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Measles remains a leading cause of child mortality in developing countries. Residual maternal measles
antibodies and immunologic immaturity dampen immunogenicity of the current vaccine in young infants.
Because cotton rat respiratory tract is susceptible to measles virus (MV) replication after intranasal (i.n.)
challenge, this model can be used to assess the efficacy of MV vaccines. Pursuing a new measles vaccine strategy
that might be effective in young infants, we used attenuated Salmonella enterica serovar Typhi CVD 908-htrA and
Shigella flexneri 2a CVD 1208 vaccines to deliver mucosally to cotton rats eukaryotic expression plasmid
pGA3-mH and Sindbis virus-based DNA replicon pMSIN-H encoding MV hemagglutinin (H). The initial i.n.
dose-response with bacterial vectors alone identified a well-tolerated dosage (1 � 109 to 7 � 109 CFU) and a
volume (20 �l) that elicited strong antivector immune responses. Animals immunized i.n. on days 0, 28, and
76 with bacterial vectors carrying DNA plasmids encoding MV H or immunized parenterally with these naked
DNA vaccine plasmids developed MV plaque reduction neutralizing antibodies and proliferative responses
against MV antigens. In a subsequent experiment of identical design, cotton rats were challenged with
wild-type MV 1 month after the third dose of vaccine or placebo. MV titers were significantly reduced in lung
tissue of animals immunized with MV DNA vaccines delivered either via bacterial live vectors or parenterally.
Since attenuated serovar Typhi and S. flexneri can deliver measles DNA vaccines mucosally in cotton rats,
inducing measles immune responses (including neutralizing antibodies) and protection, boosting strategies
can now be evaluated in animals primed with MV DNA vaccines.

The current parenteral attenuated measles vaccine is well
tolerated and highly effective in infants 9 months of age or
older (25). Nevertheless, measles remains the highest cause of
infant and young child mortality for a vaccine-preventable dis-
ease in the world, causing ca. 1 million deaths annually (1, 21,
28). In developing countries where measles transmission is
rampant, approximately one-third of measles cases occur dur-
ing the first year of life (21). One reason for this is the “window
of vulnerability” in young infants that lasts from ca. 4 to 9
months of age. During this period, declining maternally de-
rived anti-measles antibodies fail to protect against wild-type
measles virus (MV), and yet the infant is below the minimum
age (9 months) that the World Health Organization recom-
mends for measles vaccination (25).

In infants younger than 9 months of age, residual maternally
derived antibodies and immaturity of the immune system limit
the ability of the vaccine to elicit seroconversion (12). At-
tempts to overcome these immunologic barriers in young in-
fants by using a higher-than-usual titer of parenteral attenu-

ated vaccine were abandoned because of questions of long-
term safety (2, 14, 17). For these reasons, research is under way
in several laboratories to develop a new generation of measles
vaccine that would be safe and effective in young infants during
their window of susceptibility.

Among rodents, the cotton rat (Sigmodon hispidus) is ex-
traordinary in its susceptibility to pulmonary infection with
MV after intranasal (i.n.) challenge, thereby allowing studies
of pathogenesis, infection, and immunity elicited by vaccines
(31, 33, 51–53). After i.n. inoculation of cotton rats with
wild-type MV, virus replication ensues, allowing recovery of
virus from lung tissue, bronchial cells, and draining lymph
nodes, as well as from the spleen (31, 51, 52). Vaccine candi-
dates that elicit sufficiently high titers of neutralizing antibod-
ies and MV-specific T-cell responses can confer protection
against subsequent challenge with wild-type virus (41, 42, 50,
53).

We investigated whether the cotton rat model could be
adapted to test the ability of attenuated Shigella flexneri 2a and
Salmonella enterica serovar Typhi to serve as live vectors to
deliver measles DNA vaccines to prime MV-specific immune
responses (5, 10, 35), in particular, plaque reduction virus
neutralizing antibody, an immunologic correlate of protection
in cotton rats and humans (6, 32).
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MATERIALS AND METHODS

Plasmid construction and purification. Plasmid pGA3-mH encoding MV
hemagglutinin (H) from the Edmonston wild-type strain was constructed in the
laboratory of Harriet Robinson as a derivative of an earlier DNA plasmid
construct (Fig. 1). To produce pGA3-mH, the MV H sequence was PCR am-
plified from pJW4303/H (24, 54) by using the 5� primer AAGCTTATGTCCCC
CCAGCGCGACCGCATCAACGCCTTCTACAAGGACAACCCCC and the
3� primer GGATCCCTATCTGCGATTGGTTCCATCTTCCCG. The ampli-
fied sequence was digested with HindIII and BamHI and cloned into HindIII-
and BamHI-digested pGA3 vector in keeping with U.S. Food and Drug Admin-
istration Points to Consider on Plasmid DNA Vaccines (1996) (40). The 5� primer
optimized the codons for the first 14 amino acids of the MV H gene for codons
most frequently used in highly expressed human genes (15, 48). Sequence anal-
yses confirmed the introduction of the 5� codon-optimized sequence. However,
Western blot analyses comparing expression of the 5� codon-optimized H gene
with the non-codon-optimized version revealed that the 5�codon optimization
did not increase expression of the MV H gene.

To construct plasmid pMSIN-H, investigators at the Center for Vaccine De-
velopment removed the cDNA gene encoding MV H antigen from peH1SK1
(kindly provided by Alexandra Valsamakis, Johns Hopkins University) as a
1.85-kb XhoI-NotI fragment and ligated it into pSINCP (Chiron Corp., Em-
eryville, Calif.) digested with XhoI and NotI (39). The DNA vaccine plasmid
pSINCP consists of a conventional polymerase II cytomegalovirus (CMV) pro-
moter and cDNA copy of a self-replicating alphavirus (Sindbis virus) genome in
which the structural protein genes are removed and replaced with a heterologous
gene (or genes) of interest (7, 19, 39). Plasmid pSINCP is a modified plasmid
replicon that incorporates nonstructural protein gene sequences from a human
dendritic cell tropic strain of Sindbis virus (13). Transcription from the CMV
promoter within a mammalian cell gives rise to a Sindbis virus RNA replicon
vector, which programs its own cytoplasmic RNA amplification and high-level
expression of the introduced heterologous gene via the alphavirus subgenomic
promoter.

Upon entry into a mammalian cell, transcription of the Sindbis virus DNA
replicon is initiated by the conventional polymerase II CMV promoter (Fig. 1).
This results in mRNA that encodes the alphavirus nonstructural replicase pro-
teins which, in turn, drive cytoplasmic amplification of the alphavirus genome
sequences. High-level expression of the introduced heterologous gene is
achieved via the highly active subgenomic promoter. After transformation into
Escherichia coli DH5�, transformants were selected on Luria-Bertani (LB;
Fisher Biotech, Fair Lawn, N.J.) agar plates containing 40 �g of kanamycin
(Sigma Chemical Co., St. Louis, Mo.)/ml. The resultant plasmid, pMSIN-H, was
confirmed by restriction digest analysis and then electroporated into serovar
Typhi CVD 908-htrA and S. flexneri 2a CVD 1208. pSINCP (negative control),
pMSIN-H, pGA3 (negative control), and pGA3-mH used for intramuscular

(i.m.) immunization were purified by using Qiagen columns as indicated by the
manufacturer (Qiagen, Inc., Valencia, Calif.) and resuspended in sterile phos-
phate-buffered saline (PBS) to a final concentration of 1 �g/�l.

Bacterial strains and culture conditions. Serovar Typhi strain CVD 908-htrA,
a �aroC �aroD �htrA mutant (47), and the derivatives CVD 908-htrA(pTETlpp)
(expressing tetanus toxin [TT] fragment C under control of a powerful consti-
tutive prokaryotic promoter) (11, 36, 37, 46), CVD 908-htrA(pGA3), CVD 908-
htrA(pGA3-mH), CVD 908-htrA(pSINCP), and CVD 908-htrA(pMSIN-H) were
streaked from a glycerol stock onto 2� LB agar plates containing 20 g of Bacto
tryptone/liter, 10 g of Bacto yeast extract (Difco, Detroit, Mich.)/liter, and 50
mM NaCl (Sigma) supplemented with 0.0001% (wt/vol) 2,3-dihydroxybenzoic
acid (DHB; Sigma) and kanamycin (40 �g/ml), where necessary. Colonies were
suspended in LB broth supplemented with DHB and kanamycin and grown
overnight.

Shigella strain CVD 1208 (23), which harbors deletions in chromosomal genes
guaBA (34) and set (encoding Shigella enterotoxin 1) (8, 9), and invasiveness
plasmid gene sen (encoding Shigella enterotoxin 2) (29), as well as derivatives
CVD 1208(pTETlpp), CVD 1208(pGA3), CVD 1208(pGA3-mH), CVD
1208(pSINCP), and CVD 1208(pMSIN-H) were streaked from frozen stock onto
Trypticase soy agar (Becton Dickinson, Cockeysville, Md.)-Congo red plates
supplemented with guanine (0.001%) plus kanamycin (40 �g/ml), as necessary.
Single colonies were seeded in LB broth supplemented with guanine (0.001%)
plus kanamycin (40 �g/ml), where necessary. Shigella strains were screened to
ensure that their �140 mDa enteroinvasiveness plasmids were not lost during the
genetic manipulations (16). Congo red-positive colonies (denoting the expression
of plasmid-encoded Shigella virulence determinants) were used to inoculate
broth cultures, and PCR was performed to amplify plasmid virulence gene virG
in master seeds.

Vaccine inocula were prepared from fresh broth cultures that were allowed to
reach an optical density at 600 nm (OD600) of 1.3 (late log phase). Cultures were
centrifuged and resuspended in 1 to 2 ml of sterile PBS to the desired CFU/ml.
The number of viable organisms was calculated by plating serial dilutions of the
inoculum onto L-agar plates.

Animals and immunization. Groups of four to five male and female cotton rats
(Virion Systems, Gaithersburg, Md.), 6 to 12 weeks old (�60 to 250 g), were
immunized i.n. with CVD 908-htrA or CVD 1208 alone or with these bacterial
vectors harboring MV H-DNA vaccine plasmids. In initial experiments, the
bacterial strains were administered in 20-, 50-, or 100-�l volumes that were
gradually introduced into the cotton rat nare with a micropipette. Control groups
received PBS i.n. Other groups were immunized with naked DNA vaccine plas-
mids i.m. in doses of 100 �g in 100 �l (50 �l per leg). Animals were anesthetized
with isofluorane for immunization and the collection of blood samples. Blood
samples were collected from the retro-orbital vein prior to immunization and
every 2 weeks thereafter for 16 weeks. Sera were stored at �70°C until tested.

FIG. 1. Schematic representation of eukaryotic expression vectors pGA3-mH and pMSIN-H encoding MV H. (A) The pGA3-mH vector
contains a CMV immediate-early promoter plus intron A for initiating transcription of eukaryotic inserts and bovine growth hormone polyade-
lylation signal (BGH polyA) for termination of transcription. The vector also contains the ColE1 origin of replication for prokaryotic replication,
as well as the kanamycin resistance gene (Kanr) for selection in antibiotic media. The T0 terminator has been placed 3� to Kanr to increase the
stability of eukaryotic inserts. The MV H insert was cloned into pGA3 vector by using HindIII and BamHI restriction endonuclease sites.
(B) Plasmid pMSIN-H is a Sindbis virus-based vector with the MV H gene cloned as an XhoI-NotI fragment. The replicon contains the ColE1
origin of replication and Kanr marker. Replication of alphavirus genome is directed by the CMV promoter, whereas the expression of MV H is
under the control of the subgenomic promoter.
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Animals were sacrificed 120 days after primary immunization, and spleens from
each group were pooled.

To compare the immunogenicity of the two measles DNA vaccine plasmids in
another species, female BALB/c mice (Charles River, Wilmington, Mass.), 6 to
8 weeks old, were inoculated i.m. on days 0 and 28 with the MV H DNA vaccine
plasmids pGA3-mH or pMSIN-H or with the empty plasmids pGA3 and
pSINCP, as described above. Blood was collected prior to immunization and
every 2 weeks thereafter for up to 8 weeks. For immunization and collection of
blood samples, animals were anesthetized as described above. The cotton rat and
mouse study protocols were approved by the University of Maryland and Virion
Systems Institutional and Animal Care and Use Committees.

Measurement of MV-specific plaque reduction neutralizing (PRN) antibodies.
Cotton rat serum dilutions from different groups were incubated with 100 PFU
of wild-type MV (Edmonston strain) for 1 h at 37°C in 5% CO2 and then plated
in duplicate onto confluent (�90% density monolayers) Vero cells (American
Type Culture Collection, Manassas, Va.) in 12-well plates in an adaptation of the
method of Albrecht et al. (3). After 1 h of incubation, cells were overlaid with 2
ml of agar/well and incubated for 5 days. Wells were stained with neutral red
(Gibco Invitrogen Corp., Grand Island, N.Y.) and incubated overnight, and
plaques were then counted.

Measurement of antibodies to LPS, TT fragment C, and MV in cotton rat sera.
The total immunoglobulin G (IgG) antibodies in serum against serovar Typhi
and S. flexneri 2a lipopolysaccharide (LPS), TT fragment C, and MV H antigens
were measured by enzyme-linked immunosorbent assay (ELISA) as previously
described (5, 35, 42). Briefly, 96-well plates were coated with 100 �l of serovar
Typhi LPS (Difco, Detroit, Mich.) or S. flexneri LPS (purified at the CVD) at 10
�g/ml in carbonate buffer (pH 9), TT fragment C (Boehringer Mannheim,
Indianapolis, Ind.) at 5 �g/ml in PBS, and MV Edmonston strain lysate (Biode-
sign, Saco, Maine) at 5 �g/ml in carbonate buffer (pH 9) for 3 h at 37°C and then
blocked overnight with 10% milk (Nestle USA, Inc., Glendale, Calif) in PBS.
After each incubation, plates were washed six times with PBS containing 0.05%
Tween 20 (PBST). To determine endpoint titers, eight twofold dilutions of sera
in 10% milk PBST were tested. To reduce nonspecific binding of cotton rat
serum proteins, plates were incubated for 1 h at 4°C. After a washing step, plates
were incubated with 100 �l of rabbit serum specific for cotton rat IgG (Virion
Systems) diluted 1/2,000 in 10% dried milk in PBST (PBST-M) for 1 h at room
temperature. Peroxidase-conjugated goat serum specific for rabbit IgG (Zymed,
San Francisco, Calif.) was diluted 1/1,000 in the same diluent and then incubated
for 1 h at room temperature. The substrate solution used was TMB Microwell
Peroxidase (KPL Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.).
After a 15-min incubation, the reaction was stopped by the addition of 100 �l of
1 M H2PO4, and the OD450 nm was determined in an ELISA micro plate reader
(Multiskan Ascent; Thermo Labsystems, Helsinki, Finland). Sera were run in
duplicate. Negative and positive control sera were included in each assay. Linear
regression curves were plotted for each serum sample, and titers were calculated
(through equation parameters) as the inverse of the serum dilution that produces
an OD of 0.2 above the blank and expressed as ELISA units (EU)/ml.

Measurement of antibodies to MV H antigen in mouse sera. IgG against MV
antigens was measured by ELISA as described above, with the following modi-
fications: serum dilutions were incubated for 1 h at 37°C in plates previously
coated with MV lysate and blocked with 10% dried milk in PBS. After a washing
step, 100 �l of goat anti-mouse IgG (Boehringer Mannheim) diluted 1/1,000 in
PBST-M was added to the wells, followed by incubation for 1 h at 37°C. Incu-
bation with the substrate solution, measurement of the OD, and calculation of
the antibody titers were performed as described above.

Proliferative responses. Spleens from different groups were pooled, and sin-
gle-cell suspensions were prepared. Cells were resuspended in RPMI 1640 sup-
plemented with 2 mM L-glutamine, 10 mM HEPES, 50 �g of gentamicin/ml, and
10% heat-inactivated fetal calf serum (HyClone, Logan, Utah). Antigen-specific
proliferative responses were measured by culturing 2 � 105 cells/well (triplicate
wells) in 96-well round bottom plates with MV H antigen (BioWhittaker, Walk-
ersville, Md.) diluted 1/20 to 1/80,000 in complete RPMI in a final volume of 200
�l. Cells were cultured for 6 days at 37°C in 5% CO2. Cultures were pulsed with
1 �Ci of tritiated thymidine/well and then harvested 18 to 20 h later. Cell
proliferation was assessed by determining the incorporation of [3H]thymidine in
a Wallac Microbeta counter (Wallac, Turku, Finland). Results are expressed as
the stimulation index, which was calculated as the ratio of counts per minute
measured in cells stimulated with MV H antigen to the counts per minute of the
cells incubated with medium alone.

i.n. challenge and MV quantification. In a second experiment, cotton rats were
immunized as described above with MV H-DNA vaccines delivered i.n. by
bacterial vectors or administered i.m. Controls received PBS i.n. One month
after the third dose, the cotton rats were challenged i.n. with 100 �l containing

107 PFU of wild-type MV (Edmonston strain). Lungs were harvested from
euthanized animals 4 days after challenge, weighed, and homogenized in 2 ml of
Eagle minimal essential medium supplemented with 5% fetal calf serum, 100 U
of penicillin/ml, and 100 �g of streptomycin/ml (all from Gibco). Lung homog-
enates were centrifuged for 20 min at 4°C, and supernatants were collected.
Virus load was measured by incubating 100 �l of 10-fold dilutions of individual
lung supernatants in 48-well plates containing confluent monolayers of Vero cells
(triplicate wells). The wells were observed for cytopathic effect 7 days later.
Infectivity titers were calculated by the Karber method (20) and are expressed as
the 50% tissue culture infective doses (TCID50) per g of lung tissue.

Statistical analysis. Individual antibody titers were log transformed and group
titers expressed as geometric mean (GM) 	 the standard error (SE). Antibody
titers measured prior to immunization (day 0) and after each dose were com-
pared by using the Student t test and the Mann-Whitney rank sum test (when the
normality test failed). Multiple comparisons of PRN antibody and ELISA titers
in experimental groups versus control groups were performed by using Kruskal-
Wallis nonparametric one-way analysis of variance (Dunnett’s method). The
virus titers measured after challenge in experimental versus control groups were
compared by using Kruskal-Wallis one-way analysis of variance by ranks (Dunn’s
method). In all of the tests, a P value of 
0.05 was considered to be statistically
significant. Statistical analyses were performed by using SigmaStat 2.0 software
(SPSS, Inc., Chicago, Ill.).

RESULTS

Salmonella and Shigella live vector strains in cotton rats: role
of vaccine inoculum volume and dosage level. In a series of
preliminary studies, animals were immunized i.n. with different
doses of serovar Typhi CVD 908-htrA or S. flexneri CVD 1208
alone that ranged from 1.0 � 106 to 7.4 � 109 CFU delivered
in a volume of either 100, 50, or 20 �l. Animals inoculated with
vaccine dosage levels of 4.0 � 108 to 7.4 � 109 CFU contained
in a volume of 50 or 100 �l died within 48 h of inoculation. In
contrast, when similar vaccine dosage levels (3.0 � 108 to 7.4 �
109 CFU) were delivered in a volume of 20 �l, the vaccines
were well tolerated (no animals died or exhibited untoward
reactions) and strong antivector immune responses (P 
 0.05
compared to preimmunization levels and control group) were
observed (Fig. 2). Consequently, all subsequent experiments
utilized vaccine delivered in a total volume of 20 �l.

Immunogenicity of single i.n. doses of serovar Typhi and
Shigella live vectors carrying a prokaryotic expression system
plasmid encoding TT fragment C. We next investigated the
dosage level of live vector bacteria that would induce the stron-
gest immune response against both vector antigens and a for-
eign antigen after i.n. immunization with a single dose. Im-
mune responses in groups of cotton rats were measured 21
days after i.n. immunization with various dosage levels of se-
rovar Typhi CVD 908-htrA or S. flexneri CVD 1208 alone (Fig.
2) or expressing TT fragment C from prokaryotic expression
plasmid pTETlpp (Fig. 3). As shown in Fig. 2, cotton rats
immunized i.n. with a single dose of either CVD 908-htrA (7.4
� 108 to 7.4 � 109 CFU) or CVD 1208 (3.0 � 107 to 3.0 � 109

CFU), but not PBS control groups, mounted significant rises in
anti-vector LPS antibodies responses. Postimmunization titers
in animals that received ca. 108 to 109 CFU of CVD 908-htrA
vaccine were significantly higher than those that received ca.
106 to 107 CFU (P 
 0.05).

Cotton rats immunized with CVD 908-htrA(pTETlpp) ex-
pressing TT fragment C under control of a powerful constitu-
tive promoter induced strong antibody responses to this for-
eign antigen (P � 0.029). In contrast, a single i.n. dose of S.
flexneri strain CVD 1208(pTETlpp) failed to elicit serologic
responses to fragment C, even though strong anti-vector LPS
responses were observed (P 
 0.05) (Fig. 3).
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Immunogenicity of two spaced i.n. doses of serovar Typhi
live vector carrying a prokaryotic expression system encoding
TT fragment C. We next studied the kinetics of serologic re-
sponses to fragment C after i.n. immunization of cotton rats
with two doses of CVD 908-htrA(pTETlpp) on days 0 and 28.
High titers of anti-fragment C antibody were observed on day
28 after the first dose compared with preimmunization levels
(P 
 0.03); titers significantly increased after the booster (P 

0.001), reaching a peak on day 42 (Fig. 4, left panel). No
antibody responses to fragment C were detected in cotton rats
that received CVD 908-htrA alone or PBS. Strong responses to
serovar Typhi LPS (P 
 0.03 on days 28, 42, and 56 compared
to preimmunization levels) were also induced (Fig. 4, right panel).

Immunogenicity of DNA vaccine plasmids encoding MV H
administered parenterally to cotton rats. Experiments were
undertaken in cotton rats to compare the immunogenicity of
pMSIN-H (the DNA-based Sindbis virus replicon system en-
coding MV H) and pGA3-mH (the “traditional” DNA plasmid
encoding MV H) when these DNA vaccines were administered
parenterally. Cotton rats received three doses of DNA vaccine

i.m., 28 days apart; control animals received empty plasmid
pGA3 or pSINCP, or PBS. A significant increase in MV H
antibody titers (including neutralizing antibodies) was ob-
served after immunization with either of the two DNA vaccine
plasmids encoding MV H (Fig. 5). No responses were observed
in control cotton rats. Significantly higher antibody titers were
observed in cotton rats immunized with pMSIN-H compared
to pGA3-mH (P 
 0.004 measured by ELISA and P 
 0.003
measured by PRN assay, after the second dose) (Fig. 5).

Immunogenicity in mice of DNA vaccine plasmids encoding
MV H administered parenterally. The significant difference in
immunogenicity noted between the two measles H DNA vac-
cine constructs in parenterally immunized cotton rats prompted

FIG. 2. IgG anti-LPS responses elicited in serum in cotton rats
immunized i.n. with various doses of vaccine strain serovar Typhi
(upper panel) or S. flexneri 2a (lower panel). Cotton rats were inocu-
lated i.n. with 7.4 � 107 to 7.4 � 109 CFU of CVD 908-htrA or 3.0 �
107 to 3.0 � 109 CFU of CVD 1208 suspended in a 20-�l volume. A
control group received 20 �l of PBS i.n. IgG anti-LPS titers were
measured by ELISA in serum samples collected 21 days after immu-
nization. Bars indicate the GM titers 	 the SE from four animals. ❋ ,
Significant increases (P 
 0.05) in antibody titers compared to preim-
munization levels and control group. EU, ELISA unit(s).

FIG. 3. IgG responses in serum to serovar Typhi LPS and TT
fragment C in cotton rats immunized i.n. with CVD 908-
htrA(pTETlpp) and CVD 1208(pTETlpp). Cotton rats received one
dose of 2.2 � 108 to 2.2 � 109 CFU of CVD 908-htrA(pTETlpp) or 7.4
� 107 to 7.4 � 108 of CVD 1208(pTETlpp). Titers of antibody to
serovar Typhi, S. flexneri 2a LPS, and TT fragment C were measured
by ELISA in serum samples collected 21 days after immunization. GM
titers 	 the SE from four animals are shown. ❋ , Significant increases
(P 
 0.05) in antibody titers after immunization compared to preim-
munization levels and control group. EU, ELISA unit(s).

FIG. 4. IgG responses in serum to serovar Typhi LPS and TT
fragment C in cotton rats immunized i.n. with CVD 908-
htrA(pTETlpp). Cotton rats were immunized i.n. on days 0 and 28
(indicated by arrows) with 2 to 5 � 109 CFU of CVD 908-htrA or CVD
908-htrA(pTETlpp). Curves indicate GM titers 	 the SE from four
animals. Titers were measured by ELISA in serum samples collected
on days 0, 14, 28, 42, and 56 after primary immunization. ❋ , Significant
increases (P 
 0.03) in antibody titers after immunization compared to
preimmunization levels. EU, ELISA unit(s).
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us to undertake a similar comparison of immunogenicity in
mice. Mice were immunized i.m. with two doses of either
pGA3-mH or pMSIN-H, given 28 days apart; control animals
received empty plasmid pSINCP, pGA3, or PBS. As shown in
Fig. 5 (right panel), both DNA vaccines stimulated rises in
serum MV H antibody titers but, as in cotton rats, the titers
were significantly higher in mice that received pMSIN-H (P 

0.002 for both PRN antibody and ELISA titers after each
dose). No responses were observed in animals immunized with
empty plasmids or PBS.

Antibody responses in cotton rats against MV H elicited by
Salmonella and Shigella live vectors delivering MV H DNA
vaccine plasmids. Based on results of experiments that docu-
mented the ability of the parenterally administered DNA vac-
cines to elicit MV PRN antibody, we proceeded to evaluate
Salmonella and Shigella as mucosal live vectors to deliver these
DNA vaccines encoding MV H antigen. Cotton rats were im-
munized i.n. with CVD 908-htrA or CVD 1208 harboring plas-
mids pGA3-mH or pMSIN-H; negative control groups re-
ceived either CVD 908-htrA or CVD 1208 without DNA
plasmids, or they received PBS. Positive control animals were

immunized i.m. with pGA3-mH or pMSIN-H. The induction
of MV PRN antibodies was measured as the critical readout,
since there is strong correlation between the levels of neutral-
izing antibodies and protection from measles (6, 30). As shown
in Fig. 6, a significant increase in MV PRN antibody titers was
observed after the third dose in cotton rats immunized with
Salmonella and Shigella live vectors delivering the MV H DNA
vaccine plasmids (P 
 0.004 and P 
 0.03, respectively). All
animals in groups that received CVD 908-htrA(pMSIN-H) and
CVD 1208(pGA3-mH) or CVD 1208(pMSIN-H) serocon-
verted after the third dose (Fig. 6). The highest MV PRN
antibody responses were observed in rats immunized i.m. with
pMSIN-H (Fig. 6). PRN antibody responses elicited by live
vectors carrying DNA plasmids were similar in magnitude to
those induced by i.m. administration of pGA3-mH (Fig. 6).
Strong immune responses to the LPS of the bacterial vectors
were also observed (data not shown).

Proliferative responses to MV H induced by live vectors
delivering measles DNA vaccines. Significant T-cell prolifera-
tion was observed in cells from cotton rats immunized with
CVD 908-htrA and CVD 1208 carrying plasmids pGA3-mH
and pMSIN-H. In agreement with the serologic responses,
specific T-cell responses were also observed in cotton rats
immunized i.m. with plasmids pGA3-mH and pMSIN-H (Fig. 7).

Protection from challenge. These early experiments with the
MV H DNA vaccines delivered mucosally by bacterial vectors
were originally merely intended to document a priming of the
cotton rat immune system that could then be boosted by MV H
delivered by an alternative presentation, such as by attenuated
MV or adenovirus encoding MV H administered by the respi-
ratory route, following a prime-boost strategy. However, the
demonstration that cotton rats develop modest to moderate
MV PRN antibody titers in response to MV H DNA vaccines
delivered mucosally via bacterial vectors prompted us to per-
form a preliminary challenge study. In the present study,
groups of cotton rats immunized identically as in the groups
described in the first immunogenicity study were challenged
i.n. with wild-type MV. As summarized in Fig. 8, a significant
decrease in virus recovery was observed in the positive control
cotton rats that had been immunized with MV H DNA vac-
cines i.m., particularly those that received pMSIN-H (Fig. 8).
Similarly, all cotton rat groups immunized with either Salmo-
nella or Shigella live vectors carrying the MV H DNA vaccines
also showed decreased virus titers compared to control animals
immunized with bacteria alone (Fig. 8). Despite the small
numbers of animals involved, the diminution in viral load
(TCID50) observed in cotton rats immunized with CVD 908-
htrA(pGA3-mH) and CVD 1208(pMSIN-H) was statistically
significant (P � 0.04 and P � 0.02, respectively). Results of this
experiment (Fig. 8) document the ability of mucosal immuni-
zation with Shigella and Salmonella live vectors carrying MV H
DNA vaccine plasmids to decrease virus replication in cotton
rat lung after i.n. challenge with wild-type virus.

DISCUSSION

These experiments mark an early milestone in an ambitious
project to develop a new vaccination strategy that could allow
infants in developing countries who are too young to receive
the current measles vaccines to be immunized against measles

FIG. 5. IgG responses in serum to MV H antigen in cotton rats and
mice immunized with MV H DNA vaccine plasmids. Cotton rats were
immunized i.m. on days 0, 28, and 56 with 100 �g of pGA3-mH or
pMSIN-H in a volume of 100 �l. IgG responses to MV H antigen in
serum were measured by ELISA and PRN assay on days 0, 28, 56, and
84. Mice were immunized in a similar way but received only two doses
(on days 0 and 28). IgG responses to MV H antigen in serum were
measured by ELISA and PRN assay on days 0, 28, and 56. Negative
control groups included animals immunized with 100 �g of empty
plasmids (pGA3 and pSINCP) or PBS. GM titers 	 the SE from four
to five animals are indicated. The numbers of animals that serocon-
verted within each group (i.e., that manifested a fourfold increase in
antibody titers compared to preimmunization levels) are indicated. ❋ ,
Significant increases (P 
 0.05) in antibody titers after immunization.
EU, ELISA unit(s).
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and to accomplish this without the use of needles and syringes.
Recognizing that residual maternal antibodies in young infants
constitute a formidable barrier that has frustrated attempts to
immunize with existing parenteral attenuated MV vaccines, we
explored the use of DNA vaccines (26). DNA vaccines are
particularly suitable for priming the immune system of young
animals, as long as titers of maternally derived circulating
antibodies are not high (26, 44, 45). Once immunological prim-

ing has occurred, boosting can be achieved by using other
vaccine moieties in prime-boost strategies (18, 27, 43, 49).
Since protection against measles is mainly mediated by neu-
tralizing antibodies directed against the H antigen, in these
early studies we compared two different DNA vaccines encod-
ing MV H for their ability to stimulate MV neutralizing anti-
bodies. We also compared two different attenuated bacterial
vectors, S. flexneri 2a strain CVD 1208 and serovar Typhi strain

FIG. 6. Antibody responses to MV as measured by PRN assay. Groups of cotton rats were immunized i.n. on days 0, 28, and 76 with 4 � 108

to 5 � 109 CFU/20 �l of CVD 908-htrA(pGA3-mH), CVD 908-htrA(pMSIN-H), CVD 1208(pGA3-mH), and CVD 1208(pMSIN-H). Cotton rat
groups serving as negative controls received CVD 908-htrA or CVD 1208 without plasmids and PBS i.n. Positive control groups included animals
immunized i.m. with 100 �l (1 �g/�l) of plasmids pGA3-mH or pMSIN-H. PRN antibody titers were measured on days 0 (�), 28 ( ), 65 (

�
�

), and
104 (■ ). Responses are expressed as GM titers 	 the SE from four to five animals in each group. The numbers of animals that seroconverted, i.e.,
manifested a fourfold increase in antibody titers, after the third dose within each group are indicated. ❋ , Significant increases (P 
 0.05) in antibody
titers after immunization compared to preimmunization levels and control groups.

FIG. 7. Proliferative responses against MV H antigen. Splenocytes from cotton rats immunized i.n. with three doses of CVD 908-htrA and CVD
1208 alone or carrying MV DNA vaccine plasmids, and i.m. with plasmids pGA3-mH or pMSIN-H, as described in Fig. 6, were incubated in vitro
in the presence of MV H antigen or bovine serum albumin (BSA) as control. Responses were studied 4 months after primary immunization. Bars
indicate peak responses within the range of concentrations tested (0.01 to 10 �g/ml for BSA and 1/20 to 1/1/80,000 for MV H antigen) and are
expressed as the stimulation index 	 the SE of triplicate wells. ❋ , Significant responses (P 
 0.05) compared to control groups. The results shown
are representative of two separate experiments.
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CVD 908-htrA, for their efficiency in delivering the DNA vac-
cine plasmids to antigen-presenting cells (APC) after mucosal
(i.n.) administration. Finally, these immunogenicity studies
were carried out in cotton rats, since this small animal model
allows assessment of the efficacy of measles vaccines by means
of a respiratory i.n. challenge.

Since there were no prior reports of the use of either Shigella
or serovar Typhi live vaccine strains to deliver MV antigens in
cotton rats, the first order of business was to ascertain whether
the highly human host restricted Shigella and serovar Typhi
vaccine strains could be administered safely to these animals.
We pursued the i.n. immunization route, borrowing from the
success of i.n. administration of serovar Typhi in mice and of
Shigella in guinea pigs (4, 5, 11, 22, 34–36). By careful titration,
a dosage level (109 CFU) and an inoculum volume (20 �l) were
identified that were well tolerated and elicited immune re-
sponses to the live vector strain. Based on experiences in other
animal models with i.n. administration of bacterial live vectors,
we presume that the deaths observed in some anesthetized
animals given higher doses of bacteria in larger inoculum vol-
umes resulted from aspiration into the lungs resulting in ad-
verse consequences (37). The fact that the identical dosages
(CFU) of bacteria administered in a much smaller volume
were completely well tolerated supports this assumption. In a
next step with bacteria carrying a prokaryotic expression sys-
tem encoding TT fragment C, it was shown that a single i.n.
dose of live vector could elicit serum tetanus antitoxin in cotton
rats.

Finally, after the above preliminary experiments, the two
DNA vaccine plasmids were administered to cotton rats, either
mucosally by means of the bacterial live vectors or parenter-
ally, on three occasions 1 month apart. As shown in Fig. 5 and
6, parenteral inoculation with the Sindbis virus DNA replicon
pMSIN-H elicited the highest titers of measles neutralizing
antibody; these titers were significantly greater than the sero-

logic response to the pGA3-mH DNA vaccine. Extremely en-
couraging results were obtained with both the attenuated S.
flexneri 2a and the serovar Typhi live vectors as mucosal deliv-
ery vehicles for the two DNA vaccine plasmids; both succeeded
in eliciting seroconversions of measles neutralizing antibody
(Fig. 6). Notably, the titers achieved by using mucosal live
vectors to deliver the pGA3-mH DNA vaccine were similar to
those observed after parenteral inoculation. In contrast, mu-
cosal delivery of the Sindbis virus-based measles DNA vaccine
was inferior to parenteral administration. These results cor-
roborate our earlier reports of the successful stimulation of
serum antibodies to antigens encoded by DNA vaccines ad-
ministered mucosally in mice and guinea pigs by means of
attenuated Shigella and serovar Typhi live vectors (5, 35).

The Sindbis virus replicon system makes use of the propen-
sity of alphaviruses to generate multiple copies of mRNA en-
coding structural proteins (38, 39). A foreign gene is inserted
in place of the Sindbis virus structural protein genes in the
DNA replicon that is based on the Sindbis virus genome. In
addition to mRNA amplification, the potency of pSIN may be
aided by the potential immunostimulatory effects of the dou-
ble-stranded RNA intermediate and extra helper T-cell
epitopes in the alphavirus nonstructural proteins encoded by
the vaccine. The advantages of the alphavirus amplification
were evident in the comparison of parenteral administration of
pMSIN-H versus conventional DNA vaccine pGA3-mH in
both cotton rats and mice. In these early studies with the
bacterial vectors, this difference between the two measles DNA
vaccine constructs was not noted. The explanation may, in part,
reside in the distinct ways that the DNA vaccine plasmids are
delivered by these two approaches. After i.m. inoculation, a
small fraction of DNA vaccine plasmid is taken up by APCs,
and the first steps toward induction of an immune response are
initiated. Delivered in this way, it may be that the ability of the
Sindbis virus vector to more effectively stimulate the innate

FIG. 8. i.n. challenge of immunized cotton rats with wild-type MV. Groups of four to five cotton rats were immunized i.n. with 2 to 7 � 109

CFU of CVD 908-htrA and CVD 1208 alone or carrying plasmids pGA3-mH and pMSIN-H; i.m. with 100 �l (1 �g/�l) of plasmids pGA3-mH and
pMSIN-H and i.n. with PBS (control) as described in Fig. 6. One month after the third dose, animals were challenged i.n. with wild-type MV (107

PFU in 100 �l). Pulmonary virus was measured in lung homogenates 4 days after challenge. The results are reported as the mean log10 TCID50/g
of lung tissue 	 the SE. The data represent the average for four to five animals. Significant differences between groups, when present, are indicated.

VOL. 77, 2003 BACTERIAL VECTOR MEASLES DNA VACCINES IN COTTON RATS 5215



immune system is critical in determining the ultimate adaptive
immune response. When attenuated Shigella and serovar Typhi
contact a mucosal surface (such as the intestine in humans or
the nasal mucosa in rodents inoculated i.n.), the bacteria are
taken up by M cells that overlay the mucosa-associated lym-
phoid tissue. The bacteria are then passed to the underlying
lymphoid tissue, where they are internalized by professional
APCs such as macrophages and dendritic cells. Whatever pro-
portion of live vector bacteria is taken up by APCs (that ulti-
mately allows release of the DNA vaccine plasmids and acti-
vation of their eukaryotic expression systems), activation
occurs in a local environment in which the innate immune
system has been highly stimulated by the LPS, flagella, and
other pathogen-associated molecular patterns of the serovar
Typhi and Shigella live vectors. The potent stimulation of the
innate immune system by the bacterial live vectors may make
subtler differences in the inherent immunostimulatory capacity
of the plasmids themselves irrelevant. If this proves to be true,
ways will have to be sought to increase the ability of the bac-
terial live vectors carrying DNA vaccines to be taken up by
APCs. The final experiment involved i.n. challenge of immu-
nized and control cotton rats with wild-type MV. The funda-
mental strategy that we are pursuing is to design a prime-boost
approach in which mucosally administered MV DNA vaccines
are intended to prime the infant immune system to respond to
a boost with MV H delivered by another means. Nevertheless,
the detection of MV PRN antibody titers in sera of cotton rats
that received the MV H DNA vaccines delivered mucosally via
bacterial vectors motivated us to perform a preliminary exper-
iment to assess whether the serologic responses elicited by the
priming immunization could mediate protection. Although the
number of animals in each group was small, a protective effect
was nevertheless observed. Cotton rats that received either the
pGA3-mH or the Sindbis virus H DNA vaccine delivered by
CVD 1208 S. flexneri 2a vector had significantly decreased
titers of MV in their lungs (Fig. 8).

We have demonstrated that the cotton rat can be used as a
practical animal model for evaluation of measles DNA vac-
cines delivered mucosally by either Shigella or serovar Typhi
live vectors, resulting in the elicitation of serum neutralizing
antibodies and protection against i.n. challenge with wild-type
MV (as evidenced by diminished viral load in lung). These
results pave the way for future studies that will evaluate accel-
erated immunization schedules and will compare the effective-
ness of various types of booster vaccination to pursue a “prime-
boost” vaccination strategy.
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