunity. To maintain the fidelity of
the immune response, T lymphocytes must receive two dis-
tinct signals for their full activation (Salomon and Bluestone,
2001). An antigen-specific signal (first signal) is generated
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when the T cell receptor (TCR)-CD3 is engaged with antigen
peptide–MHC complex on the surface of antigen-presenting
cells (APC). A non-cognate (second signal) is provided by
costimulatory factors (either soluble or on the surface of
APC) when they interact with their receptors on T cells. The
interaction between CD28 on T cell surface and the costimu-
latory molecule B7 family has now been proven of being the
most prominent one among all costimulatory pathways iden-
tified (Salomon and Bluestone, 2001). In the B7 family, B7-2
(CD86), constitutively expressed on dendritic cells (DC)
and rapidly upregulated on activated T and B cells, provides
the dominant costimulatory signal, whereas B7-1 (CD80),
which is only weakly expressed on DC, plays a more sig-
nificant role in sustaining T cell activation (Schweitzer and
Sharpe, 1998). With regards to DNA vaccination, several
studies show that B7-2 is more potent than B7-1 to en-
hance cytotoxic T lymphocyte (CTL) responses (Kim et al.,
1997; Iwasaki et al., 1997; Tsuji et al., 1997; Agadjanyan
et al., 1999). In another study, B7-2 was found to be critical
for generating both humoral and cellular immune responses
against HIV-1 gp120 protein (Santra et al., 2000b). In
light of these reports, we have specifically investigated
the effect of B7-2 on DNA-based vaccination against
HPV16.

Plasmid DNA of pcDNA-L1 that encodes HPV16L1
(Sun et al., 2000), pLXHDmB7-2, encodes the costimula-
tory molecule B7-2 (kindly provided by Dr. Lieping Chen
at NIH), and pcDNA3.1 were purified and concentrated to
10�g/�l for all preparations. pLXHD only differs from
pcDNA3.1 at the promoter region so that only the latter was
used as vector control. Twenty-four female C57BL/6 mice,
6–8 weeks of age (Institute of Chinese Medicine of Shaanxi
Province), were randomly divided into four groups to re-
ceive intramuscular injections. pcDNA-L1 (100�g/mouse)
was administered to group 1, a mixture of pcDNA-L1
(100�g/mouse) and B7-2 (50�g/mouse, according toSantra
et al., 2000a) to group 2, phosphate-buffered saline (PBS,
100�l/mouse) to group 3 and pcDNA3.1 (100�g/mouse)
to group 4. To enhance DNA absorption, 50�l of 25% bupi-
vacaine was injected into the quadriceps femoris muscles
at 72 h prior to the DNA injections. All mice were injected
with the same materials three times at a 3-week interval.
Prior to the first injection and 14 days after each injection,
blood was taken from mice to detect HPV16L1 specific
IgG by ELISA. After the final injection, footpad swelling
assay was performed by intradermal injection of 10�g of
HPV16L1 VLP protein expressed from baculovirus-Sf9 in-
sect cell system (Kirnbauer et al., 1993; kindly supplied by
Dr. J.T. Schiller at NIH) and 10�g of ovalbumin in the left
and right footpads, respectively. Fourteen days thereafter,
animals were retro-orbitally bled and sacrificed immedi-
ately. Spleens were removed to prepare cell suspensions
to assess cell proliferation activity and to detect interferon
(IFN)-� producing T cells.

To detect IgG anti-HPV16, ELISA was carried out us-
ing 96-well plates coated with HPV16L1 VLP (0.5�g per

Fig. 1. Detection of serum IgG specific to HPV16L1 in mice pre- and
post-immunisation. ELISA was carried out twice as outlined in the text.
Each column represents the mean value of OD, 450 nm out of sera from
six mice of each group at the time interval indicated.

well) as described (de Gruijl et al., 1997). Sera to be tested
were diluted 1:100 and applied to wells 100�l each, and
anti-mouse IgG conjugated with horseradish peroxidase
(HRP) was used as secondary antibody. Tetramethylben-
zidine was used for colour development, and the optical
density (OD, 450 nm) was determined using a Universal
Microplate Reader (BIO-TEC Instruments).Fig. 1 shows
the collective ELISA data. Sera of groups 3 and 4 pro-
duced background reading around 0.2 in all time intervals.
In contrast, sera from immunised mice increased the OD
values over twofold (Student’st-test, P = 0.00001) after
first injection. We therefore conclude that IgG specific to
HPV16L1 were present in the sera of immunised mice.
Noticeably, sera of group 1 showed a sharp increase in
the levels of IgG after the first injection, but little or no
increase after the second and third immunisations. This in-
dicates that repeated injections with pcDNA-L1 alone did
not further boost the level of anti-HPV16L1 antibody. In
contrast, IgG levels measured in sera of group 2 were not
only higher than those detected in sera of group 1 after the
first immunisation (P = 0.0069), but also increased signif-
icantly after second and third immunisation (P = 0.0044
and P = 0.0001, respectively). This indicates that multi-
ple co-injection of pLXHDmB7-2 can effectively boost the
production of specific IgG elicited by pcDNA-L1.

HPV VLP causes hemagglutination of murine erythro-
cytes, which can be inhibited by neutralising antibodies
against VLP (Roden et al., 1995). Hence, we tested whether
the IgG from immunised mice could inhibit VLP-induced
hemagglutination of erythrocytes (HAI). The procedure was
as follows: (i) murine erythrocytes were isolated from blood
by centrifugation (1000×g for 5 min at 4◦C) and suspended
in PBS to 1% (v/v) of its original volume; (ii) sera of each
group were pooled and absorbed by 4 vol. of 25% (v/v) urine
erythrocytes to eliminate non-specific agglutination, and
then heated at 56◦C for 30 min to inactivate complements;
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Table 1
Hemagglutination inhibition assay

Experimental groupa Inhibition activity at the dilution ofb

1:200 1:400 1:800 1:1600 1:3200

pcDNA-L1 +++ ++ ± − −
pcDNA-L1 and pLXHDmB7-2 +++ +++ ++ ± −
PBS − − − − −
pcDNA3.1 − − − − −

a Sera from each group were pooled for the assay.
b Maximal inhibition (non-hemagglutination) is indicated as ‘+++’ and maximal hemagglutination (non-inhibition) is expressed as ‘−’.

(iii) 50 �l of serial diluted serum was mixed with 50�l of
VLP stock solution (600�g/ml in PBS–1%BSA) and ap-
plied per well in a 96-well plate. After a 1-h incubation at
room temperature, 50�l of 1% erythrocyte suspension was
added to each well and plates were incubated at 4◦C for
3 h. Compared to the maximal HA produced by VLP stock
solution (50�l plus 50�l PBS+ 50�l erythrocytes), sera
from immunised mice showed HAI activity of which sera
of group 2 were stronger (Table 1, Fig. 2). In contrast, sera
of groups 3 and 4 had no HAI activity.

To further test the neutralising activity of the anti-sera,
we explored our observation that HPV16L1 VLP can bind
to HeLa cells (unpublished). The cell bound VLP can
be captured by rabbit anti-HPV16L1 VLP IgG (a kind
gift from Dr. J.T. Schiller). Following incubation with
anti-rabbit IgG conjugated with HRP and the addition of
substrate diaminobenzidine, cells bound with VLP turned
to brown (Fig 3a). When VLP pre-incubated with neutralis-
ing antibody prior application to the cell monolayers, VLP
no longer bound to the cells. By using this procedure, we
demonstrated that pre-treatment with sera from immunised
mice could inhibit VLP binding to HeLa cells. Pooled sera
of group 2 can inhibit VLP binding at a dilution of 1:400
(Fig. 3c) while pooled sera of group 1 only showed inhi-
bition activity at a dilution of 1:100 (data not shown). In

Fig. 2. Hemagglutination inhibition assay. A total of 50�l of serial diluted
serum and 50�l of VLP (600�g/ml) were incubated for 1 h at room
temperature. Then, 1% mouse erythrocytes (50�l per well) were added
and incubated for another 3 h at 4◦C. The negative control, where PBS
was used as a substitute for immunised serum, is indicated.

contrast, VLP pre-treated with sera of group 3 (data not
shown) and group 4 (Fig. 3d) did not prevent the binding
of VLP to HeLa cells.

Next, we tested the proliferative activity of splenocytes
isolated from different groups in response to VLP stimu-
lation in vitro. Cell suspension was adjusted to 1× 105

per 200�l in RPMI1640 medium supplemented with 10%
foetal calf serum (FCS, GibcoBRL) and seeded in 96-well
U-bottom plate. HPV16L1VLP was added to a final concen-
tration of 1�g/ml. After incubation for 7 days at 37◦C under
5% CO2, cells were pulsed with 0.5�Ci-3H-TdR (Atomic
Energy Physics Institute of Chinese Academy). Eighteen
hours later, cells were harvested onto glass-fibre to mea-
sure the incorporated radioactivity using a�-scintillation
counter (262-Firm, Xi’an, China). As shown inFig. 4,
splenocytes from all immunised mice proliferated in re-
sponse to HPV16VLP. In contrast, splenocytes of groups 3
and 4 did not respond. Noticeably, however, splenocytes of
group 2 had a higher proliferative activity compared with

Fig. 3. HeLa cell binding assay. (a) HeLa cells infected with HPV16L1
VLP; (b) uninfected HeLa cells; (c) HeLa cells infected with HPV16L1
VLP that were pre-treated with serum from pooled sera of group 2
(1:400 dilution); (d) HeLa cells infected with HPV16L1 VLP that were
pre-treated with pooled sera of group 4.
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Fig. 4. Specific proliferation of splenocytes induced by HPV16 VLP.
Stimulatory index represents the mean radioactive counts of cells from
six mice of each group detected by a�-scintillation counter.

those of group 1 (P = 0.002), indicating that co-injection
of pLXHDmB7-2 augments priming to HPV16VLP.

We further analysed populations of IFN-� producing
CD4+ and CD8+ T cells in splenocytes isolated from
all groups by fluorescence activated cell sorting (FACS).
Splenocytes were adjusted to 105 ml−1 and treated with
Monensin (Sigma) to block IFN-� secretion. After incuba-
tion at 37◦C for 2 h, cells were stained with Phycoerythrin
(PE)-labelled anti-CD4 or anti-CD8 monoclonal antibod-
ies followed by Fluorescein isothiocyanate (FITC)-labelled
anti-IFN-� monoclonal antibody (Coulter Co.). Cells were
then analysed with an EPICS®ELITE flow cytometer
(Coulter Co.). As shown inFig. 5, mice of group 1 had
marginal higher numbers of IFN-� secreting CD4+ cells
compared with mice of groups 3 and 4 (P = 0.077 and
P = 0.015, respectively), but had significantly increased
IFN-� secreting CD8+ cells (P = 0.00002). Strikingly,

Fig. 5. Flow cytometry analysis of IFN-� producing CD4+ and CD8+
splenocytes. CD4+ and CD8+ cells were labelled in red, of which IFN-�

producing cells were additionally labelled in green as outlined in the text.
Approximately 10,000 CD4+ and CD8+ cells from each mouse were
analysed and the mean percentage (%) of the IFN-� producing cells is
indicated.

Table 2
Footpad swelling response

Experimental group Thickness (10−2 mm)

HPV16L1 VLP Ovalbumin

pcDNA-L1 9.7 ± 1.16 2.9± 0.71
pcDNA-L1 and pLXHDmB7-2 16.6± 0.78 2.7± 0.86
PBS 2.8± 0.85 2.9± 0.60
pcDNA3.1 3.0± 0.63 3.1± 0.65

mice of group 2 had significantly higher numbers of IFN-�
producing cells of both CD4+ and CD8+ compared with
group 1 (P = 0.000002 andP = 0.00066, respectively).
Thus, while both immunised groups may have established
CD8+ T cell mediated CTL response, group 2 mice likely
had a stronger cellular immunity of a broad spectrum due to
the presence of higher numbers of IFN-� producing CD4+
cells. At the same time, group 2 mice possessed high levels
of specific IgG (Fig. 1), indicating that they had developed
well balanced humoral and cellular immune responses.

Footpad swelling test, a classic delayed-type hypersen-
sitivity (DTH) assay, was used in a further attempt to
investigate cellular response following DNA immunisa-
tion. As shown inTable 2, injection of pcDNA-L1 alone
was sufficient to cause footpad swelling compared with
control groups that had received either PBS or pcDNA3.1
(P < 0.05), or an unrelated protein, ovalbumin. Again,
co-injection of mice with pLXHDmB7-2 resulted in a more
significant swelling (P < 0.001). Histological examination
of sections of the paws revealed more intense infiltration of
mononuclear cells in the dermis of group 2 compared with
those of group 1, and there was hardly any cell infiltration in
tissues of groups 3 and 4 (data not shown). These results are
consistent with the current theory that DTH is modulated
by both CD4+ and CD8+ cells through their secretion of
IFN-�, a potent stimulator of macrophages (Black, 1999).
More importantly, memory T cells are believed to be ab-
solutely required for DTH (Black, 1999), hence a lasting
immunity may have been established through the DNA
vaccination protocol described here.

Several studies have shown the enhancement of CTL
responses by co-injection of B7-2 DNA (Kim et al., 1997;
Iwasaki et al., 1997; Tsuji et al., 1997; Agadjanyan et al.,
1999). By using the B7-2 deficient mice, a more recent
study demonstrated the necessity of B7-2 in generating
humoral and cellular immunity in the case of DNA vaccina-
tion against HIV gp120 antigen (Santra et al., 2000b). Our
data agree in general with the latter study, which, however,
showed that co-injection of B7-2 DNA in wild-type BALB/c
mice hardly affects antibody production. The difference
between our data and those of the latter study can be due
to different levels of B7-2 expression in the animals used
(BALB/c versus C57BL/6) and the immunogenicity of the
antigens (HIV gp 120 versus HPV16L1). The conclusion is,
therefore, the same: B7-2 is critical for establishing humoral
and cellular immunity following DNA-based vaccination.
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Although in vivo models to evaluate the protective efficacy
of the vaccination regimes are lacking, the heightened spe-
cific neutralising IgG antibodies may effectively prevent
the binding of VLP to host cells and increased CD8+ and
CD4+ T cell activities may exert cytotoxicity to those host
cells that are infected by the virus (Volpers et al., 1995).
Our findings should be useful in the development of future
prophylactic and therapeutic DNA-based strategies not only
for HPV infections but also for infections caused by other
micro-organisms.

Acknowledgements

The work is supported by “863 project” No. 2001AA-
215221 from the Ministry of Science and Technology, P.R.
China. J.Y. is a Wellcome Trust (UK) Career Development
Research Fellow.

References

Agadjanyan, M.G., Kim, J.J., Trivedi, N., Wilson, D.M., Monzavi-
Karbassi, B., Morrison, L.D., Nottingham, L.K., Dentchev, T., Tsai,
A., Dang, K., Chalian, A.A., Maldonado, M.A., Williams, W.V.,
Weiner, D.B., 1999. CD86 (B7-2) can function to drive MHC-restricted
antigen-specific CTL responses in vivo. J. Immunol. 162, 3417–3427.

Bagarazzi, M.L., Boyer, J.D., Ayyavoo, V., Weiner, D.B., 1998. Nucleic
acid-based vaccines as an approach to immunization against human
immunodeficiency virus type-1. Curr. Top. Microbiol. Immunol. 226,
107–143.

Benton, P.A., Kennedy, R.C., 1998. DNA vaccines strategies for the
treatment of cancer. Curr. Top. Microbiol. Immunol. 226, 1–20.

Black, A.C., 1999. Delayed type hypersensitivity: current theories with
an historic perspective. Dermatol. Online J. 5, 7.

Coursaget, P., Munoz, N., 1999. Vaccination against infectious agents
associated with human cancer. Cancer Surv. 33, 355–381.

de Gruijl, T.D., Bontkes, H.J., Walboomers, J.M., Schiller, J.T., Stukart,
M.J., Groot, B.S., Chabaud, M.M., Remmink, A.J., Verheijen, R.H.,
Helmerhorst, T.J., Meijer, C.J., Scheper, R.J., 1997. Immunoglobulin
G responses against human papillomavirus type 16 virus-like particles
in a prospective nonintervention cohort study of women with cervical
intraepithelial neoplasia. J. Natl. Cancer Inst. 89, 630–638.

Gurunathan, S., Wu, C.Y., Freidag, B.L., Seder, R.A., 2000. DNA vaccines:
a key for inducing long-term cellular immunity. Curr. Opin. Immunol.
12, 442–447.

Iwasaki, A., Stiernholm, N.B.J., Chan, A.K., Berinstein, N.L., Barber,
B.H., 1997. Enhanced CTL responses mediated by plasmid DNA im-
munogens encoding costimulatory molecules and cytokines. J. Im-
munol. 158, 4591–4601.

Kim, J.J., Bagarazzi, M.L., Trivedi, N., Hu, Y., Kazahaya, K., Wilson,
D.M., Ciccarelli, R., Chattergoon, M.A., Dang, K., Mahalingam, S.,
Chalian, A.A., Agadjanyan, M.G., Boyer, J.D., Wang, B., Weiner, D.B.,
1997. Engineering of in vivo immune responses to DNA immunization
via codelivery of costimulatory molecule genes. Nat. Biotechnol. 15,
641–646.

Kirnbauer, R., Taub, J., Greenstone, H., Roden, R., Durst, M., Gissmann,
L., Lowy, D.R., Schiller, J.T., 1993. Efficient self-assembly of human
papillomavirus type 16 L1 and L1-L2 into virus-like particles. J. Virol.
67, 6929–6936.

Lowy, D.R., Schiller, J.T., 1998a. Papillomaviruses and cervical cancer:
pathogenesis and vaccine development. J. Natl. Cancer Inst. Monogr.
27–30.

Lowy, D.R., Schiller, J.T., 1998b. Papillomaviruses: prophylactic vaccine
prospects. Biochim. Biophys. Acta 1423, M1–M8.

MacGregor, R.R., Boyer, J.D., Ugen, K.E., Lacy, K.E., Gluckman, S.J.,
Bagarazzi, M.L., Chattergoon, M.A., Baine, Y., Higgins, T.J., Ciccarelli,
R.B., Coney, L.R., Ginsberg, R.S., Weiner, D.B., 1998. First human
trial of a DNA-based vaccine for treatment of human immunodeficiency
virus type 1 infection: safety and host response. J. Infect. Dis. 178,
92–100.

Roden, R.B., Hubbert, N.L., Kirnbauer, R., Breitburd, F., Lowy, D.R.,
Schiller, J.T., 1995. Papillomavirus L1 capsids agglutinate mouse ery-
throcytes through a proteinaceous receptor. J. Virol. 69, 5147–5151.

Salomon, B., Bluestone, J.A., 2001. Complexities of CD28/B7: CTLA-4
costimulatory pathways in autoimmunity and transplantation. Annu.
Rev. Immunol. 19, 225–252.

Santra, S., Barouch, D.H., Jackson, S.S., Kuroda, M.J., Schmitz, J.E.,
Lifton, M.A., Sharpe, A.H., Letvin, N.L., 2000a. Functional equiva-
lency of B7-1 and B7-2 for costimulating plasmid DNA vaccine-elicited
CTL responses. J. Immunol. 165, 6791–6795.

Santra, S., Barouch, D.H., Sharpe, A.H., Letvin, N.L., 2000b. B7
co-stimulatory requirements differ for induction of immune responses
by DNA, protein and recombinant pox virus vaccination. Eur. J. Im-
munol. 30, 2650–2659.

Schweitzer, A.N., Sharpe, A.H., 1998. Studies using antigen-presenting
cells lacking expression of both B7-1 (CD80) and B7-2 (CD86) show
distinct requirements for B7 molecules during priming versus restim-
ulation of Th2 but not Th1 cytokine production. J. Immunol. 161,
2762–2771.

Sun, X.L., Si, L.S., Cao, Z.S., Wang, Y.L., Liu, T.J., Guo, J.F., 2000.
Immune response to plasmid DNA encoding HPV16-L1 protein. Chin.
Med. J. 113, 277–280.

Tang, D., DeVit, M., Johnston, S.A., 1992. Genetic immunization is a
simple method for eliciting an immune response. Nature 356, 152–
154.

Tsuji, T., Fukushima, J., Hamajima, K., Ishii, N., Aoki, I., Bukawa, H.,
Ishigatsubo, Y., Tani, K., Okubo, T., Dorf, M.E., Okuda, K., 1997.
HIV-1-specific cell-mediated immunity is enhanced by co-inoculation
of TCA3 expression plasmid with DNA vaccine. Immunology 90, 1–6.

Ulmer, J.B., Donnelly, J.J., Parker, S.E., Rhodes, G.H., Felgner, P.L.,
Dwarki, V.J., Gromkowski, S.H., Deck, R.R., De Witt, D.M., Friedman,
A., Hawe, L.A., Leander, K.R., Martinez, D., Perry, H.C., Shiver, J.W.,
Montgomery, D.C., Liu, M.A., 1993. Heterologous protection against
influenza by injection of DNA encoding a viral protein. Science 259,
1745–1749.

Volpers, C., Unckell, F., Schirmacher, P., Streeck, R.E., Sapp, M., 1995.
Binding and internalization of human papillomavirus type 33 virus-like
particles by eukaryotic cells. J. Virol. 69, 3258–3264.

Walboomers, J.M., Jacobs, M.V., Manos, M.M., Bosch, F.X., Kummer,
J.A., Shah, K.V., Snijders, P.J., Peto, J., Meijer, C.J., Munoz, N., 1999.
Human papillomavirus is a necessary cause of invasive cervical cancer
worldwide. J. Pathol. 189, 12–19.

Wolff, J.A., Malone, R.W., Williams, P., Chong, W., Acsadi, G., Jani, A.,
Felgner, P.L., 1990. Direct gene transfer into mouse muscle in vivo.
Science 247, 1465–1468.


