
Protective cellular responses elicited by vaccination with
influenza nucleoprotein delivered by a live recombinant
attenuated Salmonella vaccine

Shamaila Ashraf1, Wei Kong1, Shifeng Wang1, Jiseon Yang1,2, and Roy Curtiss III1,2,*

1The Biodesign Institute, Center for Infectious Diseases and Vaccinology, Arizona State
University, Tempe, Arizona 85287-5401
2School of Life Sciences, Arizona State University, Tempe, Arizona 85287-5401

Abstract
Orally administered recombinant attenuated Salmonella vaccines (RASV) elicit humoral and
mucosal immune responses against the immunizing antigen. The challenge in developing an
effective vaccine against a virus or an intracellular bacterium delivered by RASVs is to introduce
the protective antigen inside the host cell cytoplasm for presentation to MHC-I molecules for an
efficient cell mediated immune response. To target the influenza nucleoprotein (NP) into the host
cell cytosol, we constructed a regulated delayed lysis in vivo RASV strain χ11246(pYA4858)
encoding influenza NP with a chromosomal deletion of the sifA gene to enable it to escape from
the endosome prior to lysis. Oral immunization of mice with χ11246(pYA4858) (SifA−) with 3
booster immunizations resulted in complete protection (100%) against a lethal influenza virus
(rWSN) challenge (100 LD50) compared to 25% survival of mice immunized with the isogenic
χ11017(pYA4858) (SifA+) strain. Reducing the number of booster immunizations with
χ11246(pYA4858) from 3 to 2 resulted in 66% survival of mice challenged with rWSN (100
LD50). Immunization with χ11246(pYA4858) via different routes provided protection in 80%
orally, 100% intranasally and 100% intraperitoneally immunized mice against rWSN (100 LD50).
A Th1 type immune response was elicited against influenza NP in all experiments. IFN-γ secreting
NP147–155 specific T cells were not found to be correlated with protection. The role of antigen-
specific CD8+ T cells remains to be determined. To conclude, we showed that Salmonella can be
designed to deliver antigen(s) to the host cell cytosol for presumably class I presentation for the
induction of protective immune responses.
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1. Introduction
Influenza is one of the most significant diseases worldwide causing acute respiratory
illnesses and accounts for 25% of infections that exacerbate chronic lung infections [1].
Several epidemics and four major pandemics have been reported. Influenza infections are
primarily and effectively controlled by vaccines that elicit neutralizing antibodies against the
surface proteins hemagglutinin (HA) and neuraminidase (NA). However, influenza vaccines
are frequently reformulated to match the circulating strains. Therefore, the development of a
vaccine that elicits broad based protection against different strains is desirable. Influenza
nucleoprotein (NP) is over 90 % conserved between influenza A strains and generates
cellular immunity [2]. CD8+ and CD4+ T-cell NP epitopes are well defined [3] and induced
T cells afford NP specific protection [4]. NP or the NP-encoding gene have been delivered
to mice and pigs using the purified NP [5, 6], adenovirus [7], vaccinia virus [8], or a DNA
vaccine [9] to induce NP-specific T cells but moderate to low protection against challenge.
DNA vaccines provide the best protection against homologous and low dose heterologous
challenges in mice [9–11].

Orally delivered vaccines induce mucosal as well as systemic immune responses to antigens
as compared to vaccines delivered via the parenteral routes [12], are cost effective since they
eliminate the use of needles and syringes and thus are an affordable choice for mass
vaccination. Attenuated Salmonella vaccines have successfully been used as carriers for
several bacterial, viral and parasite antigens [12]. Live attenuated Salmonella vaccines
following oral inoculation initially colonize the gut-associated lymphoid tissue (GALT)
through the M cells of Peyer’s patches, invade the intestinal epithelium [13] and
subsequently colonize the deeper tissues like the liver and the spleen. The bacteria reach the
mesenteric lymph nodes and blood within 1–3 hours after inoculation [14]. In phagocytes,
the bacteria remain in the structure called the Salmonella containing vacuole (SCV). The
SCVs do not mature into phagocytic vesicles and the bacteria are sometimes killed and
processed via the endolysosomal pathway and presented in the context of MHC-II molecules
[15] provoking CD4+ Th1 and Th2 responses [16].

Salmonella, unlike Shigella, do not reach the cytoplasm of invaded cells efficiently [17] and
generates a strong CD4+ response [18, 19] but is less likely to elicit a CD8+ cytotoxic T-cell
(CTL) response against the heterologous antigens. Orally delivered recombinant Salmonella
expressing circumsporozoite protein induced low levels of antigen-specific CD8+ T cells
and a low protective immunity against malarial challenge [20, 21]. NP delivered via a
Salmonella Typhimurium aroA mutant induced antigen-specific CD4+ T cells in the
immunized mice without any induction of CD8+ T cells or protection from viral challenge
[18]. Success of a RASV delivering a gene from a pathogen requiring a cell-mediated
immune response for protection, depends on its ability to inject or to secrete the protective
antigen into the host cell cytosol for proteosomal degradation and presentation in the context
of MHC-I molecules.

S. Typhimurium strains engineered to express p60 or Hly from Listeria monocytogenes
secreted the expressed antigen to the cytosol, induced efficient CD8+ T cell responses and
protected mice against listeriosis [22]. S. Typhimurium strains expressing E. coli hemolysin
delivered a DNA vaccine vector to the cytosol of macrophages [23]. However, these bacteria
lacked a cell lysis feature for efficient delivery of the DNA vaccine to the host cell cytosol to
enable uptake into the nucleus for expression.

Gram-negative bacteria use a type III secretion system (T3SS) for injection of effector
proteins into the host cell cytosol [24]. Heterologous epitopes fused to T3SS effectors are
secreted to the cytosol of the host cell and are presented by MHC-I molecules[25–27]
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generating efficient CD8+ T-cell responses but induced none to moderate protection for
different pathogens [26, 28]. In addition, some proteins require deletion of regions of the
gene for secretion through the T3SS [29].

Our laboratory has developed RASVs against several pathogens including Streptococcus
pneumoniae, Yersinia, and Eimeria [26, 30–32]. These RASVs are genetically modified for
attenuation and rely on an Asd+ balanced-lethal host-vector system for plasmid maintenance
eliminating the need for a plasmid antibiotic-resistance marker [33]. Deletion of the asdA
gene puts an obligate requirement for diaminopimelic acid (DAP), an essential constituent of
peptidoglycan, so the bacterium cannot survive in vivo. Also, a regulated delayed lysis in
vivo system based on a ΔasdA mutation and insertion of an arabinose-regulated expression
of the chromosomal murA gene coupled with a plasmid vector encoding arabinose-
regulatable expression of asdA and murA genes conferred attenuation and biological
containment. Vaccination with such RASV resulted in induced antibody responses to a
released bolus of pneumococcal antigen and protective immunity [34].

We designed S. Typhimurium to escape the endosome after invasion by deleting the sifA
gene (SifA−) in the chromosome. The sifA gene is a Salmonella pathogenicity island 2
(SPI-2) encoded, T3SS secreted effector protein that governs conversion of the SCV into
filaments. Its deletion releases Salmonella into the cytosol [35]. Replication of S.
Typhimurium alters vacuole processing by the usual endocytic pathway [36] and leads to the
production of Salmonella induced filaments (Sifs) that connect the SCVs. SCVs containing
SifA− mutants loose the integrity of the vacuolar membranes. S. Typhimurium SifA− strains
are attenuated but replicate more efficiently than the wild-type bacteria in epithelial cells
[36]. However, S. Enteritidis SifA− were virulent for mice [37]. Salmonella SifA− strain
(CD12) was more invasive and survived longer both in vivo and in vitro than SifA+ strains
WT05 and SL7202 [38]. RASV regulated delayed lysis strain (χ11246) (SifA−) should exit
the endosome soon after invasion of a host cell, multiply in the cytoplasm and deliver by
lysis the synthesized NP protein from the plasmid (pYA4858) to the cell cytosol to induce
cellular immunity. We report here the results of experiments to test these hypotheses.

2. Materials and Methods
2.1. Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Table 1. S. Typhimurium
strains were derived from the highly virulent strain UK-1 [39]. Bacteriophage P22HTint was
used for generalized transduction [40]. Escherichia coli and S. Typhimurium cultures were
grown in LB broth [41] or on LB agar plates at 37°C. LB agar without NaCl and with 5%
sucrose was used for sacB gene-based counter-selection in allelic exchange experiments.
Diaminopimelic acid (DAP) was added at the concentration of 50 µg/ml for the growth of
Asd− strains [33]. For host-regulated delayed lysis vector combinations, LB was
supplemented with 0.2% arabinose [34].

2.2. Strain construction and characterization
The ΔsifA26 mutation is a defined in-frame deletion of the sifA gene. It was introduced into
strain χ11017 by phage P22 transduction [40] from (χ8926∷pYA3716) to generate strain
χ11246. The presence of the mutation was verified by PCR. The presence of the ΔasdA27
mutation in Salmonella was confirmed by its dependence on DAP for growth [33]. The
presence of the ΔPmurA25∷TT araC PBAD murA mutation (Table 1) was verified by its
dependence on arabinose for growth. LPS profiles were examined as previously described
[42].

Ashraf et al. Page 3

Vaccine. Author manuscript; available in PMC 2012 May 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The lysis phenotype of the bacterial strains was confirmed by diluting overnight cultures
10−3 and 10−4 and plating 100 µl samples on LB plates with or without 0.2% arabinose
followed by incubation at 37°C. Strains displaying regulated delayed lysis were grown on
LB agar containing arabinose only, depicting complete dependence on the presence of
arabinose for survival [34].

2.3. General DNA procedures
DNA manipulations were carried out as described by Sambrook et al. [43]. Transformations
of E. coli and S. Typhimurium strains were done by electroporation (Bio-Rad, Hercules,
CA). Transformants containing Asd+ plasmids were selected on LB agar plates without
DAP. Plasmid stability was determined as described before [26]. The primer pairs used in
this study are listed in Table 2. Vent DNA polymerase was used for PCR reactions with
dNTPs (Invitrogen).

2.4. Synthesis of peptide
Synthetic peptide NP147–155 (T YQRTRALV) was obtained from Biosynthesis Inc.
(Lewisville, TX). It was dissolved in water according to the manufacturer’s instruction,
aliquoted, and stored at −20°C until used.

2.5. Codon optimization of NP gene
The sequence of the nucleoprotein (NP) gene of influenza virus strain A/WSN/33 (NCBI,
accession number EU330203) was codon optimized for maximal expression in Salmonella.
The gene sequence was commercially codon-optimized and cloned in pUC-57 to yield
pUC-57-NP-WSN by Genscript (Piscataway, NJ). The replaced codons are depicted in
Table 3. The average G+C content was changed from 46.66 for the non-optimized gene to
54.59 after codon optimization. The stem-loop structures, which impact ribosomal binding
and stability of mRNA were disrupted. The codon usage bias for E. coli was increased from
a codon adaptation index of 0.57 to 0.98.

2.6. Vectors for antigen delivery via regulated delayed lysis system
The NP gene was amplified from plasmid pCGGAS-NP (kindly provided by Dr. Andrew
Pekosz) by PCR using the primer pair RDLF-3 and RDLP-2. The PCR product was digested
using NcoI and XmaI sites and cloned into plasmid pYA3681 yielding pYA4702. The
codon-optimized NP gene from pUC-57-WSN-NP was amplified using the primer pair
RDLF-5 and RDLRP-7. The PCR product was digested with NcoI and cloned in pYA3681
yielding pYA4858. The correct orientation of the NP gene was confirmed by restriction
digestion with PstI and by sequencing. All derivatives of pYA3681 were sequenced by the
primer set Ptrc-F and Ptrc-R, respectively. Negative control vector pYA4651 encoding the
ply gene from S. pneumonia cloned in pYA3681 was constructed by Wei Xin. All vectors
were transferred to appropriate S. Typhimurium strains by electroporation. All DNA
constructs were confirmed by sequencing at the core facility at Arizona State University,
using ABI Prism fluorescent BigDye terminators.

2.7. SDS-PAGE and immunoblots
To evaluate NP protein synthesis from plasmids in E. coli and S. Typhimurium strains,
bacterial cells were grown overnight at 37°C in LB containing 0.2% arabinose. Aliquots (1
ml) were taken, centrifuged at low speed, and resuspended in 2× SDS-PAGE loading buffer
and boiled for 10 min. The samples were centrifuged for 10 min, diluted 1:10 in 2× sample
loading buffer and 10 µl was loaded onto 12.5% SDS-PAGE gels for separation by
electrophoresis as previously described [44]. Proteins were transferred onto nitrocellulose
membranes and blocked with 5% skim milk for 1 h at room temperature. Membranes were
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rinsed with PBS-0.05% Tween 20 (T20) three times. For analyzing NP synthesis blots were
incubated with rabbit polyclonal anti-influenza A NP antibody (Abcam) for 1 h with
constant shaking. After washing with PBS-T20, the membranes were incubated with goat
anti-rabbit IgG alkaline phosphatase conjugate (Sigma) for 1 h and developed with nitroblue
tetrazolium-5-bromo-4-chloro-3-indolyphosphate (BCIP) (Sigma). Membranes were washed
with water and air dried.

2.8. Virus strain propagation, purification, and titration
rWSN virus was provided by Dr. Andrew Pekosz (Johns Hopkins University, Baltimore,
MD). It is a mouse-adapted strain created by reverse genetics and is lethal to mice in doses
above 103 TCID50 [45, 46]. The virus was propagated and titrated in Madin-Darby canine
kidney cells cultured in RPMI-1640 (Gibco) containing 2 µg/ml acetyl-trypsin (Sigma). The
virus was passed through a 30% (w/v) sucrose cushion at 11,620 × g for 3 h in a Surespin
Sorvall 630 rotor using a WK ultra 90 centrifuge (Thermo Electron Corp.). The resulting
pellet was resuspended in phosphate buffered saline (PBS) pH 7.2 and centrifuged at 11,620
× g for 1 h. The viral pellet was finally dissolved in 500 µl of PBS and kept frozen at −80°C
until used.

2.9. Immunization of mice
All animal experiments were done in BSL-2 level containment in our animal facilities at The
Biodesign Institute, Arizona State University, according to approved ASU IACUC
protocols. Five-week old female BALB/c mice were purchased from Charles River
Laboratories (Wilmington, MA) and were allowed to acclimate for 1 week before
immunization. Each group of mice was deprived of food and water for 4 h prior to oral
immunization. Recombinant S. Typhimurium strains χ11017(pYA4858) (SifA+),
χ11246(pYA4858) (SifA−), χ11017(pYA3681), χ11246(pYA3681) and χ11246(pYA4651)
were individually grown in LB broth with 0.2% arabinose and 0.2% mannose to an OD600
of 0.85. The cultures were centrifuged at 4,000 × g for 15 min at room temperature and
suspended in buffered saline containing 0.01% gelatin (BSG) to a final concentration of 5 ×
109 CFU/ml. Bacteria were titrated on LB agar supplemented with arabinose. Mice were
immunized by the peroral (PO) route with 20 µl (1 × 109 CFU), intranasally (IN) 10 µl (1 ×
107 CFU) or by the intraperitoneal (IP) route with 100 µl (1 × 105 CFU). Food and water
were returned to orally immunized mice 30 min after vaccine administration. Vectors
without any expressed antigen gene (pYA3681) or that expressed the ply gene from S.
pneumonia (pYA4651) and BSG immunized mice were used as negative controls in the
following experiments.

2.10. Experimental design
2.10.1.Trial 1—To evaluate the effect of the sifA deletion (χ11246) on the immunogenicity
and protective immunity conferred by RASV strains encoding the codon-optimized NP
(pYA4858) of influenza virus, BALB/c mice (n=8) were orally immunized with parent
χ11017(pYA4858) (SifA+), mutant χ11246(pYA4858) (SifA−), vector controls
χ11017(pYA3681) (SifA+) and χ11246(pYA3681) (SifA−) or with BSG at week zero and
boosted three times at weeks 1, 4 and 7 post primary immunization (PPI). Blood collected at
weeks 3 and 6 PPI by cheek pouch bleeding was monitored for the presence of antibodies
against NP or S. Typhimurium LPS by ELISA. For assaying antigen specific IFN-γ secreting
T cells, spleens were aseptically collected at week 8 PPI from 2–3 mice, pooled and
processed for ELISPOT [47]. The remaining mice (n=5) in each group were challenged with
rWSN (100 LD50) at week 8 PPI (14 weeks of age) and observed for morbidity and
mortality for an additional 3 weeks.
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2.10.2. Trial 2—It is generally accepted that multiple boosters are required for effective
vaccination [48], hence we used three boosters in the previous trial. It was of interest to
determine if decreasing the number of booster immunizations from three doses in the
previous trial to two would be as effective in protecting against the rWSN virus (100 LD50)
challenge. Therefore, the groups of mice (n=8) were immunized orally with strains encoding
codon-optimized NP χ11246(pYA4858) (SifA−), an irrelevant antigen (Ply) from
χ11246(pYA4651) or BSG at week zero and boosted twice at week 1 and 4 PPI. Spleens and
blood were harvested from 3 mice from each group, 4 days after the final boost and
ELISPOTs and ELISA were performed to detect antigen-specific T cells and NP and LPS
specific antibodies. The remaining mice in each group were challenged with rWSN (100
LD50) at week 5 PPI (at 10 weeks of age) and observed for morbidity and mortality for 3
additional weeks.

2.10.3. Trial 3—To determine the immunogenicity and protective efficacy of using the
SifA− strain when administered via different routes, mice were immunized via PO, IN or IP
routes with RASV χ11246(pYA4858) (NP+ SifA−) and χ11246(pYA4651) (Ply+ SifA−) as a
negative control, at week 0 and boosted thrice at weeks 1, 4 and 7 PPI. Spleens were
harvested from 3 mice four days after the final immunization and analyzed for production of
antigen-specific IFN-γ secreting cells by ELISPOT and for NP147–155 specific proliferation.
The remaining mice in each group were challenged with rWSN (100 LD50) at week 8 PPI
(14 weeks of age) and observed for morbidity and mortality for an additional 3 weeks.

2.11. Virus Challenge
For virus challenge, mice were anaesthetized with 0.05 ml/20 g body weight of a ketamine
cocktail (21.0 mg ketamine, 2.4 mg xylazine, and 0.3 mg acepromazine) administered
intraperitoneally. Sedated mice were intranasally (IN) infected with a 100 LD50 (1 × 105

TCID50) of rWSN in a total volume of 30 µl, 15 µl per nostril for all experiments. Groups of
mice were IN infected with 30 ul of the serially diluted purified rWSN virus from 1× 107 – 1
× 102 TCID50 at 8 weeks of age and the LD50 determined by the method of Reed and
Muench [49]. To rule out any age dependent variation in LD50 doses, similar experiments
were performed with mice at 10 and 14 weeks of age. No difference was observed in terms
of virus-associated morbidity and mortality in mice at 8, 10 or 14 weeks of age. An aliquot
of the virus used for challenge was back-titrated on MDCK to ascertain the exact dose given
to mice.

The challenged mice were inspected daily for signs of infection such as ruffled fur, hunched
posture, and weighed on alternate days till 21 days to monitor the progression of infection.
Percent weight loss was calculated for individual mice in each group by comparing their
daily weight to their pre-challenge weight. Mice that succumbed to infection or had to be
euthanized were promptly removed.

2.12. ELISA
IgG responses against NP or LPS in sera were determined by ELISA [50]. Briefly, 96-well
flat-bottom polystyrene microtiter plates (Dynatech Laboratories Inc., Chantilly, VA) were
coated with 2 µg/ml of purified NP protein (kindly provided by Dr. Troy Randall, (Trudeau
Institute, Saranac Lake, NY) or LPS (Sigma) suspended in carbonate coating buffer
(pH=9.5) and incubated at 4°C overnight. Free binding sites were blocked with phosphate
buffered saline (PBS)-0.05% T20 containing 3% bovine serum albumin (BSA) for 2 h at
room temperature. Sera were serially two-fold diluted in PBS/3% BSA and 100 µl was
incubated in duplicate wells for 1 h at room temperature. Plates were washed thrice with
PBS-T20 and incubated for 1 h with a 1:1000 dilution of either biotinylated goat anti-mouse
IgG or IgG1 or IgG2a (Southern Biotechnology Inc., Birmingham, AL). After washing as
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above, the plates were incubated for 1 h with streptavidin-alkaline phosphatase conjugate
(Southern Biotechnology Inc., Birmingham, AL) and developed by incubating with p-
nitrophenyl phosphate (Sigma) for 30 min and read by an automated ELISA plate reader
(SpectraMax, Molecular Devices, Sunnydale, CA) at 405 nm. Endpoint titers were
expressed as the reciprocal log2 value of the last positive sample dilution. Absorbance two
times higher than pre-immune serum, used as baseline values, were considered positive.

2.13. IFN-γ ELISPOT
Influenza NP-specific CD8+ or CD4+ T cells secreting IFN-γ were enumerated using an
IFN-γ ELISPOT assay. The spleens from 2–3 immunized mice from each group were
aseptically collected at week 5 or 8 PPI. Single cell suspensions were prepared from each
spleen and the cells were pooled from mice within a group for the production of IFN-γ by
stimulation with NP protein (provided by Dr. Troy Randall) or NP147–155 peptide. ELISPOT
assays were performed as described elsewhere [47].

2.14. Cell proliferation
Lymphocyte proliferation assays were performed to assess influenza peptide specific
(NP147–155) cell-mediated responses. Single-cell suspensions prepared from spleens were
plated at a concentration of 5 × 105 cells/well and stimulated with the NP147–155 peptide
TYQRTRALV (20 µg/ml) for 7 days. Vision blue dye™ from the fluorescence cell viability
assay kit (Biovision, Mountain View, CA) was added according to the manufacturer’s
instructions and plates were read at excitation 530 nm and emission 590 nm.

2.15. Statistical analyses
Differences in antibody titers between groups, cell proliferation and quantitative difference
in numbers of IFN-γ secreting cells between the groups were determined using analysis of
variance (ANOVA) and statistically different means were further analyzed using
Bonferroni’s test or by Tukey’s method. Survival analysis was analyzed using the log rank
test (GraphPad Prism; GraphPad Software).

3. Results
3.1 Antigen synthesis in strains with vectors encoding non-codon-optimized and codon-
optimized NP

To evaluate the effect of a sifA deletion on protective immunity induced by an RASV strain
with regulated delayed lysis attributes, we introduced a sifA deletion into strain χ11017
yielding χ11246. The deletion of sifA was confirmed by PCR and the lysis phenotype was
confirmed by growing strains on LB plates with or without arabinose. The complete coding
sequence of the NP gene was cloned into the regulated lysis vector pYA3681 yielding
pYA4702 as was the entire coding sequence of the codon-optimized NP gene cloned into
pYA3681 yielding pYA4858 (Fig.1A). Synthesis of NP was analyzed in χ11017(pYA4702)
and χ11017(pYA4858) by western blots using rabbit polyclonal anti-NP antibody (Fig. 1B).
NP was not synthesized in χ11017(pYA4702) at significant levels whereas a prominent 60
kDa band was observed for the χ11017(pYA4858) culture (Fig. 1B) as detected by western
blots using the rabbit polyclonal anti-NP antibody. Low molecular weight bands of non-
specific nature were also detected in the western blot. Similar levels of NP proteins were
synthesized by strains χ11017 (SifA+) and χ11246 (SifA−) as analyzed by western blots
(data not shown).
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3.2. Immune responses and evaluation of protection against viral challenge
3.2.1. Trial 1—Mice orally immunized with RASV χ11017(pYA4858) (SifA+) and
χ11246(pYA4858) (SifA−) induced significantly (P<0.001) higher antibody high titers
against influenza NP and against Salmonella LPS as compared to BSG (Fig. 2A). The
antibody titers elicited against NP by immunization with either χ11017(pYA4858) (SifA+)
or χ11246(pYA4858) (SifA−) were similar indicating that both RASV strains were equally
immunogenic. The antibody titers elicited against LPS by χ11017(pYA4858) (SifA+),
χ11246(pYA4858) (SifA−) and the vector controls were similar indicating that all vectors
invaded the host cells and colonized lymphoid tissues equally well. The antibody responses
against influenza NP were skewed towards IgG2a, a typical Th1-type response elicited by
RASV (Fig. 2B) [34].

Mice infected with the rWSN influenza strain showed ruffled fur, hunched posture,
trembling and a continuous weight loss as signs of infection from the second day after
challenge that progressed with time. Mice immunized with χ11246(pYA4858) (SifA−)
recovered from influenza infection earlier as indicated by the alleviation of symptoms by 6
days after challenge, than mice immunized with χ11017(pYA4858) (SifA+) and with vector
control groups that continued to loose weight and became sicker. This is also evident by
weight recovery data of mice immunized with χ11246(pYA4858) (SifA−) as compared to
mice immunized with χ11017(pYA4858) (SifA+) or with vector controls χ11017(pYA3681)
(SifA+), χ11246(pYA3681) (SifA−) or BSG (Fig. 2C). Mice immunized with strain
χ11246(pYA4858) (SifA−) survived whereas mice immunized with χ11017(pYA4858)
(SifA+) and vector controls χ11017(pYA3681) and χ11246(pYA3681) or with BSG
commenced dying 8 days after challenge.

All mice immunized orally with χ11246(pYA4858) were protected (100%) against the 100
LD50 rWSN virus challenge as compared to 25% survivors in the group immunized with
χ11017(pYA4858) and 0% to 20% survivors in the groups immunized with
χ11017(pYA3681) and χ11246(pYA3681) (vector controls) or BSG (Fig. 2D).

3.2.2. Trial 2—To determine the optimal number of booster immunizations required to
protect mice from lethal virus challenge, we reduced the number of booster immunizations
from 3 in the previous trial to 2 immunizations in this trial given at 1 and 4 weeks PPI. The
mice were challenged with the rWSN influenza virus (100 LD50) at week 5 PPI. Mice
immunized with RASV χ11246(pYA4858) (SifA−) elicited significantly higher (P<0.001)
IgG antibodies against Influenza NP as compared to the mice immunized with
χ11246(pYA4651) (SifA−) encoding irrelevant Ply antigen or with BSG (Fig. 3A). The
titers against LPS were lower in the mice immunized with χ11246(pYA4858) as compared
to the vector control group probably due to attenuation of the strain resulting from over
synthesis of NP. The antibody levels obtained at 5 weeks PPI were similar to the ones
obtained after two immunizations at 6 weeks PPI in the previous trial (Fig. 2A).
Measurement of antigen specific IFN-γ secreting T cells in Trial 2 was done by stimulating
the splenocytes harvested from immunized mice in each group at 4 week PPI, 4 days after
the last immunization with either purified NP protein or with NP147–155 peptide or ConA as
a positive control in an ELISPOT assay. There were no influenza-specific IFN-γ secreting T
cells after stimulation with either the NP protein or the NP147–155 peptide (data not shown).

Following challenge with 100 LD50 of rWSN, mice immunized with RASV
χ11246(pYA4858) (NP+) (SifA−) recovered from influenza infection and commenced to
regain weight whereas mice receiving either an irrelevant antigen (Ply) or BSG continued to
loose weight and did not recover (Fig. 3B). Mice boosted twice with χ11246(pYA4858)
(NP+) (SifA−) were significantly protected against 100 LD50 of rWSN of influenza virus
(66% survival) as compared to 22% survival of mice in groups immunized with
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χ11246(pYA4651) delivering S. pneumoniae Ply as a negative control and BSG (P>0.05)
(Fig. 3C).

3.2.3. Trial 3—To investigate the efficacy of the SifA− vaccine strain when administered
via different routes, mice were boosted thrice (as in Trial 1) with RASV strains
χ11246(pYA4858) (NP+) (SifA−) and χ11246(pYA4651) (SifA−) (Ply+) via PO, IN and IP
routes. Mice immunized with RASV χ11246(pYA4858) (NP+) (SifA−) via all three routes
(PO, IN and IP) elicited significantly higher (P<0.001) IgG antibodies against influenza NP
and Salmonella LPS as compared to the mice orally immunized with χ11246(pYA4651)
(SifA−) encoding irrelevant Ply antigen or with BSG (Fig. 4A). The resulting antibody
responses against NP from these immunizations were of the Th1-type (IgG2a) in all cases,
except that χ11246(pYA4858) (NP+) (SifA−) administered via the IP route induced a mixed
IgG2a (Th1 type) and IgG1 (Th-2 type) response (Fig. 4B).

A significantly higher (P<0.0001) number of influenza NP147–155 peptide-specific IFN-γ
secreting cells were detected in splenocytes harvested from mice at 8 weeks PPI receiving
χ11246(pYA4858) (NP+) (SifA−) via the IP route than in mice immunized orally (PO) or by
the intranasal (IN) route (Fig. 4C). To assess the influenza NP147–155 peptide-specific cell
mediated responses, splenocytes harvested from immunized mice at 8 week PPI were
stimulated with the NP147–158 peptide. The degree of proliferation was measured by increase
in the fluorescence of vision blue dye. Background readings from the negative control mice
was subtracted from the readings from NP147–158 stimulated splenocytes. The splenocytes
harvested from mice immunized via the PO (P<0.05) or IP (P<0.01) route proliferated in
response to NP147–158 peptide as compared to splenocytes harvested from mice immunized
with the negative controls (Fig. 4D). The non-specific proliferation in mice orally
immunized with χ11246(pYA4651) might be due to the high peptide (20 µg/ml)
concentration used in the experiment.

Mice infected with influenza virus showed ruffled fur, hunched posture, and trembling and
weight loss as signs of infection and started dying commencing at 8 days after challenge.
Mice immunized with χ11246(pYA4858) (NP+) (SifA−) via the PO and IN route recovered
from infection by day 6 after challenge while those immunized by the IP route recovered
earlier by 4 days after challenge as indicated by recovery from symptoms of influenza
infection and weight gain (Fig. 5A). Mice immunized with χ11246(pYA4858) (NP+)
(SifA−) via the PO, IN and IP route of immunization were protected 80%, 100% and 100%,
respectively, from the influenza virus challenge as compared to 22% in the
χ11246(pYA4651) (SifA−) (Ply+) immunized group (P<0.0002) (Fig. 5B).

4. Discussion
Currently available vaccines against the influenza virus rely on the humoral immune
responses for protection against the virus although some can induce CD4+ T cell responses
[51, 52]. NP147–155 is an immunodominant MHC class I epitope (H-2Kd restricted) [53] and
induces CD8+ T-cell responses and accelerated viral clearance in BALB/c mice [10].

Salmonella vaccines generate a strong DTH and CD4+ T-cell responses [18, 26] but little or
no MHC-1-restricted CD8+ cytotoxic T cells (CTL) to foreign antigens since Salmonella
faces difficulty in reaching the cytosol of the host cell [20]. Our attempts to deliver NP to
the cytosol through T3SS failed since influenza NP could not be secreted through the T3SS
machinery even after deletion of the RNA binding domain spanning the amino acids (91–
108) near the N-terminus of the gene (unpublished data).
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In this report, a novel bacterial delivery system for an influenza virus NP utilizing an orally
administered RASV displaying a regulated delayed lysis in vivo phenotype is described. An
irreversible chromosomal deletion of the sifA gene was introduced into the regulated delayed
lysis strain χ11017 yielding χ11246 carrying mutations to enhance complete lysis and
antigen delivery [34 & Table 1]. The resultant strain invaded cells, reached the SCVs and
escaped into the cytosol by virtue of the sifA deletion [54], and eventually lysed due to
unavailability of DAP and arabinose in vivo, releasing its payload of antigenic peptides/
proteins [34].

We included the coding sequence of the complete NP protein in the plasmid vectors
(pYA4702 and pYA4858) to include a complete repertoire of the epitopes restricted by
several different MHC-I molecules so as to make a vaccine effective for a larger population.
Expression of a non-codon optimized NP gene (pYA4702) in Salmonella resulted in low
levels of protein synthesis and immunization with the χ11017(pYA4702) strain did not
result in protection against a lethal virus challenge (data not shown). Therefore, the coding
sequence of NP (pYA4858) was codon-optimized for maximal expression in Salmonella
strains χ11017 (SifA+) or χ11246 (SifA−) (Fig.1B).

To evaluate the effect of sifA deletion on protective immunity conferred by an RASV strain
with regulated delayed lysis attributes, we compared immunogenicity and protection
induced by strains χ11246(pYA4858) (SifA−) and χ11017(pYA4858) (SifA+) in BALB/c
mice. Persistence and amount of antigen are important factors for conferring the protective
T-cell responses [48, 55]. To determine the optimal number of doses required for conferring
immunity, mice were orally primed and given 3 booster doses 2 weeks apart with
χ11246(pYA4858) (SifA−) and χ11017(pYA4858) (SifA+) strains and challenged at 8
weeks PPI with a lethal influenza virus strain (rWSN).

Both RASV strains χ11246(pYA4858) (SifA−) and χ11017(pYA4858) (SifA+) effectively
induced antibody responses to the NP protein (P<0.001) and LPS indicating that all strains
effectively invaded host cells. The induced antibody response in Trial 1 is completely
skewed toward a Th1-type response as judged by the abundance of IgG2a subtype antibody
and the lack of detectable IgG1 (Fig. 2B). Salmonella vaccines generally elicit the Th1 type
but Th2 type antibodies are also detected [34]. Infection with viruses elicit IgG2a antibodies
[56] which are more effective in combating viral infection than IgG1 subtypes [56]. The Th1
helper cells direct a cell-mediated immune response and promote class switching to IgG2a
while Th2 cells provide help for B cells and class switching to IgG1 antibodies [57]. NP
elicits non-neutralizing antibodies [58] detectable in serum of naturally infected or
vaccinated humans and animals [59] and enhance protection in mice upon a sub-lethal
challenge [60]. However, no NP antibodies specific protection was observed in our
experiments since similar levels of anti-NP antibodies were elicited by both
χ11017(pYA4858) SifA+ and χ11246(pYA4858) SifA− strains but the protection offered by
χ11246(pYA4858) SifA− was substantially higher than induced by χ11017(pYA4858)
SifA+.

IFN-γ is the signature cytokine for Th1-type responses and mediates protection for
intracellular bacteria like Mycobacterium, and some viruses [48]. Unexpectedly, we could
not detect any influenza NP (antigen or peptide NP147–155 specific) IFN-γ production in the
splenocytes of the immunized mice 1 week after the last booster dose by ELISPOT assay.
We might need to evaluate more mice at additional time points post immunization to
examine this point. However, IFN-γ is not required for recovery from primary infection with
influenza virus [61, 62] and for the induction of secondary influenza virus–specific CTL to
lethal influenza A infection in mediastinal lymph nodes, a site in which production of
antigen-specific CTL correlates with protection. Therefore, we plan to test MLN in addition
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to spleens for the presence of CTLs and the role of cytokines like TNF-α, IL-2 and IL-12 in
future experiments.

Our results showed that vaccination with NP does not provide sterilizing immunity against
the virus [10]. Mice immunized with the χ11246(pYA4858) SifA− strain initially lost weight
until 8 days after rWSN influenza virus challenge but recovered thereafter and were
completely protected in contrast to the groups immunized with χ11017(pYA4858)SifA+ or
the vector controls χ11246(pYA3681) or χ11017(pYA3681) (Fig. 2C). Hence we concluded
that the difference in protection was due to the ability of the SifA− strain to deliver the NP
antigen to the cytosol better than the SifA+ strain in the absence of detectable IFN-γ and
protective antibody and was probably due to induction of a robust CTL response, an
important parameter that remains to be determined.

Vaccine boosters enhance the protection by affecting the quantity and quality of memory T
cells and produce higher-affinity T-cell clones [55] but too much antigen can deter the
immune responses by inducing apoptosis or clonal anergy [48]. Therefore, the number of
vaccine boosters was reduced from 3 to 2 and mice were challenged at 4 weeks after
priming with the rWSN influenza virus in trial 2. The antibody levels obtained at 4 weeks
after priming in trial 2 were similar (P<0.001) (Fig 3A) to those obtained during the trial 1 at
6 weeks (Fig. 2A) with no detectable IFN-γ secreting T cells in splenocytes of immunized
mice. However, only 66% of the mice immunized with χ11246(pYA4858) SifA− strain were
protected against the rWSN strain of influenza virus challenge as compared to 22% mice
immunized with an irrelevant Ply antigen χ11246(pYA4651) from S. pneumonia (Fig.3C).
These data confirmed that antibody responses did not play a role in the protection afforded
by the χ11246(pYA4858) SifA− vaccine. The decrease in protective efficacy might have
resulted from either one less dose of vaccine or an earlier virus challenge at 4 weeks after
priming. Multiple boosters enhance the affinity of the memory T cells [48]. A certain
threshold level of effector T cells is required for protection against the disease [48] which
apparently was not reached at 4 weeks post immunization. Also, efficient boosting of T cells
requires long intervals between the booster shots [63]. Hence, it would be interesting to
determine in future experiments the effect of two booster doses given at 6 and 12 weeks
after priming.

To compare the vaccine efficacy when administered by different routes i.e., oral, IN and IP,
we immunized mice with χ11246(pYA4858) SifA− delivering influenza NP or with the
irrelevant antigen control χ11246(pYA4651) expressing Ply from S. pneumonia. Mice
immunized via the IP route elicited IgG1 and IgG2a responses as compared to completely
biased IgG2a response elicited in the groups of mice immunized via the PO or IN route (Fig.
4B). We could not detect a significant number of IFN-γ secreting cells in splenocytes
harvested from mice immunized via mucosal surfaces (PO and IN) while a lot of influenza
NP147–155 specific IFN-γ secreting cells were detected in mice immunized IP with the
χ11246(pYA4858) SifA− strain (Fig. 4C). This indicated that IFN-γ is not a correlate of
protection for the influenza infection since all mice were consistently protected against the
viral challenge irrespective of the route of administration of the RASV. Th1 and CD8+ T
cells are the effector mechanisms required for protective immunity [48]. In vitro stimulation
of the splenocytes with the peptide NP147–155 indicated the presence of peptide-specific
CD8+ T cells (Fig. 4D). Immunization of mice with χ11246(pYA4858) SifA− via IN and IP
routes resulted in complete protection. Orally immunized mice might have received less
amount of antigen probably due to the stresses of passage through the gastro-intestinal track
and showed less protection than IN or IP inoculated mice after a lethal challenge with the
rWSN strain of influenza virus. To conclude, a SifA− regulated delayed lysis strain of
Salmonella encoded and delivered NP antigen presumably to the cytosol and functioned
well in vivo via multiple routes. It remains to be seen if the SifA− mutant could present
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encoded NP antigen in the context of class I molecules. However, the best measure for the
efficacy of a vaccine is the protection afforded against the target pathogen determined after a
lethal challenge. Next, we plan to challenge mice immunized with χ11246(pYA4858) SifA−

RASV with a heterologous strain of influenza virus. To further expand the spectrum of
conserved elements in this vaccine, we plan to design new plasmids carrying conserved T-
cell epitopes from HA sequences and the immunodominant M2e epitope from the influenza
virus [64]. This RASV vaccine would provide broad based cellular immunity and could be
used for delivering foreign antigens of any viral or intracellular bacterial pathogen that
requires access of the antigen to the host cell cytosol without being hindered by its nature
like presence of high stability regions, glycosylation and three dimensional structure.
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Fig. 1.
A. Map of plasmid pYA4858 c arrying the codon-optimized NP gene from influenza virus in
the regulated delayed lysis plasmid pYA3681.
B. Detection of NP in cell free lysates of strain χ11017 (SifA+) encoding codon-optimized
NP (pYA4858); non-codon-optimized NP (pYA4702) and vector control (pYA3681) using
rabbit polyclonal anti-NP sera by western blot analysis. Arrow indicates 60 kDa NP. M=
Molecular size marker.
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Fig. 2.
Trial 1 (A&B). Antibody titers detected by ELISA in orally immunized mice, 6 weeks after
three booster doses with the recombinant attenuated Salmonella strains χ11017(pYA4858)
(SifA+), χ11246(pYA4858) (SifA−) encoding influenza NP or with the vector controls
χ11017(pYA3681) (SifA+), χ11246(pYA3681) (SifA−) or BSG.
A. Induction of IgG titers against Influenza NP protein and purified S. Typhimurium LPS.
B. Induction of IgG1 and IgG2a responses against influenza NP.
Pooled serum samples (n=8) from mice within a group were assayed and analyzed by two-
way ANOVA followed by Bonferroni test. ***P<0.001.
C. Weight loss and D. percent survival of mice (n=5) given three booster oral doses after an
intranasal challenge with 100 LD50 of rWSN influenza virus at 8 weeks PPI.
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Fig. 3.
Trial 2. A. Induction of IgG titers against influenza NP protein and purified S. Typhimurium
LPS as detected by ELISA in orally immunized mice given two booster immunizations, 4
weeks PPI with the recombinant attenuated Salmonella strain χ11246(pYA4858) (SifA−)
encoding influenza NP or with the negative controls χ11246(pYA4651) (SifA−) encoding an
irrelevant Ply antigen or the empty vector control χ11246(pYA3681) or BSG. Pooled serum
samples (n=3) from mice within a group were assayed and analyzed by two-way ANOVA
followed by Bonferroni test. ***P<0.001.
B. Weight loss and C. percent survival of mice (n=5) orally immunized with two boosters
after an intranasal challenge with 100 LD50 of rWSN influenza virus at 5 weeks PPI.
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Fig. 4.
Trial 3. (A & B). Antibody titers detected by ELISA in mice immunized via oral (PO)
intranasal (IN) or intraperitoneal (IP) routes, 6 weeks after three booster immunizations with
the recombinant attenuated Salmonella strains χ11246(pYA4858) (SifA−) expressing
influenza NP or BSG. (A). Induction of IgG titers against Influenza NP protein and purified
S. Typhimurium LPS by ELISA. (B). Induction of IgG1 and IgG2a responses against
influenza NP protein by ELISA. Pooled serum samples (n=12) from mice within a group
were assayed and analyzed by two-way ANOVA followed by Bonferroni test. ***P<0.001.
C. ELISPOT analysis of IFN-γ production by NP147–155 specific CD8+ T cells. Mice were
boosted thrice with χ11246(pYA4858) (NP+) (SifA−) via PO, IN and IP routes. Splenocytes
(n=3) from immunized mice were harvested at 8 weeks PPI and stimulated with NP147–155
peptide for 48 h. Statistical analysis was performed by ANOVA followed by Tukey's
method with 95% confidence interval. *** P<0.0001
D. Cell proliferation assay. Splenocytes (n=3) harvested from these mice were stimulated
with NP147–158 peptide (20 µg/ml) for 6 days and incubated with the Vision blue dye
(Biovision). Plates were read at Ex 530 and Em 590nm.Relative fluorescence units (RFU)
were calculated by subtracting background reading from unstimulated cells from the
stimulated cells. Data were analyzed by two-way ANOVA followed by Bonferroni test. **,
P < 0.05; ***, P < 0.01. PO =oral; IN= intranasal and IP= intraperitoneal.
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Fig. 5.
Trial 3. Weight l oss and survival data of mice after three boosters with 11246(pYA4858)
(NP+) (SifA−) via PO, IN and IP routes and χ11246(pYA4651)(Ply+)(SifA−) as a negative
control at 8 weeks PPI.
A. Weight loss and B. Percent survival of mice after three booster immunizations and an
intranasal challenge with 100 LD50 of rWSN influenza virus (n=8) at 8 weeks PPI.
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Table 1

Bacterial strains and plasmids used in this study.

Strain or plasmid Genotype or relevant characteristics Source or
reference

Strains

E. coli K-12 strains

      TOP 10 Invitrogen

      χ6212 Ф80d lacZΔM15 deoR Δ(lacZYA-argF)-U169 glnV44 λ− gyrA96 recA1
endA1 ΔasdA4 Δzhf-2∷Tn10 hsdR17 (R−M+)

Lab collection

      χ7213 thi-1 thr-1 leuB6 glnV44 fhuA21 lacY1 recA1 RP4-2-Tc ∷Mu[λ pir] ΔasdA4
(Δzhf-2∷Tn10)

[65]

S. enterica serovar
Typhimurium UK-1 strains

      χ8926 ΔsifA26 Lab collection

      χ11017 ΔasdA27∷TT araC PBAD c2ΔaraBAD23 Δ(gmd-fcl)-26
Δpmi-2426ΔrelA198∷araC PBAD lacITT ΔPmurA25∷TT araC PBAD murA

Lab collection

      χ11246 ΔasdA27∷TT araC PBAD c2ΔaraBAD23Δ(gmd-fcl)-26
Δpmi-2426ΔrelA198∷araC PBAD lacITT ΔPmurA25∷TT araC PBAD murA
ΔsifA26

χ11017 This study

Plasmids

  pCAGGS-NP Vector containing nucleoprotein (NP) gene from A/WSN/33 Provided by Dr. Andrew
Pekosz

  pUC57-WSN-NP Commercial vector pUC-57 containing codon optimized A/WSN/33 NP Genscript

  pYA3681 Lysis vector containing Ptrc promoter [34]

  pYA4702 NP gene expressed from Ptrc promoter cloned into lysis vector pYA3681 with
pBR ori

pYA3681. This study

   pYA4858 Codon optimized NP gene expressed from Ptrc promoter cloned into lysis
vector pYA3681 with pBR ori

pYA3681. This study

   pYA4651 ply gene from S. pneumonia expressed from Ptrc promoter cloned into lysis
vector pYA3681 with pBR ori

Provided by Dr. Wei Xin

Suicide Vector

  pYA3716 ΔsifA26 pRE112
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Table 2
Primers used in this study

Underlined sequence = Restriction enzyme site.

Primer name Sequence

RDLP-2 5’-tcccccccgggttactatttatcgtcgtcatctttgtagtcgatatcatgatctttataatcaccgtcatggtctttgtagtcattgtcgtactcctctgcattgtctccgaa

RDLF-3 5’- catgccatggcgaccaaaggcaccaaacga

RDLF-5 5’- atgccatggcgatggcgacca

RDLRP-7 5’- ctattaccatgggttatcatattcttccgcg

Ptrc-F 5’- attctgaaatgagctgtt

Ptrc-R 5’-tctcatccgccaaaacagcc
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