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Vaccination with plasmid DNA expression vectors encoding foreign proteins elicits anti-
bodies and cell-mediated immunity and protects against disease in animal models. We
report a comparison of DNA vaccines, using contemporary human strains of virus, and
clinically licensed (inactivated virus or subvirion) vaccines in preclinical animal models,
to better predict their efficacy in humans. Influenza DNA vaccines elicited antibodies in
both non-human primates and ferrets and protected ferrets against challenge with an
antigenically distinct epidemic human influenza virus more effectively than the contem-
porary clinically licensed vaccine. These studies demonstrate that DNA vaccines may be
more effective, particularly against different strains of virus, than inactivated virus or

subvirion vaccines.

The ability of directly injected DNA expression vectors cod-
ing for viral proteins to elicit protective immune responses
in laboratory models has suggested that such an approach
might be clinically useful for the vaccination of humans'*
Both antibody and cell-mediated immune responses have
been demonstrated, indicating that DNA vaccination may
induce an integrated humoral and cellular response similar
to that induced by live viruses; thus DNA vaccines may serve
as potentially safer alternatives to immunization with cer-
tain live attenuated viruses (namely, human immunodefi-
ciency virus (HIV)) and may provide an increased breadth of
protection relative to inactivated virus vaccines'”. To assess
the potential human applications of DNA vaccines, we used
current circulating human strains of influenza virus in pre-
clinical animal models and compared the efficacy of DNA
vaccination with that of conventional widely used clinical
vaccines, Our results indicate that DNA vaccines appear
promising, as a means of providing a greater breadth of pro-
tection of humans against influenza in comparison with
whole inactivated virus vaccine, and for vaccination against
other diseases,

One means by which viruses escape host antibody responses
and maintain epidemic status in a host population is through
alterations of their surface antigenicity. Influenza virus pro-
vides a useful model for studying methods of vaccination
against viruses with antigenically variable surface proteins, be-
cause frequent point mutations (antigenic drift) in antigeni-
cally important regions of the surface glycoprotein
haemagglutinin (HA) result in substantial antigenic variation.
This variation reduces the susceptibility of the virus to neutral-
ization by antibodies induced by previous influenza virus in-
fections or immunizations and limits the efficacy of
conventional inactivated-virus influenza vaccines*’. In con-
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trast, the major internal proteins of influenza have remained
relatively constant over the last 60 years*’. Therefore, a vaccine
that induced cell-mediated immune (CMI) responses against
conserved internal proteins, although operating through a dif-
ferent immunological mechanism, may provide broader pro-
tection (protection against illness caused by a relatively greater
range of antigenic variants) than would vaccines that elicit
only type-specific neutralizing antibodies. For example, when
antigenic drift decreases the efficacy of neutralizing antibodies,
CMI responses could restrict viral replication and accelerate
viral clearance and recovery of the host. An ideal vaccine thus
might provide type-specific antibodies to protect against ho-
mologous virus and CMI responses to provide a defence
against antigenic variants.

From 1990 to 1993, commnercially available inactivated-
virus vaccines contained as their H3N2 component the epi-
demic strain A/Beijing/353/89 (Table 1). This strain and
closely related H3N2 strains, such as A/Hawaii/01/91, contin-
ued to circulate in human populations until late in the
1992-93 flu season. At that time a significant antigenic drift
event led to the emergence of a new complex of epidemic
strains (for example, A/Georgia/03/93 and A/Beijing-
/32/92)"". In highly vaccinated human populations, the in-
activated-virus A/Beijing/353/89 vaccine provided
significantly lower cross-reactive antibody titres, and less
protection from influenza disease, against antigenic drift
variants such as A/Georgia/03/93 (refs 7, 11). Hence, these in-
fluenza virus strains formed the basis of our preclinical stud-
ies to determine whether a DNA vaccine that induced both
antibody against the surface protein HA and CMI responses
against the internal proteins nucleoprotein and matrix pro-
tein (M1), offers an improved breadth of protection com-
pared with the contemporary inactivated virus vaccine.
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Table 1 Influenza H3N2 strains in human populations, 1990-94

Years Vaccine H3N2 Epidemic H3N2
Strain (USA) Strains (Examples)
1990-92 AfBeijing/353/89 A/Beijing/353/89
A/Hawaii/01/91
1992-93 A/Beijing/353/89 A/Beijing/32/92
A/Georgia/03/93
1993-94 A/Beijing/32/92 A/Beijing/32/92
A/Georgiaf03/93

References 7, 11.

DNA vaccine vs. inactivated virus in non-human primates
Because one requirement for the DNA vaccine was that it in-
duce antibodies against HA, we tested this activity in non-
human primates in comparison with the currently licensed
vaccine. Anti-A/Beijing/353/89 haemagglutination-inhibiting
(HI) antibodies were induced in African Green Monkeys in-
jected with commercially obtained inactivated virus vaccines
{1992-93 formulation), or with DNA that encoded the corre-
sponding HA, nucleoprotein and M1 genes (Fig. 1). The HI an-
tibody titres induced by DNA vaccines at doses as low as 10 pug
of each construct {the lowest dose tested) were similar to, or
substantially better than, those induced by injection of the
full human dose of whole inactivated virus vaccine, or split
virus vaccine, respectively.

Ferret influenza challenge model

Non-human primates are limited in their ability to be produc-
tively infected with human influenza strains” ™. In contrast,
ferrets can produce sustained high levels of viral shedding in
nasal washes following infection with a wide variety of human
clinical isolates of influenza viruses**". Ferrets are considered
to be the preclinical model of choice for studies of resistance
to infection by human strains of influenza virus and are
widely employed in evaluations of the effects of antigenic drift
on the efficacy of vaccines'”, The antibody responses of fer-
rets to influenza infection parallel those of humans in their
ability to distinguish between antigenic variants®’. In chal-
lenge studies in humans, the duration of virus shedding and
peak level of virus shed are thought to correlate with vaccine
efficacy’®*. Therefore, we used influenza virus infection in the
ferret, as a preclinical model, to test the efficacy of a DNA vac-
cine against challenge with recent clinically significant anti-
genic drift variants within the H3 subtype.

Homologous protection in ferrets by a DNA vaccine

Protection against homologous challenge was investigated ini-
tially in ferrets immunized with DNA encoding HA from
A/PR/8/34. Following homologous challenge, viral shedding
was significantly reduced in DNA-vaccinated ferrets
(P < 0.0001) (at challenge, geometric mean HI antibody titre
[GMT] = 119); three of seven ferrets given HA DNA shed no
detectable virus after challenge (Fig. 2). We next investigated
the effect of immunization with HA DNA from A/Georgia-
/03/93, a recent clinical isolate, on viral shedding following
homologous challenge with A/Georgia/03/93. Viral shedding
was not detected after day 3, and overall shedding was very
significantly reduced in comparison with non-immune ferrets
(P < 0.0001) (Fig. 3). Immunization with HA DNA from
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A/Georgia/03/93 induced HI antibodies (GMT = 127 at chal-
lenge), and a significant reduction in the duration of viral shed-
ding (Fig. 3), although the peak level of viral shedding on day 2
was not substantially decreased in contrast to the previous find-
ing with A/PR/8/34. Therefore, the ability of serum HI antibody
alone to prevent completely virus shedding in ferrets, as in hu-
mans, may vary for different influenza strains. Not surprisingly,
ferrets immunized with HA DNA from A/Beijing/353/89 or
from the Beijing 89-like strain A/Hawaii/01/91 had less exten-
sive reductions in viral shedding, with viral shedding de-
tectable until day 5, when they were challenged with the
antigenic drift variant A/Georgia/03/93 (Fig. 3). Thus, as ex-
pected, immunization with HA DNA alone was most effective
when the immunogen exactly matched the challenge strain.

Cross-strain protection in ferrets by a DNA vaccine

As the most critical aspect of these studies, we compared the
breadth of protection provided by combined immunization
with HA and internal protein DNAs with that of the current
killed virus vaccine. We immunized ferrets with HA DNA from
the Beijing 89-like strain A/Hawaii/01/91, combined with nu-
cleoprotein and M1 DNAs from A/Beijing/353/89, and mea-
sured viral shedding following challenge with the antigenic
drift variant A/Georgia/03/93. Combined DNA immunization
reduced viral shedding significantly (P = 0.0008 compared
with that observed following immunization with the
1992-1993 licensed inactivated influenza virus vaccine con-
taining A/Beijing/353/89; Fig. 4), to levels that were similar
(P = 0.24) to those seen in ferrets immunized with the homol-
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Fig. 1 Comparison of HI antibody responses of African Green Mon-
keys immunized with whole inactivated virus or DNA, Animals were
injected twice with a mixture of five DNAs (HA from A/Bei-
jing/353/89, A/Texas/36/91, and B/Panama/45/90 and nucleopro-
tein and M1 from A/PR/8/34) at a dose of 100 pug (filled circles) or
10 pg (filled squares) pg/construct, or twice with a full human dose
(15 pg per strain) of commercially obtained (1992-93 formulation)
whole inactivated (open circles) or split inactivated (open squares)
vaccine containing the HA from the same three strains expressed as
high-yielding reassortants with A/PR/8/34. The commercial whole
inactivated vaccine is a reassortant virus that contains the internal
proteins of A/PR/8/34, and therefore the nucleoprotein and M1 from
A/PR/8/34 were also included in the DNA vaccine. Hl antibody titres
against A/Beijing/353/89 are shown.
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Fig. 2 Reduction in viral shedding after challenge in ferrets immu-
nized with DNA coding for the HA of A/PR/8/34. Ferrets were immu-
nized intramuscularly with control DNA (open circles), or DNA
encoding influenza A/PR/8/34 HA (filled circles) on days 0, 21, and
121, and were challenged intranasally with 10 times the 75% infec-
tious dose for ferrets of A/PR/8/34 on day 148,

ogous HA DNA from A/Georgia/03/93 (Fig. 3). Combined DNA
immunization also was more effective than immunization
with HA (Fig. 3) or internal protein (not shown) DNAs alone
(P = 0.0027, grouped compatison), although each of these sep-
arately did mediate a limited decrease in viral shedding. Like-
wise, when DNA encoding the HA from A/Beijing/353/89 was
given in combination with nucleoprotein and M1 DNAs, the
combined DNA vaccine allowed significantly less (P = 0.02)
virus shedding than the inactivated virus vaccine (not shown).
The inactivated virus vaccine also contains HA, nucleoprotein
and M1, but as exogenous proteins, rather than as endoge-
nously expressed antigens. Thus endogenous expression of the
antigens may play an important role in the relatively greater
efficacy of the DNA vaccine.

Discussion

Vaccination with DNA offers a number of potential advan-
tages over immunization with whole inactivated virus, sub-
unit, and recombinant vaccines. First, cellular immune
responses induced by DNA vaccines against conserved internal
proteins of a virus together with antibodies to viral surface
proteins have the potential to provide protection against anti-
genic variants that differ in their surface proteins. As demon-
strated for influenza, the protection seen against a recent
clinical strain was better than that provided by the currently li-
censed inactivated virus vaccine, which loses protective effi-
cacy as newly arising virus strains diverge from the original
vaccine strain. Second, DNA immunization allows the use of
sequences derived directly from human clinical specimens (or,
in the case of influenza, after only limited passage in mam-
malian cell culture). This would avoid the selection of mutants
divergent from the clinical strains. In some influenza strains,
for example, mutants selected experimentally by growth in
eggs differ in antigenicity from field strains®*. As another ex-
ample, antibodies raised against laboratory strains of HIV-1
may not neutralize recent clinical isolates®. Although it is not
known whether the selection of mutant strains contributes to
the limited efficacy of the current influenza vaccines, these ob-
servations underscore the point that DNA vaccines can gener-
ate the protein encoded by the exact sequence of the clinical
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viral isolate. In our studies, when the HA from the egg-
passaged strain A/Beijing/353/89 was used, the level of protec-
tion was slightly, although not statistically significantly, lower
than that obtained with HA DNA from the mammalian cell-
passaged strain A/Hawaii/01/91. The sequences of the HAs of
the two strains are known; they differ by only two point muta-
tions. Both of the point mutations are thought to have been
selected by growth of the A/Beijing/353/89 strain in eggs. This
suggests that in some instances it might be possible to increase
the efficacy of influenza vaccines by using HA sequences ob-
tained from mammalian cell-passaged virus, thereby avoiding
the selection of antigenic variants by growth of the virus in
eggs. The third advantage of vaccination with DNA is that viral
surface proteins produced by somatic cells of the host would be
subjected to folding, assembly and post-translational modifica-
tions that are more similar to those found in native virus, re-
sulting in the presentation of epitopes that also may be more
similar to those found in native virus, compared with viral pro-
teins produced in Escherichia coli, yeast, or insect cells. Antigens
made by recombinant means may require artificial refolding in
some instances to provide proper antigenicity. Endogenous
production of protein immunogens by the host also avoids the
need for formalin inactivation of whole-virus vaccines, which
may modify amino acid side chains in key epitopes,

Both DNA vaccines and live attenuated virus vaccines can
elicit CMI responses and may present viral surface proteins in
a more native form than would inactivated or subunit vac-
cines. The safety and efficacy of DNA vaccines in humans are
as yet unproven. Aspects of this technology, such as concerns
over the potential for the induction of tolerance, clinically sig-
nificant immune responses against the injected DNA, or inte-
gration of the injected DNA, require careful study. Thus far,
DNA vaccines have induced robust primary and secondary im-
mune responses in a variety of animal systems'®. The experi-
ence with live DNA virus vaccines (for example, for smallpox™,
adenovirus®, and most recently varicella®) points toward the
anticipated safety of DNA vaccines.
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Fig. 3 Effect of immunization with HA DNA on viral shedding after
challenge with an antigenic drift variant. Ferrets were immunized
twice with control DNA (open circles), or with DNA coding for HA of
A/Beijing/353/89 (filled squares), A/Hawaii/01/91 (open triangles),
or A/Georgia/03/93 (filled circles) and challenged with A/Geor-
gia/03/93 two weeks after the second immunization.
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Moreover, DNA vaccines have several potential advantages
over live attenuated virus vaccines. First, plasmid DNA is not
subjected to the same selective pressures to optimize infectivity
for a particular host cell or culture system, which may occur
when a virus is propagated in vitro, and which may result in
changes in antigenicity, as described above for influenza. Thus a
DNA vaccine could be expected to yield a highly reproducible
immunogen over time. Second, intramuscular injection of DNA
may provide a sustained production of protein”* that may result
in increased duration of protective immunity as well as a greater
opportunity to induce and expand cell-mediated immune re-
sponses. In contrast, virus replication after infection with attenu-
ated influenza virus vaccines may last for only one or two
days™®. In our laboratory studies, HI antibodies induced by DNA
immunization persisted for one year (to date) in mice and were
at that time able to fully protect the mice from a lethal challenge
with homologous influenza virus (J.B.U., J.J.D., M.AL. et al., un-
published observations). Finally, direct injection of DNA has not
to date yielded immune responses above those of controls
against the injected DNA expression vector itself (J.B.U. and C.
DeWitt, unpublished observations), whereas immune responses
against attenuated viral vectors or their wild-type parents are
known to limit the utility of these vectors for repeated immu-
nizations**, Additionally, certain live attenuated vaccines (such
as polio, vaccinia, or HIV) may be pathogenic, especially in im-
munocompromised subjects™*, whereas others such as aden-
ovirus, vaccinia, and human papillomavirus may downregulate
immune responses by interfering with the expression of MHC
class [ molecules on infected cells during the virus life cycle.

DNA vaccines also have been shown to induce cytotoxic T
cell (CTL) responses efficiently in mice, and mice immunized
with nucleoprotein DNA from an H1 influenza strain were
protected against disease produced by a strain of the H3 sub-
type (cross-strain protection)’. This is in contrast to inacti-
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Fig. 4 Comparison of protection against an antigenic drift variant by
immunization with whole inactivated virus vaccine or a combination
of HA, nucleoprotein and M1 DNA. Ferrets were immunized twice
with control DNA (open circles, representing the same control group
as in Fig. 3), with a mixture of 3 DNAs coding for the HA from
A/Hawaii/01/91 and the nucleoprotein and M1 of A/Beijing/353/89
(filled circles), or with commercially obtained whole inactivated in-
fluenza virus vaccine (1992-93 formulation) (open squares). The fer-
rets were challenged with A/Georgia/03/93 two weeks after the
second injection.
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vated virus and split virus vaccines which generally induce
weak cross-strain protection (Fig. 4 and refs 7, 11). An alterna-
tive approach to the induction of cross-strain protection, using
a fusion protein including the HA2 and non-structural protein-
1 of influenza virus, was able to induce CTLs in mice against a
peptide epitope of HA2 (ref. 35). However, the CTL epitope of
the HA2 polypeptide was not sufficiently well conserved to
provide cross-strain protection from the H1 to H3 subtype in
mice, although cross-strain protection from H1 to H2, two
more closely related viral subtypes, was shown®. Administra-
tion of this fusion protein to humans did not appear to induce
CD8" MHC class I-restricted CTLs, but did provide limited pro-
tection against challenge with a second strain from within the
H1 subtype, possibly as a result of CD4" MHC class Il-restricted
T cells”. DNA vaccines, therefore, would be expected to offer
distinct advantages over whole inactivated virus, recombinant,
subunit, and live attenuated vaccines.

Previous demonstrations of the efficacy of DNA vaccines
have been in laboratory animal models, using adapted strains
of virus. In this study, we have shown that DNA vaccination is
effective against human isolates of virus in preclinical models,
even where clinically significant antigenic variation has sub-
stantially reduced the effectiveness of a conventional inacti-
vated vaccine.

Methods

Influenza genes. Haemagglutinin and nucleoprotein from influenza
A/PR/8/34 were cloned into the V1] vector as previously described®.
Viral stocks of the A/Hawaii/01/91, A/Beijing/353/89, and A/Geor-
gia/03/93 strains were provided by Nancy Cox, Influenza Branch, Cen-
ters for Disease Control and Prevention. The nucleoprotein gene from
A/Beijing/353/89 was cloned from cDNA prepared from viral RNA,
The M1 and HA genes (other than A/PR/8/34) were cloned from viral
RNA by RT-PCR. Plasmid DNA was prepared as previously described”.

Immunizations. Young adult (2.2-7 kg body mass) seronegative
male African Green Monkeys (three per group) were injected intra-
muscularly in one deltoid and one quadriceps with 0.5 ml of inocu-
lum per site containing the indicated dosages of DNA. Control
monkeys received a full human dose (15 pg of each HA antigen) of li-
censed influenza vaccine (Fluzone Whole Virion or Subvirion, Con-
naught Laboratories Inc., Swiftwater, Pennsylvania; trivalent,
1992-93 formulation). Male ferrets aged 12-14 weeks were ob-
tained from Marshall Farms (North Rose, New York), and were
screened for antibodies to influenza A nucleoprotein and HA. Only
animals that were seronegative for influenza A virus were used in ex-
periments. For studies on A/PR/8/34, ferrets were immunized intra-
muscularly with control DNA, or DNA encoding influenza A/PR/8/34
HA on days 0, 21 and 121 and were challenged intranasally with 10
times the 75% infectious dose for ferrets of A/PR/8/34 on day 148.
Immunized animals received 1 mg of HA DNA; controls received
1 mg of control DNA (vector without an inserted coding region). For
studies using current H3N2 influenza virus strains (A/Georgia/03/93,
A/Hawaii/01/91, and A/Beijing/353/89) ferrets were injected on days
0 and 42 and then challenged on day 56. Animals were given 1 mg
of individual DNAs or 2 mg of combined HA, nucleoprotein and M1
DNAs (660 ug of each construct) intramuscularly at each injection.
Controls received 1 mg of control DNA (vector without a coding re-
gion). The dosage levels of DNA were selected arbitrarily. Ferrets im-
munized with licensed whole inactivated influenza vaccine (Fluzone
Whole Virion, Connaught Laboratories Inc.; trivalent, 1992-93 for-
mulation) received a full human dose (15 pg HA equivalent for each
strain) intramuscularly on days 0 and 42. Two immunizations were

NATURE MEDICINE, VOLUME 1, NUMBER 6, JUNE 1995



@ © 1995 Nature Publishing Group http://www.nature.com/naturemedicine

given as that is the recommended clinical protocol for immunization
of humans without previous exposure to influenza virus.

Ferret challenge model. Immunized ferrets were challenged with
10 times the 75% infectious dose for ferrets of A/PR/8/34 (main-
tained in chicken eggs) or A/Georgia/03/93 (maintained in MDCK
cells). To determine the amount of virus shed during the infections,
nasal wash fluid was collected daily by instillation of 3 mi of PBS and
collection of the expressed fluid. Viral titres were determined on
MDCK cell monolayers in 96-well tissue culture plates, as previously
described'. Chicken red blood cells (RBC; Hazleton Research Prod-
ucts, Hazleton, Pennsylvania) were used for haemagglutination reac-
tions with culture supernatants from the assay plates. Fifty per cent
infectivity (TCID,,) end points were interpolated from triplicate titra-
tions. Data is represented as mean log,, virus titre versus days after
infection. Viral titres were compared for immunized and control fer-
rets for individual days by the t-test for two means. Viral titres were
compared for entire data sets, consisting of nasal wash viral titres
from days 1-6, by repeated measures analysis of variance. Differ-
ences between groups were analyzed by pairwise comparisons un-
less otherwise indicated. Statistical analyses were performed using
StatisticaMAC software (StatSoft, Inc., Tulsa, OK).
Haemagglutination inhibition test. Haemagglutination inhibiting
antibodies were determined using four HA units of selected virus
strain and chicken RBCs. For A/PR/8/34, sera were tested directly;
for other strains, sera were incubated overnight with receptor-
destroying enzyme (RDE, Sigma) and heated for 30 min at 56 °C. HI
antibody responses induced in ferrets by A/Beijing/353/89 HA DNA
and by licensed vaccine containing whole inactivated A/Bei-
jing/353/89, respectively, were GMT of 138 for HA DNA and 45 for
inactivated virus against the homologous strain, and GMT of 40 for
animals given Beijing/353/89 HA DNA and 20 for animals given in-
activated virus against A/Hawaii/01/91. Ferrets immunized with
A/Hawaii/01/91 HA DNA had a GMT of 71 against the homologous
strain and 40 against the related strain A/Beijing/353/89. Aithough
antibody against the antigenic drift variant A/Georgia/03/93 was
detected in these sera by ELISA, none of the antisera reacted well in
HI assays against A/Georgia/03/93. Sera from ferrets immunized
with A/Georgia/03/93 HA DNA had a GMT of 127 against Georgia
but minimal HI activity against the two older strains.
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