












groups were significantly higher (P � 0.05) than those of the combination S1S2-
immunized group and the mice immunized with S. Typhimurium ΔSPI-1/2.

DISCUSSION

NTS usually cause self-limiting gastroenteritis but can cause fatal systemic disease,
particularly in young children or those who are immunocompromised (3). It is becom-
ing increasingly difficult to treat NTS with antibiotics due to mounting resistance to
fluoroquinolones and cephalosporins, and new antimicrobials are not economically

FIG 5 Cecal inflammation during lethal challenges with S. Typhimurium. Immunized mice (n � 5; as
described in Materials and Methods) were treated on day 55 with streptomycin to clear gut flora. On day
56, all mice were challenged with 200 CFU of wild-type S. Typhimurium SL1344. The cecum of each mouse
was collected at day 4 postchallenge (day 60) and fixed in OCT. Thin cryosections (4 �m) of cecum were
stained with hematoxylin and eosin. Sections were visualized and photographed at a magnification of �10
(A to E), whereas the pathoscore was evaluated at a magnification of �400 (F). The stained sections were
evaluated independently on the basis of pathological changes that included submucosal edema (score, 0
to 3), PMN infiltration (score, 0 to 4), loss of goblet cells (score, 0 to 3), and epithelial integrity (score, 0 to
3), with a final pathoscore of 0 to 12, reflecting the overall degree of inflammation. The pathoscores were
determined by averaging the scores. The combined scores ranged from 0 to 12 arbitrary units covering the
inflammation levels as follows: intact intestine (pathoscore, 0); minimal inflammation (pathoscore, 1 or 2),
which is commonly found in the ceca of mice; slight inflammation (pathoscore, 3 or 4); moderate
inflammation (pathoscore, 5 to 8); and significant inflammation (pathoscore, 9 to 12) (11). Pathoscores are
represented graphically as mean � SEM. All the sections were imaged at a magnification of �10 with a
Nikon Eclipse 80i microscope, and the best representative image from each group is presented. Represen-
tative sections are presented to show differences in the cecal inflammation with respect to the individual
vaccine formulation. SE, submucosal edema; Lu, cecal lumen; LP, lamina propria. Scale bar, 100 �m. *, P �
0.05 using ANOVA; **, P � 0.01; n.s. not significant.
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feasible for low-income countries (12). Therefore, there is an urgent medical need for
vaccines with broadly protective, serotype-independent coverage against all S. enterica
strains. Subunit vaccines offer excellent safety profiles, but the key challenge in
developing such vaccines is identification of suitable antigens that can be properly
formulated into a protective human vaccine. We have previously reported that the
T3SA tip (IpaD) and first translocator (IpaB) proteins of Shigella flexneri can be used as
an efficient subunit vaccine (13). Furthermore, DBF, the fusion of IpaD and IpaB,
provided better immunogenic potential and conferred excellent protection against
homologous and heterologous Shigella sp. infections (14). Thus, the tip and first
translocator proteins from each of the two Salmonella pathogenicity islands were fused
to assess their protection of mice from challenges with S. Typhimurium and S. Enteri-
tidis.

S1 and S2 were subjected to biophysical characterization to assess their basic
stabilities since they were to be used together in a vaccine formulation. A unique
structural feature was exhibited by S1 and to a certain extent by S2. As illustrated by
the thermal melting curves obtained by CD at pH 7 and 8, S1 did not completely unfold
at 90°C and refolded almost entirely after cooling (see Fig. S1 in the supplemental
material). S2 showed less refolding. This phenomenon appears to be attributable to the
thermal resilience imparted by the zwitterionic detergent N,N-dimethyldodecylamine
N-oxide (LDAO) on the T3SA tip and first translocator proteins. We have examined many
other T3SA tip proteins and both translocator proteins formulated with LDAO and have
found that they maintain some degree of folding at higher temperatures. Once cooled,
these proteins completely or nearly completely refolded, as illustrated by a CD spec-
trum that is nearly identical to the one obtained prior to thermal melting (15, 16). When
model proteins such as bovine serum albumin (BSA) or lysozyme, as well as other T3SS
proteins such as the translocator chaperone, were heated in the presence of LDAO, no
such thermal resilience was exhibited, with a complete loss of secondary structure at
90°C (15). While thermal stability of vaccines is important in relation to low-income
countries, it is unclear whether LDAO would be in the final formulation.

The three-index EPDs identified the structurally stable and unstable conditions for
each protein. Identification of stable regions at the same pH is important for the
development of a final formulation. For example, at temperatures below �47°C at pH
7 and 8, region I is quite similar in S1 and S2, yet they are not the same since S2 exhibits
some aggregation that is detected by SLS. This is reflected in the pink color rather than
the orange of S1 in this same region I. Thus, excipients will now be screened to prevent
the aggregation of S2 at pH 7 and 8 as well as to increase the overall stability of both
S1 and S2. For the experiments described here, pH 7 was chosen, which appeared to
produce somewhat less aggregation for S2. While citrate-phosphate buffer was used to
provide broad pH, phosphate binds to aluminum hydroxide (Alhydrogel) to form
aluminum hydroxyphosphate. For these studies, Alhydrogel was preferred due to the
positive results obtained with IpaD plus IpaB in preventing Shigella infections (17). Thus,
histidine was used to replace citrate-phosphate.

Immunizations with S1, S2, and S1S2 elicited efficient serum IgG titers with the
magnitudes of antibody titers being comparable across the three groups, demonstrat-
ing that no interference occurred from any one of the proteins. On day 56, the anti-SseB
titer of the S2 group was significantly higher (P � 0.05) than the titer in the S1S2 group.
In contrast, there was a significant increase in the anti-SseB IgG ASCs in the S1S2 group
in comparison to the S2 group in both the bone marrow and spleen cells. In the
typhoid-like model, S1S2 elicited partial protection (60%) against homologous and
heterologous challenges, while neither of the individual proteins provided protection
(10%). In a second challenge model, a streptomycin-pretreated mouse colitis model
was used, in which successful colonization by Salmonella induces cecal inflammation
(11). As in the typhoid model, S1S2 immunization supported the overall survival data
by preventing cecal inflammation upon Salmonella challenge, which resulted in keep-
ing the gut in a nearly normal physiological state. In contrast, moderate to severe cecal
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inflammation in S1- and S2-immunized mice resulted in poor survival of the host after
lethal challenge.

Many publications refer to new vaccines to prevent S. enterica infections. The fact
that proteins secreted from the S. enterica T3SSs, including SseB, were used to provide
protection has been demonstrated in these publications (18–22). Based on the Shigella
DBF vaccine, this study was designed to develop a potential vaccine by combining two
recombinant fusions, S1 and S2, formulating with an approved adjuvant system (MPL-
AH), and delivering via an approved vaccination route to protect against two S. enterica
serovars, S. Typhimurium and S. Enteritidis. Further work to understand the basic
immunological targets and correlates of protection was beyond the scope of this study.

Taken together, this initial study demonstrates that the fusions resulting from the
T3SA tip and translocator proteins are viable vaccine candidates. Further research must
be performed to increase the protective efficacy. It is unlikely that a stand-alone subunit
or a combination of two subunits with adjuvant will be protective in humans. While a
particle composed of MPL-AH and proteins was used for this study, either a better
formulation or a unique particle may be required to maintain the antigen in lymph
nodes to elicit memory (23, 24). Nevertheless, the most important finding is that the
vaccine formulation of S1S2 provided protection not only against the homologous S.
Typhimurium but also against the heterologous S. Enteritidis. Although it would be
difficult to test all of the �2,500 S. enterica serotypes, these two common serotypes
provide prima facie evidence that this subunit vaccine could provide broadly protective,
serotype-independent protection against this costly and deadly pathogen.

MATERIALS AND METHODS
Preparation of Salmonella fusion proteins. Salmonella Typhimurium SL1344 T3SS-1 sipD and sipB

were cloned in pET28a (NdeI-SalI-XhoI) to construct the plasmid s1/pET28a for expression of the
SipD-SipB fusion protein, S1. T3SS-2 sseB and sseC were cloned in pET15b (NdeI-SacI-BamHI) to construct
the plasmid s2/pET15b for expression of the SseB-SseC fusion protein, S2. For expression of S1,
Escherichia coli NovaBlue(DE3) was cotransformed with s1/pET28a and sicA-pACYC Duet-1, which en-
codes the SipB cognate chaperone. Similarly, for expression of S2, E. coli NovaBlue(DE3) was cotrans-
formed with s2/pET215b and sseA-pACYC Duet-1, which encodes the SseC cognate chaperone. S1 and
S2 were expressed in E. coli Tuner(DE3) grown in autoinduction medium and Terrific broth, respectively.
Harvested cells were lysed, and proteins were purified using standard denaturing immobilized metal
affinity chromatography (IMAC) procedures. The purified proteins were refolded using a stepwise dialysis
method and subjected to a second IMAC to remove any remaining chaperone. Proteins were further
dialyzed into PBS containing 0.05% (wt/vol) LDAO, filtered using 0.22-�m filters and stored at �80°C (see
Fig. S3 in the supplemental material).

For biophysical analyses, proteins were dialyzed into 20 mM citrate-phosphate buffer containing
0.05% (wt/vol) LDAO at each pH from 3.0 to 8.0, their ionic strength was adjusted to 0.150 using NaCl,
and they were filtered using 0.22-�m filters. For vaccine studies, proteins were dialyzed in 10 mM
histidine (pH 7.0), 150 mM sodium chloride, and 0.05% LDAO, filtered using 0.22-�m filters, and stored
at �80°C as needed. Protein concentrations was determined by measuring absorbance at 280 nm (25).

Spectroscopic analysis of the fusion proteins and production of multi-index EPDs. Far-UV circular
dichroism (CD) spectra, intrinsic tryptophan fluorescence spectra, and static light-scattering measure-
ments were collected as previously described (10, 15). Three-index empirical phase diagrams (EPDs) were
prepared as previously described (10, 15).

Attenuated Salmonella enterica strains (�SPI-1/2). S. Typhimurium SL1344 and S. Enteritidis P125109
double mutants (ΔinvC ssaV::aphT) were developed by phage transduction (26). Briefly, ΔinvC mutants for
both S. Typhimurium and S. Enteritidis were kindly provided by M. Suar (KIIT University, India). A P22
phage lysate of ssaV::aphT was transduced into the recipient ΔinvC mutant strain to obtain stable ΔinvC
ssaV::aphT double mutants of both serotypes. These mutants are abbreviated S. Typhimurium ΔSPI-1/2
or S. Enteritidis ΔSPI-1/2 since they have deletions in SPI-1 and SPI-2. S. Typhimurium ΔSPI-1/2 and S.
Enteritidis ΔSPI-1/2 colonies were purified three times on LB agar supplemented with kanamycin (50
�g/ml). S. Typhimurium ΔSPI-1/2 and S. Enteritidis ΔSPI-1/2 were grown at 37°C in LB medium for 12 h,
diluted 1:20 in fresh LB medium, and subcultured for another 4 h at 37°C until the desired optical density
was achieved. The bacteria were washed, and 1 � 108 CFU was suspended in 100 �l cold PBS for
immunization in each mice.

Mice and immunization. Six- to 8-week-old female BALB/c mice (Charles River Laboratories, Wil-
mington, MA) were used for all experiments, where the group size is n � 10 in all cases except for ASC
frequency, where n � 5. These mice, however, were part of the same experiment, so the IgG titers and
protection are associated with the ASC results. Animals were housed and handled in agreement with the
guidelines of the University of Kansas Institutional Animal Care and Use Committee (IACUC). For
intramuscular administration, S1 and S2 (20 �g/dose) and the combination were admixed with 50 �g
Alhydrogel (AH) (Brenntag, Denmark) for 45 min at room temperature, at which point 50 �g mono-
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phosphoryl lipid A (MPL) (Sigma, USA) was added as previously described (14), with the final volume
being 100 �l. PBS alone was included as a negative control. Vaccines were administered at days 0, 14,
and 28 of the study. S. Typhimurium ΔSPI-1/2 and S. Enteritidis ΔSPI-1/2 were used as the positive
controls and were administered by gavage (1 � 108 CFU) at day 28 of the study.

Assessment of immune response. Serum IgG and fecal IgA titers as well as frequency of antibody-
secreting cells (ASCs) were determined as previously described (13, 14, 17).

S. Typhimurium and S. Enteritidis lethal challenge. Wild-type S. Typhimurium SL1344 and S.
Enteritidis 125109 were grown at 37°C in LB medium for 12 h, diluted 1:20 in fresh LB medium, and
subcultured for another 4 h at 37°C until the desired optical density was achieved. The bacteria were
washed and were suspended in 100 �l PBS. On day 56, mice were orally challenged with 100 �l of S.
Typhimurium (2 � 108 CFU) or S. Enteritidis (5 � 107 CFU). Serial dilutions of bacterial suspension were
plated to confirm the challenge dose. Health score and weight loss were monitored for 20 days. Mice that
became moribund or remained under 80% of their starting weight for more than 48 h were humanely
euthanized. Survival was plotted, and a log rank test was used to evaluate the differences in overall
survival.

S. Typhimurium infection of streptomycin-treated mice with histopathological evaluation. Mice
(n � 5) were vaccinated as described above (days 0, 14, and 28) with S1, S2, and the combination
adsorbed to AH, and then MPL was added. S. Typhimurium ΔSPI-1/2 was administered on day 28. On day
55, mice were treated orally with 20 mg of streptomycin by gavage at 24 h prior to challenge to eliminate
the gut microbiota and allow colonization of the gut (11). Mice were challenged orally on day 56 with
200 CFU of wild-type S. Typhimurium SL1344 in 100 �l. At 4 days postchallenge, the mice were
euthanized, and the cecum was extracted to assess cecal inflammation and fixed in OCT (11). Thin
cryosections (4 �m) of cecum were stained with hematoxylin and eosin. Sections were visualized and
photographed (Fig. 5A to E) at a magnification of �10, whereas the pathoscore (Fig. 5F) was evaluated
at a magnification of �400 with a Nikon Eclipse 80i microscope (the best representative image from each
group is presented). The stained sections were evaluated independently on the basis of pathological
changes that included submucosal edema (score, 0 to 3), PMN infiltration (score, 0 to 4), loss of goblet
cells (score, 0 to 3), and epithelial integrity (score, 0 to 3), with a final pathoscore of 0 to 12, reflecting
the overall degree of inflammation. The pathoscores were determined by averaging the scores. The
combined scores ranged from 0 to 12 arbitrary units, covering the inflammation levels as follows: intact
intestine (pathoscore, 0); minimal inflammation (pathoscore, 1 or 2), which is commonly found in the
ceca of mice; slight inflammation (pathoscore, 3 or 4); moderate inflammation (pathoscore, 5 to 8); and
significant inflammation (pathoscore, 9 to 12) (11). Pathoscores are represented graphically as mean �
standard error of the mean (SEM).

Statistical analysis for animal analysis. All graphics and comparisons were done using a t test and
log rank (Fig. 4) and analysis of variance (ANOVA) (Fig. 2) tests using GraphPad Prism software (Prism 5
version 5.04; GraphPad Software, La Jolla, CA, USA). A P value of �0.05 was considered statistically
significant in all determinations.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/IAI
.00473-17.
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