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Bacterial fimbriae can accept foreign peptides and display them on the cell surface. A highly efficient gene
replacement method was used to generate peptide vaccines based on Salmonella enterica serovar Typhimurium
SL3261. The T-cell epitopes (NY-ESO-1 p157-165 and p157-167) from NY-ESO-1, which is a promising target
antigen in patients for the specific immune recognition of cancer, were incorporated into the gene encoding
AgfA (the major subunit protein of thin aggregative fimbriae of Salmonella) by replacing an equal length of the
DNA segment. To improve cytotoxic T-lymphocyte recognition, both termini of the peptide were flanked by
double alanine (AA) residues. Immunofluorescence microscopy with AgfA-specific antiserum verified the
expression of chimeric AgfA, which was also proved by a Congo red binding assay. Oral immunizations of
HLA-A*0201 transgenic mice with recombinant SL3261 strains encoding NY-ESO-1 p157-165 or p157-167
induced NY-ESO-1 p157-165-specific CD8™ T cells, detected by an HLA-A*0201 pentamer, and induced a T-cell
response detected by an enzyme-linked immunospot assay. The Salmonella fimbrial display system was efficient
at the induction of an antitumor cellular immune response ir vivo, providing a new strategy for the develop-

ment of efficient cancer vaccinations.

Modulating the immune system to control cancer has been a
challenge for cancer immunotherapists for many years. A num-
ber of clinical trials have indeed demonstrated that objective
tumor regressions can occur in the setting of cancer vaccina-
tions (1, 19, 31). One of the major problems, however, is that
robust clinical responses or durable clinical benefits are not
consistently seen, and concerted efforts are being made to
optimize vaccination strategies (1, 31).

It has been clearly established that the use of attenuated
Salmonella strains as live oral vaccines is a safe and effective
means of inducing significant humoral and secretory antibody
responses in animal species, including humans and mice (8, 16,
21, 32-34). The use of plasmid-based expression systems to
elevate foreign antigen levels in Salmonella live vaccine vectors
is ideal, but these systems have the serious disadvantages of
instability and selective requirements in vivo (10, 14, 17, 38).
The problem of plasmid instability can be overcome by inte-
grating the genes for the foreign antigens into the Salmonella
chromosome, but the level of expression of the antigens from
a single locus is usually below the desired levels (33). One
solution is to express the foreign antigen from the Salmonella
chromosome as part of a preexisting, cellular protein carrier
which is expressed at a high level. The cell surface organelles
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called fimbriae (or pili) are excellent candidates for use for the
presentation of heterologous antigens.

Fimbriae are composed of a large number of polymerized
protein subunits called fimbrins and are found on the surfaces
of a wide variety of pathogenic bacteria. In addition, many are
known to be involved in the colonization of host cell surfaces.
They are polymers composed of large numbers of identical
protein subunits called fimbrins. Thin aggregative fimbriae
(called Tafi or curli in Escherichia coli) and the major subunit
AgfA (CsgA or curlin in E. coli) have been found in a wide
range of Salmonella enterica subsp. enterica serovars, such as S.
enterica subsp. enterica serovars Typhimurium (S. Typhi-
murium) and Enteritidis (S. Enteritidis) (6). Tafi fimbriae are
highly flexible at displaying foreign antigens and could induce
a viral epitope-specific immune response, but it is unknown
whether this presentation system could act as a carrier of
tumor antigens to induce specific immune responses against
cancer antigens (36, 37).

In the study described here, we used the Tafi display system
to present T-cell epitopes of the tumor antigen NY-ESO-1 and
evaluated its immune effects. We engineered the agfA4 gene of
attenuated S. Typhimurium SL3261 (an S. Typhimurium aroA-
negative mutant) by replacing a 48-bp segment with a DNA
segment encoding a T-cell epitope, i.e., NY-ESO-1 p157-165
and p157-167 (4, 7, 12, 20). Oral immunization of transgenic
mice carrying a human class I major histocompatibility com-
plex (MHC) antigen, HLA-A*0201, with the engineered bac-
terial strains induced an epitope-specific cytotoxic T-lympho-
cyte (CTL) response.
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FIG. 1. Schematic of generation of Salmonella enterica serovar Ty-
phimurium SL3261 strains carrying a foreign epitope in fimbrin. Sal-
monella enterica serovar Typhimurium SL3261 genome DNA was used
as the target for amplification of the chimeric agf4 genes by two-step
overlap PCR. The chimeric genes were constructed in pHSG415,
which is an unstable and temperature-sensitive plasmid, to generate
pHSG-ESOY and pHSG-ESO11. The recombinant plasmids were then
transferred into SL3261. Finally, we obtained mutant strains through
gene replacement by the use of temperature control and biotic pres-
sure, as described in the text.

MATERIALS AND METHODS

Mice, bacterial strains, media, and growth condition. We maintained HLA-
A*0201 transgenic mice in a pathogen-free facility. HLA-A2.1 cell surface ex-
pression by transgenic mice was verified by flow cytometry with a fluorescein
isothiocyanate (FITC)-conjugated mouse anti-human HLA-A*0201 antibody
(Biolegend) on a FACSCanto II flow cytometer (Becton Dickinson).

S. Typhimurium SL3261 was grown in Luria-Bertani (LB) broth or on LB agar
for 14 to 18 h at 37°C. SL3261 or E. coli containing a recombinant plasmid was
grown in LB broth or on LB agar supplied with kanamycin (50 pg/ml) for 20 to
24 h at 28°C, as described by White et al. (37). To express the AgfA fimbrin,
strain SL3261 isolates were grown on T agar for 48 to 60 h at 28°C, as described
by Romling et al. (32a). For Congo red (CR) binding experiments, the strains
were grown on T agar supplemented with 100 pg CR/ml (TCR).

Construction of SL3261 strains containing agf4::eso9 or agfA:esoll in the
chromosome. The chimeric agf4::es09 genes were generated by two-step overlap
extension PCR with primers A, B, C, and D (Fig. 1). The primers used are listed
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in Table 1. The chimeric genes were recombined into the chromosome of SL3261
by the procedures outlined by White et al. (35, 37) and replaced the wild-type
agfA gene (Fig. 1). To facilitate the presentation of the ESO9 epitope, two
alanine residues flanked both sides of the epitope. Using the same procedure, we
replaced a DNA segment in the agf4 gene with the esoll gene. The chimeric
agf:eso genes produced by PCR were then cloned into pHSG415.

The resultant recombinant plasmids, pHSG-ESO9 and pHSG-ESO11, were
used to construct two bacterial strains. Using the same procedure, we replaced a
DNA segment in the agf4 gene with several termination codons to construct an
AgfA-deficient (AagfA) strain. For the final confirmation of gene replacement,
fragments containing agf4 and the surrounding DNA region were amplified with
primers agfl and agf2 and sequenced by BGI LifeTech (Beijing, China). High-
fidelity Taq enzyme, restriction enzymes, and ligase were supplied by New En-
gland Biolabs.

CR binding assay. The CR binding assay was performed as described by White
et al. (36). Strain SL3261 and the SL3261-ESO9, SL3261-ESO11, and SL3261-
AagfA mutant strains were grown on TCR plates; the cells were then scraped off
the plates and suspended in 10 mM Tris buffer (pH 7.0) at an A4, value of 1.0.
The cell suspension was equilibrated at room temperature for 1 h, and 1-ml
aliquots were transferred into Eppendorf tubes containing 50 pl of 30% poly-
ethylene glycol 8000 in 100 mM Tris buffer (pH 7.0). The cells were removed
from the suspension by centrifugation (15,000 X g for 5 min), before determi-
nation of the amount of CR released into the supernatant by measuring the
absorbance at 480 nm with a spectrophotometer.

Immunofluorescence. Bacterial cells were heat fixed on glass slides prior to
incubation with AgfA-specific rabbit anti-AgfA antiserum (5). The secondary
antibody, Alexa Fluor 488 goat anti-rabbit IgG (heavy and light chains), was
purchased from Invitrogen. The cells were examined and photographed with a
fluorescence microscope (BX60-32FB3-E01; Olympus, Japan) with a X100 mag-
nification oil immersion lens.

Animal immunization. Female HLA-A2*0201 transgenic mice (age, 6 to 8
weeks; six mice per group) were immunized with wild-type strain SL3261,
SL3261-ESO9, or SL3261-ESO11. Each mouse was administered a dose of 10%
CFU bacteria orally in 100 pl saline (0.9% NaCl solution) by pipette. As a
negative control, a group of mice was immunized with saline only, without
bacteria. The oral immunization was repeated twice, at intervals of 14 days, for
a total of three immunizations.

HLA-A*0201 pentamer staining. One week after the last immunization, the
spleens of all immunized mice were removed and monosplenocytes were pre-
pared. Splenocytes were incubated for 15 min at room temperature with the
allophycocyanin-labeled Pro5 HLA-A*0201/SLLMWITQC pentamer (Pro-
Immune, United Kingdom) in staining buffer (phosphate-buffered saline, 0.5%
bovine serum albumin, 0.05% sodium azide, pH 7.2 to 7.4), and then FITC-
labeled anti-mouse CD8 antibody (Prolmmune) was added for additional 20 min
at 4°C. The cells were washed twice in staining buffer, fixed with fix buffer
(staining buffer supplemented with 1% formaldehyde), and analyzed by flow
cytometry on a FACSCanto II flow cytometer (Becton Dickinson).

Synthetic peptides and ELISPOT assay. The HLA-A*0201-restricted CTL
epitope derived from the NY-ESO-1 protein, referred to as peptide p157-165
(NH,-SLLMWITQC-COOH), was used in this study and was synthesized by
BGI LifeTech. The peptides were dissolved in dimethyl sulfoxide at 1 mg/ml and
stored at —20°C. A mouse gamma interferon (IFN-y) enzyme-linked immuno-
spot (ELISPOT) assay kit was purchased from U-CyTech Biosciences. The mice
were euthanized 1 week after the last immunization, and their spleens were
removed. Monosplenocytes were prepared and cultured for 7 days in RPMI 1640
(Gibco) supplemented with 10% calf serum (Gibco), 100 pg/ml streptomycin,
100 U/ml penicillin, and 10 U/ml murine interleukin (IL-2; PeproTech); the

TABLE 1. Primers used to generate agfA::eso09 and agfA::esoll

Primer® Sequence?® (5'-3")

€809-Al. ettt et be et se s e enenne GACTGGATCCTGTCCGTTATTTCACAAG

es09-B.... ..CTGAGTAATCCACATAAGAAGAGAAGCTGCTTTACGGGCATCGCTTTG

es09-C.... .CTTCTTATGTGGATTACTCAGTGCGCTGCGGGCCAGGGTGCGGATAAC
es09-D.... ..GACTCTGCAGAGGGTTCGTTTAATGTGA

esoll-A.. .GACTGGATCCTGTCCGTTATTTCACAAG

esoll-B.. ..GAAGCACTGAGTAATCCACATAAGAAGAGACGCTGCTTTACGGGCATCGCTTTG
esoll-C.. .CTTCTTATGTGGATTACTCAGTGCTTCCTTGCTGCGGGCCAGGGTGCGGATAAC
esoll-D ..GACTCTGCAGAGGGTTCGTTTAATGTGA

“ Primers used to generate agfA::eso, as noted in Fig. 1.
? Boldface nucleotides encode the NY-ESO-1 epitopes.
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culture medium was refreshed every 48 h after the start of incubation. On the day
before testing by the ELISPOT assay, 10 pg/ml of peptide NY-ESO-1 p157-165
was added to the cell culture clusters. Cells were collected and counted before
the ELISPOT assay was performed under the conditions specified by the man-
ufacturer. Four replicates of 5 X 10° and 1 X 10° cells per well were added to
96-well mixed polyvinylidene difluoride plates precoated with anti-mouse IFN-y
antibody, and each well was supplemented with 10 pg/ml synthesized peptides
and 10 U/ml murine IL-2. No peptides were applied to the medium for the
negative-control group. After incubation at 37°C for 24 h without agitation, the
plates were washed and first incubated with a biotinylated secondary antibody
and then with alkaline phosphatase-conjugated streptavidin, followed by addition
of freshly prepared 3-amino-9-ethylcarbazole (AEC) substrate buffer. The plates
were photographed and analyzed with an immunospot analyzer (Cellular Tech-
nology Ltd.).

Statistical analyses. The experimental data were analyzed by one-way analysis
of variance (ANOVA), followed by Tukey’s multiple range test for significant
differences. In all cases, the criterion for statistical significance was a P value of
<0.05.

RESULTS

Generation of mutants and expression of AgfA in SL3261
strains. Two individual strains of S. Typhimurium SL3261
were engineered to express chimeric AgfA proteins containing
the NY-ESO-1 T-cell epitope. Strain SL3261-ESO9 contained
NY-ESO-1 p157-165 and strain SL3261-ESO11 contained NY-
ESO-1 p157-167, and each NY-ESO-1 T-cell epitope was
flanked by two alanine residues at both ends. An AgfA-defi-
cient (AAgfA) strain of SL3261 was also generated.

The two SL3261 mutant strains, along with the SL3261 par-
ent strain, were analyzed for their ability to bind to the hydro-
phobic dye Congo red. The level of binding of Congo red to
Salmonella strains is proportional to the relative amounts of
thin aggregative fimbriae (Tafi, curli) produced (36). The mu-
tated strains had a morphology similar to that of the SL3261
parent strain on TCR plates, indicating that the AgfA:ESO9
proteins and the AgfA::ESO11 proteins were expressed and
assembled into functional Tafi fimbriae. The level of binding of
CR by the three mutated strains with chimeric AgfA was a
little less than or equal to that by the parent strain but signif-
icantly higher than that by the AagfA strain (P < 0.05) (Fig.
2A). This verified the expression of AgfA in the constructed
strains and demonstrated that the insertion of ESO9 and
ESO11 did not cause a significant reduction in the level of
AgfA expression.

The expression of AgfA in the SL3261 strains grown on TCR
plates was further examined by immunofluorescence, and the
expression of thin aggregative fimbriae on the cell surface of
the SL3261 parent strain (Fig. 2B, panel i) and the SL3261
mutant strains (Fig. 2B, panels iii and iv) but not the Aagf4
strain (Fig. 2B, panel ii) was shown.

HLA-A*0201 pentamer staining in mice immunized with
SL3261 vaccine strains. The presence of NY-ESO-1-specific
CD8" T cells in the mice immunized with the transgenic
SL3261 mutant strains was detected by NY-ESO-1 p165-157/
HLA-A*0201 pentamer staining. The positive cells occupied
1.34% = 0.15% (SL3261-ESO9) and 1.29% = 0.09% (SL3261-
ESO11) of the whole splenocytes or 9.97% = 1.54% (SL3261-
ESO9) and 9.84% = 1.43% (SL3261-ESO11) of the CD8" T
cells, whereas CD8™" T cells from the mice immunized with the
SL3261 parent strain and the mice treated with saline showed
negative staining (Fig. 3).
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FIG. 2. Expression of chimeric fimbriae. (A) Congo red binding
assay. The amount of Congo red bound by 1 A4, unit of Salmonella
cells from TCR plates was measured. The SL3261 mutants can bind
similar amounts of Congo red as parent strain SL3261, but the amount
bound by the AAgfA strain was much less than that bound by the other
strains (P < 0.05). (B) Immunofluorescence of SL3261 strains by rabbit
anti-AgfA serum. Cells were scraped from T medium and fixed on
glass slides. AgfA-specific antiserum was applied. (i) strain SL3261; (ii)
strain SL3261 AAgfA; (iii) strain SL3261-ESOY, and (iv) strain
SL3261-ESO11. Scale bars, 5 pm.

Epitope-specific T-cell immune response in mice immunized
with SL3261 vaccine strains. The epitope-specific T-cell im-
mune response in HLA-A*0201 transgenic mice immunized
with the SL3261 vaccine strains with the parental strain and
saline as the controls was analyzed by the ELISPOT assay.
The two SL3261 mutant strains both induced p157-165 pep-
tide-specific T-cell responses in the mice, and there was no
significant difference between these two groups (Fig. 4). In
mice immunized with parental SL.3261 strain or saline, the
ELISPOT assay showed no p157-165 peptide-specific spot-
forming cells (SFCs).

DISCUSSION

This is the first report of an attenuated Salmonella thin
aggregative fimbria-based tumor antigen peptide vaccine that
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FIG. 3. HLA-A*0201/NY-ESO-1 p157-165 pentamer staining of
mouse spleen cells. One week after the last immunization, spleen cells
were stained with the HLA-A*0201/NY-ESO-1 p157-165 pentamer. The
mean response for a typical mouse from a group of four mice is shown.
The mean response for each group is provided. (A) SL3261 parental
group; (B) saline group; (C) SL3261-ESO9 group; (D) SL3261-ESO11
group.

induced epitope-specific T-cell responses in transgenic mice. In
this study, we used a site-specific chromosomal gene replace-
ment system (35, 37) to introduce foreign DNA encoding a
heterologous peptide into agf4, which encodes the major sub-
unit of Salmonella thin aggregative fimbriae. The bacterial
strain used in our study was S. Typhimurium SL3261, which is
aroA deficient and attenuated (2, 15, 24). We have also dem-
onstrated that the inserted chimeric ESO9 gene and ESO11
gene, which were recombined into the chromosome of S. Ty-
phimurium SL3261, can be expressed and that an epitope-
specific T-cell response was induced in transgenic mice by this
recombinant organism.

Through growth on TCR plates, a Congo red binding assay,
and AgfA immunofluorescence, we found that the two SL.3261
mutant strains (strains SL3261-ESO9 and SL3261-ESO11) had
functional and antigenic properties similar to those of the
SL3261 parental strain, which indicated that the chimeric AgfA
genes were expressed and assembled into functional Tafi with-
out causing a significant reduction in AgfA expression. This
means that the AgfA::ESO9 proteins and the AgfA::ESO11
proteins can be stably expressed on the Salmonella thin aggre-
gative fimbriae.

However, the differences shown by immunofluorescence
may be due to the change in the fimbrial structure caused by
the insertion of foreign peptides; meanwhile, these data also
confirm the expression of the various chimeric proteins in the
mutated SL3261 strains. As NY-ESO-1 p157-165 and p157-167
are T-cell epitopes, we failed to detect the epitopes on the
fimbriae by immunofluorescence with the NY-ESO-1 poly-
clonal antibody (data not shown).

In our research, the target epitopes applied were T-cell
epitopes NY-ESO-1 p157-165 and p157-167. NY-ESO-1 is a
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FIG. 4. ELISPOT assay of IFN-y of mouse spleen cells. HLA-
A*0201 transgenic mice were euthanized 1 week after the last immu-
nization, and their spleens were removed. Single-cell suspension of
spleen cells were prepared and cultured in RPMI 1640 for 7 days with
IL-2. The ELISPOT assay was performed by use of a mouse IFN-y
ELISPOT assay kit. The values on the x axis indicate the NY-ESO-1
p157-165-specific SFCs (10° splenocytes) ' in each group. The error
bars indicate the significant differences for each group. Epitope-spe-
cific SFCs were observed in the mutant strain groups but not in the
parental SL3261 group or the saline group.

promising target antigen for the specific immune recognition
of cancer in patients because it has restricted expression in
healthy tissue but frequently occurs on human tumors. The
presence of NY-ESO-1 is seen in approximately one-third to
one-fourth of all cases of melanoma and lung, ovarian, esoph-
ageal, bladder, and prostate cancers; and expression is often
associated with high-grade tumors (13). NY-ESO-1 is sponta-
neously immunogenic in 50% of these patients, eliciting both
CD8 and CD4 T-cell responses that correlate with the pres-
ence of serum antibodies to NY-ESO-1 (11, 13, 19). However,
the immune responses to the antigen are downregulated by
regulatory T cells (Tregs) and are not protective. It has previ-
ously been shown that stimulation of the innate immune sys-
tem is essential to break immunological tolerance (18). S. Ty-
phimurium is able to induce strong innate immune responses
through Toll-like receptor signals, which not only can block the
suppressive activity of CD4* CD25™ Tregs but also can break
the tolerance of CD8 cells, even in the presence of CD4™
CD25™" Tregs (28-30, 39).

To be of value, we used transgenic mice carrying a human
class I major histocompatibility complex antigen, HLA-A2, to
assay the efficacies of the vaccines. Due to the central role of
MHC in the generation of an immune response, transgenic
mice carrying human MHC products (HLA-A*0201) could
provide an important model system in which to assess the
induction of an HLLA-associated immune response (3, 22). An-
tigen processing and presentation by murine cells can reveal
the same set of HLA-restricted antigenic epitopes recognized
by human T cells.

To determine the T-cell response in immunized mice, we
conducted MHC class I pentamer staining and the ELISPOT
assay. Compared to the CD8" T cells from the mice immu-
nized with the SL3261 parental strain and the mice treated
with saline, the CD8" T cells from the mice immunized with
the SL3261 mutant strains expressing chimeric AgfA::ESO9 or
AgfA::ESOL11 showed positive staining with the NY-ESO-1
p157-165 peptide/HLA-A*0201 pentamer, but there were no
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significant differences between these two groups. Our result is
similar to or better than the results of former studies with a
naked DNA vaccine encoding polypeptide or a virus-based
whole antigen vaccine or peptide vaccine (26, 27).

Consistent with the results of the pentamer staining assay,
we found that in transgenic mice, the SL3261 mutant strains
expressing chimeric AgfA::ESO9 or AgfA:ESO11 that we
constructed induced epitope-specific T-cell immune responses,
determined by ELISPOT assay with the NY-ESO-1 p157-165
peptide. However, there was no significant difference between
the intensity of the immune responses of the two groups, which
suggests that both the AgfA:ESO9 proteins and the
AgfA::ESOL11 proteins had the same antigen presentation in
vivo and that both were efficient in supporting the recognition
of epitopes by CTLs. The frequency of epitope-specific SFCs
was 106 = 67/10° splenocytes for SL3261-ESO9 or 104 =*
59/10° splenocytes for SL3261-ESO11. In a former study, a
lentivirus-based NY-ESO-1 vaccine elicited a three times
greater T-cell response, which may have been due to the high
level of replication of lentivirus in the spleen, but this approach
needed a subcutaneous injection and had a biosafety problem
(9, 23). Another study employed a Salmonella serovar Typhi-
murium vaccine strain to deliver NY-ESO-1 through a type III
protein secretion system and showed a rate of IFN-y-secreting
T cells and tumor regression in mice similar to that found in
the present study (25). In this system, the recombinant salmo-
nellae specifically secreted NY-ESO-1 into Salmonella-in-
fected cells and the tumor antigen could be efficiently pre-
sented to T cells, but the plasmid-based expression system was
instable and needed selection in vivo.

All together, from the results of the specific CD8" T-cell
responses of the mice immunized with the SL3261 mutant
strains, we conclude that SL3261 mutants expressing the tumor
antigen NY-ESO-1 p157-165 peptide can invite a specific T-
cell immune response in vivo, which also proves that the anti-
gen display system that we constructed is effective at delivering
a foreign antigen to the mouse immune system. In contrast to
other vaccine strategies for the treatment of cancer, this vac-
cine strategy has the following advantages. First, Salmonella
replicates directly in lymphoid organs, and antigens are pre-
sented more efficiently; second, fimbriae are strong immuno-
gens which can serve as an effective natural adjuvant; third,
epitopes have stable and high levels of expression in this sys-
tem, which is very advantageous, since by conventional meth-
ods recombinant proteins are either unstable or poorly ex-
pressed; and fourth, oral immunization is very convenient and
economical. This study describes a good means of delivery of
peptides that may be used to combat tumor diseases in the
future.
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