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Conventional vaccines are remarkably effective in adults but are much less successful in the very young, who
are less able to initiate a mature immune response and who may carry maternal antibodies which inactivate
standard vaccines. We set out to determine whether DNA immunization might circumvent these problems. We
have previously shown that intramuscular injection of plasmid DNA encoding the nucleoprotein (NP) gene of
lymphocytic choriomeningitis virus (LCMV) is capable of inducing immune responses and protecting 50% of
adult mice against lethal and sublethal challenge with LCMV. Here we demonstrate that mouse pups injected
with the same plasmid hours or days after birth produce major histocompatibility complex-restricted, NP-
specific cytotoxic T lymphocytes (CTL) that persist into adulthood; 48% of vaccinated pups responded to
subsequent sublethal viral challenge by the accelerated production of anti-NP LCMV-specific CTL, indicating
that these animals had been successfully immunized by the plasmid DNA. In addition, these mice showed a
>95% reduction in splenic viral titers 4 days postinfection compared to control mice, demonstrating a more
rapid control of infection in vivo. Furthermore, pups born of and suckled on LCMV-immune dams (and
therefore containing passively acquired anti-LCMV antibodies at the time of DNA inoculation) responded to
the DNA vaccine in a similar manner, showing that maternally derived anti-LCMV antibodies do not signif-
icantly inhibit the generation of protective immune responses following DNA vaccination. These findings
suggest that, at least in this model system, DNA immunization circumvents many of the problems associated
with neonatal immunization.

Antiviral vaccination has permitted the eradication of small-
pox and the dramatic reduction, at least in the developed
countries, of many other viral diseases, including measles and
poliomyelitis. One challenge remaining is the successful vacci-
nation of the very young. Neonates and infants are particularly
susceptible to viral infection and consequent disease. In devel-
oping countries, measles remains a significant threat, being
responsible, directly or indirectly, for 1 million to 2 million
deaths annually. In addition, diarrheal diseases, many virus
induced, are frequently lethal to young children in the absence
of supportive therapy, leading to approximately 5 million
deaths each year (5, 27, 29). Even in developed countries,
infants remain a susceptible target for viruses; respiratory syn-
cytial virus infection is a frequent cause of serious morbidity
and sometimes mortality (2).

Several factors contribute to the vulnerability of neonates
and infants to virus infection and disease, but arguably the
most important, and perhaps the most approachable, is the
relative ineffectiveness in this age group of protective antiviral
immunization. Vaccination has been attempted but is fraught
with difficulties, being hampered by at least two factors. First,
the development and maintenance of a cytotoxic T-lymphocyte
(CTL) response is critical for protection against many viral
pathogens, but the neonatal immune system is functionally
immature in this regard. Shortly after birth, the levels of ma-

ture T cells in the spleen are 1,000-fold lower than in adults
(23), and large doses of antigen, such as those associated with
virus infection or live virus vaccines, can overwhelm the devel-
oping immune system, leading to the induction of a T-helper
type 2 (Th2) immune response and a consequent inability of
neonates to prime protective levels of CD81 CTL (12, 24).

A second critical factor in neonatal vaccine failure is the pre-
sence of maternal antiviral antibodies, transferred in utero or
by suckling. Although these antibodies provide short-term pas-
sive immunity to the neonate, they can contribute to vaccine
failure by inactivating certain live attenuated virus vaccines
(28). Maternal antibodies are the primary cause of measles
vaccine failure; in one study, successful vaccination occurred in
only 38% of infants with preexisting maternal antibody, com-
pared to 100% success in antibody-negative children of the
same age (28).

Immunization of adults with plasmid DNA encoding a for-
eign protein is a recent approach to vaccination and results in
the induction of both humoral and cellular immune responses
against the encoded protein (reviewed in references 10, 13, and
14). In many cases, these host responses are capable of pro-
tecting the vaccinee against subsequent challenge with the rel-
evant pathogen. The need for effective neonatal immunization
strategies led us to examine the protective efficacy of plasmid-
based immunization of very young animals. We considered
that DNA immunization might redress some of the problems
associated with neonatal vaccine failure, as intramuscular de-
livery of plasmid DNA appears to favor induction of CTL and
Th1 responses (11, 21, 22) and permits long-lived low-level
expression of foreign proteins (33, 34), thus possibly overcom-
ing the immaturity of the developing neonatal immune system.
Furthermore, since the immunizing protein is not present in
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the vaccine preparation, plasmid DNA should not be suscep-
tible to direct inactivation by maternal antibodies. However, a
detrimental effect of maternal antibodies remains theoretically
possible, since the immunogenicity of the expressed protein
might still be diminished or abolished by maternal antibodies.

Our model system is the rodent pathogen lymphocytic cho-
riomeningitis virus (LCMV), the prototypic member of the
family Arenaviridae. Sublethal systemic infection of immuno-
competent adult mice with wild-type LCMV leads to viral
clearance and long-term immunity, while intracranial admin-
istration to a nonimmune immunocompetent adult mouse
leads to a lethal choriomeningitis (8). Infection induces a va-
riety of antiviral effector mechanisms, but protective immunity
requires the presence of virus-specific major histocompatibility
complex class I-restricted CD81 T lymphocytes (9, 15, 16, 31,
39, 40). Immunization with LCMV nucleoprotein (NP), ex-
pressed by recombinant vaccinia virus or plasmid DNA, can
induce anti-LCMV CTL which confer protection on adult mice
(31, 36, 37). Although antibody does not seem to play a vital
role in virus clearance, maternally derived anti-LCMV anti-
bodies can protect pups (3); however, this passive protection is
transient and is greatly diminished by 5 weeks of age (2 weeks
postweaning) (3). We have used the LCMV model to evaluate
the immunity induced by neonatal DNA immunization in the
absence and presence of maternal antibodies. In this report, we
show that DNA immunization on the day of birth can prime
brisk anti-LCMV CTL responses, which protect against virus
challenge. Furthermore, even when immunization takes place
in the presence of maternal antibodies, the neonates are
primed for CTL and anti-LCMV antibody responses and are
protected against viral challenge.

MATERIALS AND METHODS

Mice. All pups were derived from matings between 6- to 16-week-old female
and male BALB/cByJ (H-2d) mice. Immune female mice were generated by
intraperitoneal (i.p.) infection with 2 3 105 PFU of LCMV (Armstrong strain).
Such mice were not mated until at least 6 weeks later, to permit virus clearance
and the development of good titers of antiviral antibodies (4). All animals were
obtained from the Scripps Research Institute animal facility.

Plasmid DNA. Plasmids pCMV (derived by excision of the b-galactosidase
gene from pCMVb [Clontech, Palo Alto, Calif.]) and pCMV-NP have been
previously described (36). Plasmid pCMV contains the human cytomegalovirus
immediate-early promoter and splice donor/acceptor sites and a polyadenylation
sequence derived from simian virus 40. Into this plasmid was inserted the full-
length LCMV NP gene, to create pCMV-NP. Plasmid DNA was propagated in
Escherichia coli according to standard methods and purified by using a Nucleo-
bond affinity chromatography column (The Nest Group, Southboro, Mass.) ac-
cording to the manufacturer’s instructions. Endotoxin was removed directly by
washing the column-bound DNA with 5% acetic acid in 40% (vol/vol) ethanol
according to the column manufacturer’s suggestions or following plasmid puri-
fication, by treatment of the plasmid DNA with an endotoxin removal system
(Qiagen, Chatsworth, Calif.).

Plasmid immunizations and challenge. At the times indicated in the text,
neonatal mice derived from and suckled on either nonimmune or immune dams
were immunized with a single 25-ml injection containing 50 mg of plasmid DNA
dissolved in saline. The DNA was injected into the back of the upper right thigh,
using an 18-gauge needle affixed with a 0.2-cm Williams collar. The animals were
challenged at 6 to 8 weeks of age with LCMV (Armstrong strain) (2 3 105 PFU
i.p.).

Evaluation of NP-specific CTL priming by DNA immunization of young mice.
Mice were immunized with DNA as pups and 6 to 8 weeks later were infected
with LCMV (2 3 105 PFU i.p.). Spleens were removed 4 days postinfection (p.i.),
and a portion was immediately frozen in liquid nitrogen for later virus titration
(below). The remainder of each spleen was immediately assayed for cytolytic
activity by using a standard chromium release assay (7). Briefly, a single spleen
cell suspension was created by gentle Dounce homogenization followed by in-
cubation with 0.83 M NH4Cl to lyse erythrocytes. Spleen cells were washed twice
in complete RPMI (RPMI plus 10% fetal calf serum [FBS], 20 mM L-glutamine,
50 U of penicillin G per liter, and 50 mg of streptomycin sulfate per liter) and
resuspended in complete RPMI at a concentration of either 5 3 106 cells/ml (for
an effector-to-target [E/T] ratio of 50:1) or 2.5 3 106 cells/ml (for an E/T ratio of
25:1). Target BALB/c17 (H-2d) or MC57 (H-2b) cells were incubated for 2 h at
37°C with 51Cr (50 mCi/106 cells) and either an H-2d- or H-2b-restricted peptide

representing an LCMV CTL epitope (sequence ERPQASGVYMGNLT or
KAVYNFATCG, respectively). Effector and target cells were incubated together
in triplicate wells at both E/T ratios for 5 h in a total volume of 200 ml per well,
after which 100 ml of supernatant was harvested and assayed for released radio-
activity. Specific chromium release was calculated for each well by using the
formula [(sample release 2 spontaneous release) 3 100]/(total release 2 spon-
taneous release), and the mean of each triplicate set was determined. Values for
total and spontaneous release were obtained by incubation of target cells with
and without 1% Nonidet P-40, respectively.

LCMV titrations. Virus titrations were done on Vero cells maintained in
medium 199 (Gibco BRL) supplemented with 10% FBS, 20 mM L-glutamine,
penicillin G (50 U/liter), and streptomycin sulfate (50 mg/liter). Spleen samples
were weighed, thawed, and homogenized in 1 ml of Dulbecco’s modified Eagle’s
medium containing 10% FBS, penicillin G (50 U/liter), and streptomycin sulfate
(50 mg/liter) (DMEM). The homogenates were serially diluted in DMEM, and
aliquots of each were used to infect Vero cells. After a 1-h absorption at 37°C,
the inoculum was removed and the cells were overlaid with medium 199–5%
FBS–0.5% agarose (FMC, Rockland, Maine) and incubated for 3 to 4 days at
37°C. The monolayers were fixed in 25% formaldehyde–13 phosphate-buffered
saline (PBS; 1 mM KH2PO4, 10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl [pH
7.4]) and stained with 0.05% crystal violet in 13 PBS containing 20% ethanol.

Enzyme-linked immunosorbent assay (ELISA). Serum was obtained from
immune and nonimmune dams following weaning of their pups. Ninety-six-well
plates (Falcon 3912 Microtest III flexible assay plates) were coated with 100 ml
of purified LCMV (200 ng of total protein/well) as antigen (a kind gift of
Persephone Borrow). Following overnight incubation at room temperature, the
unbound antigen was removed, and the wells were blocked for 1 h at room
temperature with blocking buffer (3% bovine serum albumin [fraction V; Sigma,
St. Louis, Mo.]–0.2% Tween 20 in PBS) and washed with wash buffer (0.2%
Tween 20, 13 PBS). The serum samples were serially diluted in blocking buffer,
and aliquots were added to the target plate (100 ml/well). Following a 1-h
incubation at room temperature, the liquid was aspirated and the wells were
washed three times with wash buffer. Bound immunoglobulin was detected with
goat anti-mouse immunoglobulin G-horseradish peroxidase conjugate (Sigma
A-9917; used at a 1:20,000 dilution, 100 ml/well). After a 1-h incubation at room
temperature, the second antibody was removed and the wells were washed three
times with wash buffer. Horseradish peroxidase activity was measured by incu-
bation for 30 min with 100 ml of the substrate o-phenylenediamine dihydrochlo-
ride in 3% hydrogen peroxide (Sigmafast OPD tablets; Sigma) followed by the
addition of 1 N HCl (100 ml/well). Absorbance at 492 nm was measured with a
Multiscan Plus (Titertek, Flow Laboratories, McLean, Va.).

Statistical analyses. Student’s t test, and calculation of means and standard
errors, were carried out by using Sigmaplot for Windows, version 3.03 (Jandel
Scientific, San Rafael, Calif.).

RESULTS

Neonatal immunization with pCMV-NP induces antiviral
CTL. LCMV infection of naive adult mice induces a CTL
response; virus-specific lytic activity is difficult to detect 4 days
p.i. but is sufficiently developed to allow direct detection in
splenocytes harvested 7 days p.i. CTL activity declines as virus
is cleared, and several weeks later only memory CTL are
present; these are not directly demonstrable, and their pres-
ence is revealed only following restimulation, which activates
them and expands them to levels detectable in an in vitro assay.
Such restimulation can be carried out in vitro or in vivo; in our
studies, we take the latter course, infecting mice with LCMV
and harvesting spleens 4 days later. As stated above, LCMV-
specific CTL are undetectable at 4 days p.i. in previously non-
immune mice, but if the mice are immune to the antigen, and
therefore contain memory CTL, the response is accelerated
and lytic activity is readily detectable at 4 days postchallenge.
Therefore, LCMV-specific cytolytic activity seen on day 4 p.i. is
evidence of successful priming of an immune response by prior
exposure to antigen. We use this approach to determine wheth-
er DNA immunization has successfully primed a vaccine for
CTL. Thus, mice are immunized with DNA and, after 6 to 8
weeks, are infected with LCMV; 4 days later, splenocytes are
harvested and tested for lytic activity.

To test whether DNA immunization shortly after birth could
successfully prime an anti-LCMV T-cell response in neonatal
mice, individual litters of BALB pups (H-2d) received a single
intramuscular injection of plasmid DNA (encoding either the
LCMV nucleoprotein [pCMV-NP] or a vector control [pCMV])
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on the day of birth (d0) or on day 3, 7, or 14 after birth (d3, d7,
or d14). Six to eight weeks later, the mice were challenged with
2 3 105 PFU of LCMV i.p. Four days postchallenge, the
spleens were removed and examined for CTL activity as de-
scribed in Materials and Methods. Mice were considered pos-
itive for anti-NP CTL if the percent specific chromium release
(at an E/T ratio of 50:1) was at least 20% above that seen from
control target cells incubated in the absence of lymphocytes.
The results are shown in Fig. 1. As expected, previously non-
immune animals did not develop detectable CTL 4 days post-
challenge, but by 7 days, CTL responses were readily de-
tectable. None of the 14 mice immunized as neonates with
the control plasmid pCMV had detectable NP-specific CTL
responses at 4 days p.i. In contrast, 48% (12 of 25) of mice
immunized as pups with pCMV-NP showed evidence of NP-
specific responses at this time point, indicating that a single
injection of plasmid DNA in the first 2 weeks of life can prime
a T-cell response. Note that the induced CTL recognize target
cells coated with an epitope peptide, indicating that neonatal
DNA immunization induces responses with the same epitope
specificity as in adult mice. The fraction of pups responding to
pCMV-NP did not appear to vary with age at immunization,
being similar whether the DNA had been given on d0, d3, d7,
or d14. Fifty percent (four of eight) of the pups immunized
within hours of birth showed evidence of CTL priming when
challenged as adults, demonstrating that DNA immunization
in the first few hours of life can prime long-term immune
responses against LCMV. Control experiments confirmed that
lysis was NP specific and major histocompatibility complex re-
stricted (data not shown). These results are almost identical to
those obtained when adult mice were immunized with pCMV-
NP; approximately 50% of pCMV-NP-immunized adult ani-
mals had significant CTL activity by day 4 postchallenge (36).

Neonatally immunized mice can limit LCMV replication
following challenge as adults, and virus titers show an inverse
correlation with CTL activity. In Fig. 1, we show that neonatal
DNA immunization can prime for anti-LCMV CTL. To eval-

uate the biological relevance of this immunity, the virus titers
in the spleens of the same mice were determined (Fig. 2). Four
days p.i., the average titer in the nonimmune mice was 5.38 3
105 PFU/g. Compared to this, 11 of 25 mice immunized as pups
with pCMV-NP showed reductions in virus titer of 95% or
more, indicating that immunization of young mice induced
protective immunity. There is a very strong correlation be-
tween the induction of CTL (as demonstrated in Fig. 1) and
the ability to control virus replication (Fig. 2). All 11 mice
showing .95% reduction in virus titers scored positive for
NP-specific lytic activity, while none of the CTL-negative mice
achieved this reduction. The average titer in mice inoculated
with pCMV-NP but negative for CTL activity is 5.75 3 105

PFU/g (mean of titers in 13 mice), while the average titer in
mice in which CTL were detected is reduced by .98% (8.88 3
103 PFU/g; mean of titers in 12 mice). The difference in virus
titers between the CTL-positive and CTL-negative mice is sta-
tistically significant (t test, P , 0.00004).

DNA vaccination in the presence of antiviral maternal an-
tibodies. In addition to the low number of functional T cells in
neonates, another factor which often complicates neonatal an-
tiviral immunization is the inactivation of live viruses and some
recombinant protein vaccines by maternally derived antibodies
(28). Nucleic acid vaccines should not be inactivated in the
presence of maternally derived antibody, although the elicita-
tion of an immune response by the expressed protein may be
compromised in a manner similar to that seen with certain
protein-based vaccines. To determine if anti-LCMV maternal
antibodies adversely affect neonatal immunization with pCMV-
NP, immune dams were generated by infection of BALB/c
females with a nonlethal dose of LCMV at least 6 weeks before
mating. Groups of BALB pups born of and suckled on these
LCMV-immune dams were immunized with either pCMV or
pCMV-NP at various times within the first 2 weeks of life, at
which time they have levels of maternal antibody sufficiently
high to confer protection against LCMV infection (3). Pups
were weaned at 3 weeks of age and were challenged with live

FIG. 1. Neonatal immunization with pCMV-NP induces antiviral CTL. Mice born of and suckled on nonimmune mothers were injected intramuscularly with 50 mg
of either pCMV or pCMV-NP plasmid DNA on the indicated days. As additional controls, some nonimmune littermates received no plasmid injections. All mice were
challenged with 2 3 105 PFU of LCMV by i.p. injection at 6 weeks of age, and spleens were taken 4 days p.i. (7 days p.i. for the control d7 sample). Splenocytes were
tested for in vitro cytotoxicity as described in Materials and Methods, and results are plotted for individual mice.
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LCMV 3 to 5 weeks later, by which time the protective effects
of maternally derived antibodies had declined (3). High levels
of anti-LCMV antibodies were present in the sera of immune
dams postweaning (Fig. 3).

DNA immunization of neonatal mice can induce CTL even
in the presence of maternal antibodies. CTL priming was eval-
uated as before, using in vivo restimulation. As shown in Fig. 4,
all four of the pups born of and suckled on a nonimmune
mother, and vaccinated with pCMV-NP on day 3, responded in
the CTL assay, confirming the results shown in Fig. 1. One pup
born of and suckled on an immune mother, but receiving no
DNA, failed to respond in the CTL assay, indicating that ma-
ternal immunity in itself does not prime pups for accelerated
anti-LCMV CTL responses. This conclusion was supported
and extended by the finding that all of six pups born of and
suckled on immune mothers and immunized multiple times
with the vector alone (pCMV on d1, d3, d5, and d7) also failed
to respond in the CTL assay. Of the 13 animals born of im-
mune dams and immunized with pCMV-NP as neonates, 85%
(11 of 13) showed NP-specific cytolytic responses following
secondary in vivo stimulation. Thus, pups born of and suckled
on immune dams develop active immunity in response to DNA
immunization, since a single injection of pCMV-NP plasmid
DNA between 1 and 14 days postpartum leads to the devel-
opment of an accelerated NP-specific immune response upon
exposure to the virus.

Enhanced anti-LCMV antibody responses in mice born to
immune mothers and immunized as neonates with pCMV-NP.
Antiviral antibody titers also were measured in the same mice
sacrificed for evaluation of CTL priming (Fig. 4) and virus
titers (see Fig. 6). For each mouse, blood was collected, serum
was prepared, and the level of anti-LCMV antibody was de-
termined by ELISA. Since these mice were 3 to 5 weeks post-
weaning, by which time maternal antibody levels have declined
(3), any virus-specific antibody should reflect active immunity.
To confirm that elevated titers did not result from residual

maternal antibody, mice born of immune mothers, but receiv-
ing either no DNA or pCMV, were used as controls. As shown
in Fig. 5, even previously nonimmune mice had low but de-
tectable amounts of anti-LCMV antibody in their sera 4 days
p.i. but mice immunized as neonates with pCMV-NP had in-
creased antibody titers compared to the control groups, sug-
gesting that they had been primed by the prior DNA immuni-
zation.

FIG. 3. Anti-LCMV antibody status of dams. Eight-week-old female BALB/c
mice were inoculated with LCMV (2 3 105 PFU i.p.), and 6 weeks later, when
virus had cleared, were mated with male BALB/c mice. The resulting pups were
suckled on the mothers for 3 weeks; immediately postweaning, the dams were
bled and their LCMV-specific antibody titers were determined by ELISA. Blood
samples also were drawn postweaning from nonimmune dams. Standard error
bars are shown. OD492, optical density at 492 nm.

FIG. 2. Neonatally immunized mice can limit LCMV replication following challenge as adults, and virus titers show an inverse correlation with CTL activity. Spleen
samples from the pCMV-NP-vaccinated mice represented in Fig. 1 were weighed and titrated on Vero cell monolayers. Results were normalized to PFU per gram of
spleen. To facilitate data interpretation, black bars represent individual mice which were shown in Fig. 1 to be negative for CTL activity, while open bars represent
CTL-positive mice. The horizontal line at 2.6 3 104 PFU/g represents a 95% reduction in virus titer compared to nonimmune mice.
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Viral clearance in neonatal mice vaccinated in the presence
of antiviral maternal antibodies. Titers in spleens harvested
for evaluation of CTL activity (Fig. 4) also were measured to
determine the effects of immunization upon LCMV replica-
tion. The results are shown in Fig. 6. In total, 85% (11 of 13)
of the pCMV-NP-vaccinated mice born of and suckled on
immune mothers showed a .95% reduction in viral titers 4
days p.i. compared to the nonimmunized control mice. This
result indicates that the pCMV-NP inoculation of neonatal
mice, even in the presence of maternal antibodies, can confer
protection against subsequent viral challenge. Of the 11 ani-
mals with detectable CTL (Fig. 4), 10 showed a reduction in
virus titer of .95% (Fig. 6). One animal (represented by the
gray bar in Fig. 6) had an in vitro cytolytic activity of 28%
(effector/target ratio of 50:1) but did not show evidence of
clearance by day 4 p.i. Although this particular animal had the
lowest CTL response of any of the CTL-positive mice, it is
surprising that the LCMV titer was not lower than that in
nonimmune mice. Also, one mouse vaccinated with pCMV-NP
on d7 had no demonstrable CTL and yet appeared to clear the
infection from the spleen faster than the nonimmune controls.

Taken collectively, these data demonstrate that DNA immu-
nization of neonates and young pups can successfully prime
long-term protective antiviral immune responses in individuals
immunized either in the presence or in the absence of maternal
antibodies.

DISCUSSION

In the last half century, notable advances have been made in
public health, reducing both the incidence of and the mortality
associated with infectious diseases. None of these advances has
been more significant, nor saved more lives, than the develop-
ment of safe and effective vaccines. Common childhood viral
diseases such as measles, poliomyelitis, and smallpox once
killed or maimed millions annually. Widespread vaccination
programs have reduced the incidence of measles and poliomy-
elitis in developed countries, while smallpox has been forever
removed as a global health threat. However, the high produc-

tion and distribution costs of many vaccines, the emergence of
viruses such as hantavirus, Ebola virus, and human immuno-
deficiency virus, and the reemergence of bacterial diseases
such as cholera and tuberculosis have made the development
of new vaccines a public health imperative. Immunization with
plasmid DNA offers several advantages over immunization
with conventional live virus or protein-based vaccines (re-
viewed in references 10, 13, and 14).

Because a large percentage of the population at risk for
infectious diseases are children, we began an examination of
the efficacy of neonatal DNA vaccination. Others have hypoth-
esized that the previous lack of success in neonatal vaccination
regimens may have been due in part to large quantities of
antigen delivered in the absence of adequate numbers of im-
mune cells (23, 24); by the time the number of immune cells

FIG. 5. DNA immunization primes for enhanced antibody responses in pups
born of immune dams. Pups born of immune mothers, and immunized at various
times as shown, were infected at 6 to 8 weeks of age with LCMV; 4 days later
their blood was taken, serum was prepared, and anti-LCMV antibody titers were
determined by ELISA. OD492, optical density at 492 nm.

FIG. 4. DNA immunization primes for CTL activity even in pups born of immune dams. Mice born of and suckled on LCMV-immune dams either received no
DNA, were immunized with pCMV on d1, d3, d5, and d7, or received a single injection of pCMV-NP on d1, d7, or d14. Mice born of and suckled on naive (nonimmune)
dams received no DNA or were immunized with pCMV-NP on d3. Mice which received no DNA served as assay controls. All mice received 2 3 105 PFU of LCMV
by i.p. injection at 6 to 8 weeks of age, and spleens were taken on day 4 (with the exception of the d7 mouse, whose spleen was harvested 7 days p.i. as a positive control
for the CTL assay). Splenocytes were tested for in vitro cytotoxicity as described in Materials and Methods, and results are plotted for individual mice.
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had increased to potentially protective levels, the antigen ei-
ther had already been cleared from the system or, in the case
of self-replicating agents, had gained a crucial foothold allow-
ing it to overwhelm the host, inducing tolerance and often
resulting in viral persistence. Another factor contributing to
neonatal vaccine failure is the presence of maternal antibodies,
which can inactivate not only the pathogens but also the vac-
cines used to confer protective immunity. Thus, the timing of
vaccination is crucial. If the vaccine is given too early in life, the
immune system may be too immature to respond, and/or ma-
ternal antibodies may inactivate the vaccine; but delaying vac-
cination carries its own risks, since diminishing maternal anti-
body titers render the infant more susceptible to infection and
disease. DNA immunization may circumvent these problems,
since low levels of marker protein expression have been de-
tected months after plasmid DNA inoculation (33). Thus, a
single injection of plasmid administered shortly after birth
should lead to long-term production of small amounts of an-
tigen which, as the immune system matures, may permit in-
duction of immunity against the plasmid-encoded antigen. In
addition, plasmid DNA should not be inactivated by maternal
antibodies.

The data presented here provide clear evidence that CTL
responses can be primed by a single injection of plasmid DNA
administered to neonatal mice and that the epitope specificity
of the induced response appears the same as in adult mice.
Even mice inoculated within hours of birth are successfully
immunized, since accelerated antiviral CTL responses can be
demonstrated several weeks later in 48% of pCMV-NP-immu-
nized mice (Fig. 1). The immunity induced by neonatal DNA
immunization was protective, as judged by decreases in virus
titers in the spleens of 48% of the mice (Fig. 2). The correla-
tion between detectable CTL activity and low virus titers was
excellent, as might be expected given the critical role played by
CTL in vaccine-induced protection against LCMV (15, 25, 26,
31, 32). These results clearly demonstrate that neonatal DNA
immunization can induce protective CTL responses. However,

the underlying mechanism remains unclear. For example,
while injection of pCMV-NP leads to long-term antigen ex-
pression and to immunity, it is possible that the immunity is
induced almost immediately following injection, despite the
immaturity of the neonatal immune system, and that long-term
antigen expression is unnecessary. It is also unclear why only
48% of the mice responded to the immunization, but these
data are very similar to those obtained in previously published
studies on adult DNA immunization against LCMV, in which
around 50 to 75% of mice responded (20, 35–38). In light of
the strong similarity in the rates of successful vaccination in
adults and neonates, it appears unlikely that the vaccination
failures in the present study reflect a specific defect in the
ability to immunize young animals. The lack of a demonstrable
protective immune response in half of the neonates (this study)
or adults (other studies) immunized with pCMV-NP remains
unexplained; a more detailed understanding of the mecha-
nisms underlying DNA immunization is necessary before the
technique can be rationally refined to achieve protection levels
approaching 100% in the LCMV model system.

DNA immunization appears effective even when given to
pups born of and suckled on immune dams. The mothers carry
high levels of anti-LCMV antibodies which persist until after
weaning (Fig. 3); these antibodies are transferred to the pups
and can enhance recovery until approximately 2 weeks post-
weaning (3). However, the pups immunized with pCMV-NP
show accelerated CTL (Fig. 4) and antibody (Fig. 5) responses
and improved control of LCMV replication (Fig. 6). Our re-
sults with the LCMV nucleoprotein show that it is possible to
design a DNA immunization approach that can successfully
immunize infants in the presence of antiviral maternal anti-
bodies. This is an important finding. For example, in humans,
the optimal age for measles vaccination is debatable. Early
studies suggested that immunization should be initiated only
after 12 to 15 months (1, 28). However these recommendations
were based on studies of babies born of mothers who had been
naturally infected with measles virus and who therefore had

FIG. 6. Viral clearance in neonatal mice vaccinated in the presence of antiviral maternal antibodies. Virus titers were determined in spleen samples from the
pCMV-NP-vaccinated mice represented in Fig. 4 and 5. All samples were weighed, and samples were titrated on Vero cell monolayers. Results were normalized to PFU
per gram of spleen. To facilitate data interpretation, black bars represent individual mice which were shown in Fig. 4 to be negative for CTL activity, while open bars
represent CTL-positive mice. The horizontal line at 4.3 3 104 PFU/g represents a 95% reduction in virus titer compared to nonimmune mice. The gray bar represents
the single animal which was positive for in vitro cytotoxicity in Fig. 4 but failed to show reduced viral titer 4 days postchallenge.
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high levels of serum antibody; these high maternal levels were
reflected in high levels of antibody passively transferred to the
fetus or neonate. In general, children born of vaccinated moth-
ers have, at a given age, lower levels of acquired antibody than
children born of naturally infected mothers (17). In the United
States, widespread measles vaccination began in 1963; there-
fore, most females currently of child-bearing age have been
immunized by vaccination rather than by natural infection and
have lower antibody levels than the older cohort of mothers;
their children will therefore have lower levels of transferred
antibody and will become susceptible to infection (and open
to successful vaccination) sooner than children of older (nat-
urally immune) mothers. The vaccine seroconversion rate in
9-month-old children was 93% when mothers had been born
after 1963 and only 60% when the maternal birth date was
1957 or before (17). The earlier decline of passive immunity in
children of vaccinated mothers has led to recommendations for
earlier immunization, to avoid leaving a window of opportunity
for measles virus. However, early administration of standard
vaccines may result in vaccine failure for the reasons stated
above. Our studies suggest that DNA immunization may over-
come these problems by allowing vaccination of neonates, in
the presence of maternal antibodies, thus permitting the de-
velopment of protective immunity.

To our knowledge, there have been four published attempts
to induce immunity in neonates by immunization with plasmid
DNA. Wang and coworkers, using a plasmid expressing a ra-
bies virus glycoprotein, examined the antibody and Th-cell re-
sponses in mice inoculated within 24 h of birth (30). Plasmid
DNA successfully primed B-cell and Th-cell responses, and
long-term antibody production, in vaccinated mice. CTL re-
sponses, and the effects of maternal antibodies, were not eval-
uated. A second study, using the influenza virus model system,
showed clearly that CTL could be induced, but again the effect
of maternal antibodies was not studied (6). These findings are
consistent with our own. The two remaining studies, however,
gave contrasting results. In the third study, an inhibitory effect
of maternal antibodies was identified (18). Vaccination of neo-
natal swine born of nonimmune sows with a plasmid expressing
pseudorabies virus (PRV) glycoprotein D induced low levels of
anti-PRV antibodies. In contrast, when piglets from immune
sows were inoculated with DNA, no antibody responses were
detected, suggesting that colostral antibodies had inhibited
DNA immunization; upon subsequent PRV challenge, the pig-
lets (i) failed to show an accelerated antibody response, con-
firming the failure of DNA immunization to circumvent the
effect of maternal antibodies, and (ii) succumbed, showing that
protective immunity was not induced by the plasmid DNA.
One possibly critical difference between this study and our own
is the nature of the encoded protein; ours is internal, while the
porcine study used a cell surface protein. In the fourth study,
vaccination of neonatal mice used a plasmid expressing a ma-
laria circumsporozoite protein previously shown to protect
adult mice from challenge with malaria. Not only did the mice
immunized at 2 to 5 days of age show no evidence of immunity;
all vaccinated neonates instead showed evidence of tolerance
typified by a lack of antibody, cytokine, or CTL responses when
reinoculated with the plasmid DNA. Interestingly, soluble cir-
cumsporozoite protein induced antibody responses in these
mice (19).

It is unclear why immunization with plasmid DNA could
induce such widely disparate responses among neonatal vac-
cinees. Differences in antigenicity, susceptibility to tolerance
induction, or inactivation by maternal antibodies between dif-
ferent antigens may account for the differential successes in
inducing immunity. These results underscore the need for a

systematic examination of the general mechanisms underlying
DNA immunization in order to decipher why the induction of
immunity is only sporadically successful.
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