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Abstract

Yersinia pestis is a virulent human pathogen and potential biological weapon. Despite a long
history of research on this organism, there is no licensed vaccine to protect against pneumonic
forms of Y. pestis disease. In the present study, plasmids were constructed to express cholera toxin
A,/B chimeric molecules containing the LcrV protective antigen from Y. enterocolitica and Y.
pestis. These chimeras were expressed and purified to high yields from the supernatant of
transformed E. coli. Western and GMq ELISA assays were used to characterize the composition,
receptor-binding and relative stability of the LcrVV-CTA,/B chimera in comparison to cholera
toxin. In addition, we investigated the ability of the Y. pestis LcrVV-CTA,/B chimera to bind to and
internalize into cultured epithelial cells and macrophages by confocal microscopy. These studies
indicate that the uptake and trafficking of the LcrV antigen from the chimera is comparable to the
trafficking of native toxin. Together these findings report that stable, receptor-binding, non-toxic
LcrV-cholera toxin Ay/B chimeras can be expressed at high levels in E. coli and purified from the
supernatant. In addition, the internalization of antigen in vitro reported here supports the
development of these molecules as novel mucosal vaccine candidates.
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Introduction

Yersinia pestis is the agent of bubonic and pneumonic plague. This notorious bacterium has
been the cause of over 200 million deaths from pandemics that have ravaged human
populations throughout history. Today however, reported cases of Y. pestis infection in the
U.S. are uncommon, and rapid treatment with antibiotics is effective at preventing most
fatalities [1]. Despite the infrequency of disease, Y. pestis has been labeled a Category A
bioterrorism agent by the Centers of Disease Control, and there is renewed urgency for the
development of a protective vaccine against pneumonic forms of disease. Evidence suggests
that this highly infectious organism has been used effectively in the past as a biological
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weapon [2]. There is no licensed vaccine available for general populations in the U.S.
against plague. A formalin-killed whole cell preparation is currently available for military
personnel and researchers at high risk, however studies have determined that this vaccine is
only effective against bubonic plague and offers no protection against the easily transmitted
pneumonic forms of disease [3;4]. A live attenuated vaccine has also been in use since the
early 1900’s and is highly protective, however the safety of this strain still remains in
question [5].

Antibodies have been shown to play a key role in protection against this pathogen, and
improved vaccines have focused on subunit preparations that contain the purified Y. pestis
surface proteins F1 and LcrV [6]. The F1 antigen (encoded by cafl) is a capsular protein
with antiphagocytic properties [7]. The LcrV antigen (or V antigen, encoded by IcrV) is a
secreted protein detected on the surface of the bacterium and thought to have a key structural
and regulatory role in type 111 secretion [8;9]. A mixture of these proteins resulted in
significant protection in the mouse, and a fusion of the two antigens is showing much
promise as a parentally delivered vaccine [10;11;12;13]. Studies with F1 and LcrV in non-
human primates have been contradictory however, showing protection in cynomolgus
macaques, but failing to protect African green monkeys from Yersinia pestis challenge [14].
In addition, the current intramuscular candidates target the induction of systemic immunity
alone and induction of mucosal IgA to enhance protection against airborne infection and
pneumonic disease requires the use of a separate adjuvant [15]. Despite these limitations,
LcrV and F1 remain the most promising and well characterized plague vaccine candidates.
LcrV and F1 are also expressed by other pathogenic strains of Yersinia, and there exists the
added benefit that plague vaccines may offer cross protection against Y. enterocolitica,
which is a common cause of food-borne gastroenteritis in the U.S. [16].

The bacterial enterotoxins, including cholera toxin (CT) and E. coli heat-labile toxin (LTI),
offer a unique mechanism for the induction of both systemic and mucosal immune responses
against subunit vaccine candidates [17;18;19]. CT, expressed by Vibrio choleraeg, is a large
heteromeric protein consisting of a receptor-binding pentameric B subunit (CTB) and an
active A subunit (CTA). CTB binds to ganglioside receptors on host intestinal cells and
triggers uptake of CT by retrograde endocytosis through the Golgi apparatus to the
endoplasmic reticulum. The CTA; domain is then translocated to the cytoplasm, where it
activates adenylate cyclase and induces the secretion of fluids into the lumen of the small
intestine. CT, and the structurally and functionally related LTI, are also potent
immunostimulatory molecules that can bind to and target immune effector cells [20;21].
Although not completely understood, CT immunomodulation is believed to involve the
activation of antigen presenting cells, promotion of B-cell isotype switching, and
upregulation of co-stimulatory and MHC class 11 expression [22]. These responses are the
result of CTB receptor interactions with effector cells, such as dendritic cells, that promote
antigen presentation and cellular activation [23]. Addition of CT and LTI to LcrV and F1
preparations has been explored and found to enhance IgA induction conferred by F1 and
LcrV subunit vaccines [24;25]. In addition, these adjuvants aid in the induction of cellular
responses that also are a key component of protection [14;24]. While toxigenic CT is clearly
a more potent adjuvant, non-toxic CTB by itself is also an effective delivery vehicle and
many reports suggest it may act as an immunostimulatory adjuvant on its own [18;26]. CTB
is a component of the current Vibrio cholerae vaccine (WC-rBS) produced in Sweden and
licensed in many countries. This CTB-based vaccine is well tolerated with a good safety
record [27].

In 1992, Jobling and Holmes reported the construction of CTA,/ CTB chimeras in an effort
to develop stable holotoxin-like vaccine candidates with the antigen of interest replacing the
toxic portion of the molecule and coupled to the B subunit [28]. These molecules possess a
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number of advantages for use as mucosal vaccines, including; the absence of the toxic
domain, non-covalent association of the vaccine antigen to a functional CTB subunit, and
maintenance of the ER-targeting KDEL motif. Evidence from studies on Entamoeba
histolytica and Proteus mirabilis suggest that the structure of these A,/B chimeras is optimal
for antigen uptake and presentation for the induction of specific humoral responses
[29;30;31]. Additional chimeras constructed using CT, LTI and E. coli LTIIb enterotoxins
have been reported and characterized in the mouse model by others [32;33;34,35;36]. For
the production of these molecules in E. coli, plasmids are constructed that express antigens
of interest covalently fused to the cholera toxin A, domain (CTAy), and the full length CTB
peptide. These peptides are directed for secretion to the periplasmic space by the presence of
an N-terminal leader sequence. Earlier studies suggested that the E. coli LTIIB leader was
very efficient at directing CT chimeras to the E. coli periplasm [29]. Translocation to the
periplasm is essential for proper disulfide and hydrogen bonding to create a holotoxin-like
molecule containing five CTB subunits that are non-covalently associated with one antigen-
CTA, fusion [37;38]. Enhanced production of CTB over the CTA, fusion is not completely
understood, but may result from post-transcriptional regulation [26]. These chimeric
constructs have proven to be a useful approach to the efficient production of detoxified yet
immunogenic mucosal vaccines.

In these studies we present the construction and characterization of CT chimeras containing
the LcrV antigen from Y. enterocolitica and Y. pestis (LcrV-CTA,/B). These chimeras were
purified from the supernatant of transformed E. coli using D-galactose affinity
chromatography, and found to have receptor-binding capability and stability comparable to
native CT. In addition, we have characterized the ability of these chimeras to traffic the
LcrV antigen into tissue culture cells using confocal microscopy. Successful trafficking in
vitro is consistent with the goal of effective antigen delivery to antigen-presenting cells and
induction of protective humoral and cellular responses in vivo. The purpose of these studies
was to initiate the development of CT chimeras as novel mucosal Yersina vaccines. Despite
the promise of current Y. pestis subunit vaccines, the development of better adjuvants that
will support novel routes of delivery, induce mucosal IgA and cellular immune responses,
and remain stable under challenging environmental conditions are significant goals for the
improvement of these vaccines.

Materials and Methods

Bacterial strains, vectors and construction of plasmids

E. coli TEL is a AendA derivative of TX1 [F::Tn10 proA+B+ lacl% A(lacZ)M15, ginV44
A(hsdM-mcrB)5 A(lac-proAB)thi] [29]. This strain was used for the cloning of recombinant
plasmids as well as expression of fusion proteins. E. coli Origami [F-, ompT,
hsdSB(rB-,mB-), dcm, T7(sr1-recA), 306::Tn10, gal] (Novagen, Madison, WI) was also used
for fusion protein expression. Cultures were maintained on Luria-Bertani agar plates
supplemented with the appropriate antibiotics. Antibiotics were added at a concentration of
35 pg/ml to select for chloramphenicol resistance (Cm"). A clinical isolate of Yersinia
enterocolitica (Idaho Dept of Health and Welfare, Boise, ID) and the Y. pestis vaccine strain
(KIMS5) were used to isolate IcrV from genomic plasmid DNA. To make the Y.
enterocolitica LcrV-CTA,/B expression plasmid, pCTD002 was constructed from the
parental vector, pARLDR19 (kindly supplied by R.K.Holmes, UCHSC, Aurora, CO).
pARLDR19 contains the E. coli LTIIb toxin leader sequence upstream of a multiple cloning
site and the sequence encoding the CTA, domain. The CTA, domain has a mutation that
results in the removal of a cysteine to prevent aberrant disulfide interactions (C199S).
Downstream from this peptide sequence is ctxB, which also contains the LTIIB leader
sequence. Both the ctxA, fusion and the ctxB sequences are expressed from the same
arabinose-inducible pBAD promoter [39]. Primers were designed to amplify a truncated
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form of lcrV from the Y. enterocolitica genomic prep and to add Sphl and Sall restriction
sites to the 5” and 3’ ends respectively. The IcrV molecule was truncated at nucleotide 812
to create LcrV that is 54 amino acids shorter from the C-terminus of the protein (LcrV*,
Figure 1 and 2). The primer sequences with restriction sites in bold are as follows: forward
(Sphl) 5’-GCAACCTGCATGC GATTAGAGCCTACGAACAA-3’ and reverse (Sall) 5°-
GTTCGTAGTCGACGTGGCAAAGTGAGATAATTC-3’. The amplicon and pARLDR19
plasmid were digested with Sphl and Sall. The digestion products were cleaned with a
Qiagen PCR purification kit (Qiagen, Valencia CA) and ligated with T4 DNA ligase
overnight at room temperature. The ligation mixture was then transformed into competent E.
coli Origami (Novagen, Madison WI). To make the Y. pestis LcrV-CTA,/B expression
plasmid, pCTDO0OQ7 was constructed utilizing Y. pestis KIM5 DNA (kindly supplied by G.
Hampikian, Boise State University, Boise, ID) as a template and the pARLDR19 parental
vector with the same cloning strategy as described for pCTD002.

Expression and purification of chimeras

E. coli Origami cells with pCTD002, were grown in 1 L of Terrific Broth (12 g tryptone, 24
g yeast extract, 85 mM KH,POy4, 360 mM KoHPQy, 0.4% Glycerol, pH 7.2) until mid log
phase (ODgggp = 0.600-0.900), induced with 0.2% .-arabinose and allowed to grow
overnight. Bacteria were pelleted at 14,000 xg for 10 minutes and supernatants were
collected. To the supernatants, 50% immobilized D-galactose Gel (Pierce, Rockford, IL)
was added to each tube of supernatant and agitated at 4°C for 2 hours. Agarose was pelleted,
resuspended in 1X PBS and added to a 5 ml column. Column beds were washed twice with
2 ml PBS, and eluted with 2 ml 1M o-galactose. Elutions were dialyzed against two changes
of 1 L 1X PBS using Slide-A-Lyzer ® dialysis cassettes (Pierce) and concentrated using a
50 kD Amicon ® Ultra Centrifugal Filter Device (Millipore; Bedford, MA). For expression
of the Y. pestis chimera, E. coli TE1 cells with pCTDO007 were grown in 25 ml of Terrific
Broth and induced as described above. The Y. pestis chimera was eluted into a final volume
of 500 ul before dialysis and further characterization by SDS-PAGE. Final protein
concentrations were calculated using a BCA Protein Assay Kit (Pierce). Purified chimeric
proteins were stored at 4°C for less than 1 week or frozen in 5% glycerol for longer storage.

SDS and western analysis

GM; ELISA

Purified LcrV-CTA,/B chimeras were processed for western blot analysis. Protein
preparations were boiled for two minutes in B-mercapto-ethanol and separated by 12% SDS-
Polyacrylamide Gel Electrophoresis (SDS-PAGE). Proteins were transferred from the gels
to nitrocellulose membranes. The membranes were incubated in one of the following
antibodies diluted in western blot blocking buffer (1X PBS with 0.05% tween-20 and 5%
skim milk): Rabbit anti-LcrV polyclonal antibody 1:4000 dilution (a-LcrV, kindly supplied
by S. Little and J. Adamovicz, USAMRIID, Ft. Detrick, MD), rabbit anti-CTA polyclonal
antibody 1:2500 dilution (a-CTA, kindly supplied by RK Holmes, UCHSC, Aurora, CO), or
rabbit anti-CTB polyclonal antibody 1:5000 dilution (a-CTB, Abcam Inc., Cambridge,
MA). Primary antibody was visualized using goat a-rabbit HRP-linked secondary (1:2500
dilution, Thermo-Fisher, Austin, TX) and SuperSignal® West Pico Chemiluminescent
Substrate (Pierce).

The ganglioside GM; ELISA protocol was performed as described [40]. Briefly, ninety-six
well micro-titer plates (Corning, Lowell, MA) were coated with 100 pl of 1.5uM GM;
(Alexis Biochemicals, San Diego CA) at room temperature overnight. Plates were washed
three times with PBS-T (1X PBS with 0.05% tween-20) and blocked with 200 pl ELISA
blocking buffer (1X PBS-T + 5% skim milk) then stored at —20°C until use. Serial two-fold
dilutions of either native CT (MP Biomedicals, Solon OH) or LcrV-CTA,/B (from both
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pCTDO0O02 Y. enterocolitica and pCTDO0O07 Y. pestis) in ELISA blocking buffer were then
added to the wells and incubated for 1 hour at room temperature. Plates were then washed
three times in PBS-T and antibodies with affinity for either CTB (1:5000 in blocking
buffer), CTA (1:2500 in blocking buffer) or LcrV (1:2500 in blocking buffer) were applied
and allowed to incubate at room temperature for 1 hour. The plates were then washed times
in PBS-T again and incubated with an HRP conjugated goat anti-rabbit IgG (Thermo
Scientific, Rockford IL) for 1 hour at room temperature. The assay was developed with
TMB-one reagent (Promega, Madison W1) for 30 minutes and the absorbance was recorded
at 655 nm on a microplate reader. The stability GMq, ELISA was also performed as
described previously [41]. GM;-coated ELISA plates were incubated as described above
with dilutions of CT or LcrV-CTA,/B and then immediately incubated with shaking for 15
minutes with either PBS, PBS + 0.5% SDS or Mclluvaine buffer at pH 5.5 (43.55 ml of
0.1M citric acid plus 56.45 ml of 0.2M NayHPQy,). Plates were incubated with primary and
secondary antibodies, and developed as described above.

In vitro trafficking and confocal microscopy

Results

Green monkey kidney cells (Vero, ATCC) and mouse macrophages (J774, ATCC) were
grown in 2 ml of Dulbecco’s modified Eagle medium (DMEM high glucose) supplemented
with pen/strep and 10% fetal bovine serum for 48 hours to subconfluence on uncoated
coverslips at 37°C and 5% CO,. The cells were then washed in DMEM without serum and
incubated in 40 pl of 10 pg/ml CT or 40 pl of 10 pg/ml LerV-CTAL/B chimera in
phosphate-buffered saline (PBS) at 4°C for 15 minutes to allow protein binding to the
plasma membrane. Subsequently, some cultures were shifted to 37°C for 45 minutes to
allow toxin internalization to occur. The cells were then immediately washed in PBS and
fixed in 3.7% formaldehyde for 1 hour at room temperature. Coverslips were then washed
and cells were permeabilized with 0.1% Triton X-100 in PBS at room temperature for 15
minutes. Cells were washed again and blocked overnight in 10% FBS at 4 °C before
incubation with rabbit polyclonal a-CT (Sigma, St. Louis MO) or a-LcrV primary antibody
and a-rabbit 1gG FITC conjugated secondary antibody (Sigma, St. Louis, MO) at 37 °C for 1
hour each. For co-localization with the Golgi apparatus, goat polyclonal a-Golgi (58K
ab19072, Abcam, Cambridge, MA) primary antibody and Texas Red labeled rabbit a-goat
(ab 6739, Abcam) secondary antibodies were also added. Coverslips were washed
extensively in PBS and mounted with Vectashield Hardset Mounting Medium with DAPI
(Vector Laboratories, Burlingame CA) before visualization using a Zeiss LSM 510 META
laser scanning confocal microscope (Carl Zeiss Inc., Thornwood NY). Images were acquired
using a 100x Alpha Plan-Fluar 1.450il DIC objective and a factory set Diode laser at 405 nm
for detection of DAPI, an Argon laser at 488 nm for detection of FITC, and a HeNe laser at
543 nm for detection of Texas Red. Equivalent settings, including pinhole, filters and
bandpass were used for all images. Image acquisition and processing was performed using
the LSM 510 META software.

To produce a novel Yersinia mucosal vaccine candidate in E. coli, we cloned the lcrV
antigen from Y. enterocolitica into the pARLDR19 vector for cholera toxin chimera
expression [42]. The resulting plasmid expresses a truncated version of LcrV (LcrV*
pCTDO002, Figure 1) covalently fused to the cholera toxin A, domain (CTAy), and CTB.
Both peptides are directed for secretion to the periplasm, and holotoxin formation, using the
E. coli LTIIB toxin leader sequence. The lIcrV gene was truncated in pCTDO0O02 to remove
hydrophobic residues from the resulting peptide that may interfere with chimera secretion.
The dominant protective epitopes of LcrV have been found within the central region of the
molecule that is retained within the truncated LcrV chimera, and the sequences that were
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removed do not contain known B or T cell epitopes [43;44;45]. In addition, residues from
the C-terminus of LcrV have been found to have negative immunomodulatory properties
[46]. Originally we focused on the use of LcrV from Y. enterocolitica due to regulations
obtaining and storing strains of Y. pestis and for proof of principal studies. However, while
the LcrV antigen is largely conserved between strains of Y. pestis, certain strains of Y.
enterocolitica produce an antigenically distinct LcrV [47;48;49]. This variation is most
notably within a hypervariable region between amino acids 225-and 232 [50]. Sequencing
suggests our clinical isolate of Y. enterocolitica is most closely related to strain 8081
serotype 08 and that there are sequence variations between the Y. enterocolitica LcrV and Y.
pestis LcrV within this hypervariable region (Figure 2). While these antigenic differences
have not been shown to eliminate cross-protection, they may reduce the efficacy of a
targeted Y. pestis vaccine [48]. Thus we also constructed a Y. pestis LcrV-CTA,/B chimera
using genomic DNA obtained from the KIMD5 strain. This plasmid, pCTD0O07, also utilized
the parental vector pARLDR19 and the same cloning strategy as described above for
pCTDO002.

Induction of plasmids pCTD002 and pCTDO0O07 and purification from the periplasmic space
resulted in very low to negligible yields of chimeric protein. However, when induced cells
were pelleted and the media supernatant fraction was analyzed, the complete LcrV-CTA,/B
molecule from pCTD002 was found at high concentrations. We purified the supernatant
using D-galactose agarose column chromatography. D-galactose will bind pentameric CTB,
and thus co-purification of the CTA, fusion is indicative of the production of folded chimera
(Figure 3A). Western blot analysis of the purified LcrV-CTA,/B chimera from pCTD002
supported the proper toxin composition of this chimera and its reactivity to polyclonal LcrV
antibodies (Figure 3B). Purification of the LcrV-CTA,/B chimera from the supernatant of
cells transformed with pCTDO0O7 also resulted in efficient chimera expression with the
expected reactivity (Figure 3C, D). The resulting yield was 2-3 mg of chimera from one liter
of starting culture.

To better characterize the receptor-binding specificity and stability of the purified LcrV-
CTA,/B chimeras, we performed ganglioside GM1 ELISA assays. GM1 is the native
receptor for CT, and ELISA assays for the characterization of this toxin based on GM; have
been described previously [40;41]. We compared wild-type CT to LcrV-CTA,/B from Y.
pestis utilizing polyclonal a-CTA, a—CTB and a-LcrV antibodies (Figure 4A). These
studies suggest that the chimera expresses the expected composition, subunit ratio and
antibody reactivity. In addition, they reveal the ability of the chimeric molecule to bind to
GM with an affinity comparable to CT. We also characterized the relative stability of the
molecule by exposure to low concentrations of SDS as well as acidic pH (Figure 4B).
Similar to CT, the chimera was unaffected by incubation in 0.5% SDS, however exposure to
pH 5.5 was able to disrupt both the chimera and native CT. The Y. enterocolitica chimera
from pCTDO002 revealed similar characteristics from GMq ELISA assays (data not shown).

In addition to specific immunostimulatory effects, CT and CTB can induce immune
responses by acting as effective antigen delivery vehicles. To determine if the LcrV-CTA,/B
chimera was able to bind to tissue culture cells and promote the internalization of the LcrV
antigen in a manner similar to native CTA, we characterized the in vitro trafficking of these
molecules by confocal microscopy. As shown in Figure 5A, incubation of CT on Vero
epithelial cells at 4°C resulted in binding to the cell surface but inhibition of endocytosis and
no internalization. Incubation of cell cultures at 37°C for 45 minutes resulted in uptake of
CT to a perinuclear compartment consistent with retrograde trafficking to the Golgi or
endoplasmic reticulum that has been previously described [51; 52]. Incubation of the LcrV-
CTA,/B chimera at 4°C similarly revealed binding to the cell surface, and shifting to 37°C
permitted internalization of cholera domains as determined by the use of an a-CT polyclonal
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antibody (Figure 5B). Characterization of LcrV antigen trafficking using the a-LcrV
antibody indicated that this component of the chimera is also efficiently internalized to a
perinuclear cellular compartment in these cells (Figure 5C). The LcrV internalization can be
blocked by pre-incubation of the Vero cells with CTB (data not shown). In addition to
epithelial cells, we also wanted to analyze LcrV trafficking on immune effector cells. The
J774 mouse macrophage cell line was used to demonstrate internalization of LcrV promoted
by incubation with the chimera at 37°C for 45 minutes (Figure 5D). Trafficking was not as
visible and potentially not as efficient on these cells, however uptake of LcrV was evident.
Lastly, to determine cellular compartmentalization, we performed a co-localization analysis
of LcrV with the Golgi apparatus using 58K-specific antibodies on Vero epithelial cells
(Figure 6). Consistent with the route taken by the native CTA subunit, these results suggest
that the chimera promotes LcrV trafficking to the Golgi at 37°C. Together, these studies
support the native receptor-binding ability and relative stability of the LcrV-CTA,/B
chimera. In addition, microscopy reveals the capacity of this molecule to promote the
internalization and trafficking of the LcrV antigen on different CT-sensitive cells.

Discussion

The LcrV antigen located at the tip of the type 111 secretion needle is essential for Yersinia
pathogenesis and has been found to be a promising candidate vaccine antigen in a number of
studies [3]. Two potential Y. pestis vaccines based on recombinant LcrV subunit have been
found highly immunogenic in mice and have entered phase | and phase 1l clinical trials,
however they have been limited by inconsistent protection studies in non-human primates
[14;53]. In addition, these vaccines must be delivered via intramuscular injection and
contain a separate adjuvant. In this work we have reported the construction and early
characterization of potential mucosal Y. pestis and Y. enterocolitica vaccine candidates
based upon non-toxic chimeric fusions with cholera toxin. These molecules were found to
be efficiently expressed in the supernatant of transformed E. coli cultures. In addition, the
LcrV-CTA,/B chimeras contained the expected subunit composition, reacted as expected
against polyclonal antisera, and retained receptor-binding capability and stability consistent
with wild-type CT. Lastly, the chimera made with the Y. pestis antigen, was able to
effectively deliver LcrV to CT-susceptible epithelial cells and macrophages in vitro.

While the production of CT chimeras from E. coli has been reported previously, efficient
expression in the supernatant using the LTIIb leader sequence was unexpected and novel.
Secretion to the periplasmic space of CT, LTI, and presumably LTIIb, toxin subunits in
wild-type strains of V. cholerae or E. coli occurs through the general secretory pathway.
After folding into holotoxin, secretion of the toxin out of the cell is then believed to occur
through a specific type Il mechanism [54]. This type 1l system is reportedly not present in E.
coli K-12 strains and thus most toxin, or toxin subunits, expressed in these strains remains
within the periplasmic space [55]. This is consistent with our experiences and chimera
production from the LTIIb leader that we have previously reported in E. coli TE1 strains
[42]. Thus the mechanism by which the LcrV-CTA,/B chimera is efficiently secreted
external to the cell is currently unknown, however this is a favorable location for vaccine
purification from E. coli because it allows for improved elimination of endotoxin. It is
possible that this is a specific characteristic conferred by fusion to the LcrV antigen.
However, future studies will focus on the optimization and mechanism of this extracellular
expression.

The studies reported here utilized microscopy to characterize the intracellular trafficking of
vaccine antigens facilitated by cholera toxin. We have reported the trafficking of fluorescent
proteins on CT chimeras previously [42]. In addition, a study on the trafficking of antigens
conjugated to the E. coli LTIB subunit used microscopy to show that epitopes could be
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delivered to the MHC class | pathway using this toxin [56]. Our results support these
findings and indicate that the LcrV antigen, presented via non-covalent association with
CTB on a chimera, can be effectively delivered into cultured epithelial cells. The resulting
perinuclear localization of the antigen suggests that it is trafficked in a manner similar to that
of CTA, and co-localization revealed that a significant amount of LcrV resides within the
Golgi appartatus after a short incubation. These results support current evidence that the
holotoxin-like structure of a CTA,/B chimeric molecule is optimal for the delivery of
antigens to immune effector cells and presentation to the MHC class I, or potentially the
MHC class I, pathway. Toxigenic CT and the CTB subunit have been found to induce a Th2
or mixed Th1/Th2 type response depending on the antigen that is delivered, the route of
delivery and configuration of recombinant vaccine [22;57;58]. Additional studies to clarify
antigen trafficking and presentation, as well as comparisons to the trafficking of unbound or
covalently bound antigen with CT are necessary to better characterize the delivery
mechanism and route of CT chimeras. Delivery to MHC class | and Th1 induction would be
an important observation of chimera antigen trafficking, and a desirable characteristic for
novel vaccine adjuvants. For Y. pestis, the induction of specific antibodies and a Th2
response is known to be essential for protection against systemic disease, however cellular
responses have been found to enhance this response and the use of adjuvants that can
stimulate both humoral and cellular responses is optimal [14]. Utimately, in vitro studies can
only provide limited information on vaccine efficacy, and animal trials, which are currently
in development, must be completed to determine the antigenicity and protective capabilities
of this vaccine candidate.

There are three human pathogenic species of Yersina, and while they are closely related
there are numerous genetic variations resulting in significant differences in clinical outcome.
Y. enterocolitica and Y. pseudotuberculosis are causes of food and water-borne
gastroenteritis, however these infections are usually self-limiting and rarely cause systemic
disease. In contrast, Y. pestis bacteremia develops rapidly after infection and has a mortality
rate, if untreated, from 60-90% [1]. One common characteristic among these strains is their
ability to resist phagocytic killing through the expression of a type 111 secretion system and
the LcrV antigen. We initially choose to construct CT chimeras based on the Y.
enterocolitica LcrV molecule to facilitate preliminary studies and develop bactericidal
assays in vitro under BSL2 conditions. However, it was determined that this molecule
contains a hypervariable region with significant differences between species. Thus, we also
utilized the Y. pestis sequence to construct a targeted plague vaccine. Studies suggest that
there may be cross-protection between different LcrV variants, however, ultimately it may
be important to include multiple variants of LcrV in a subunit vaccine for protection against
different pathogenic Yersinia species [48;49].

There are many advantages to the development of purified protein subunit vaccines that are
less variable, have fewer side effects and can be delivered mucosally. CT, LTI and their
respective B subunits have been incorporated into trials of both human and veterinary
mucosal vaccines for a number of years and remain the gold-standard prototypic mucosal
adjuvants [59;60;61]. In addition, CT and LTI are large, remarkably stable, easily purified,
and can be manipulated to eliminate toxicity. We have found that many of these advantages,
including the induction of both cellular and humoral responses, are also expressed by non-
toxic chimeras. While there are promising Yersinia vaccine candidates currently undergoing
clinical trials, the LcrV-CTA,/B chimeric molecules we have constructed have the
significant advantage of mucosal administration and potential IgA induction. Oral or nasal
administration is an important goal in vaccine development that effectively reduces infection
rates, decreases overall cost and induces protective mucosal antibody responses. In addition,
oral or nasal administration reduces or eliminates the need for trained health care workers,
which is an important consideration for a vaccine that may target military personnel in the
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field. Lastly, the continued development of improved vaccine adjuvants that are less toxic,
stimulate mucosal or Thl-type immune responses, and allow for novel delivery routes
remains an urgent priority for vaccine research.
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Figure 1.

Structure and operon organization of A) cholera toxin and B) plasmid pCTD002 for LcrV-
CTA,/B chimera expression. The CTA, domain that is incorporated with fusion proteins in
CT-like chimeras corresponds to amino acids 195-240 (blue). The toxic CTA; domain not
present in CT chimeras corresponds to amino acids 1-194 (light grey). CTB pentamer is
shown with three subunits (dark grey). The ER-targeting KDEL motif at the C-terminus is
shown in red. The lcrV incorporated into pCTDO0O02 is from Y. enterocolitica and is
truncated at nucleotide 812 and thus amino acid 270 to remove the C-terminal 54 amino
acids of LcrV (Ierv*).
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MIRAYEQNPQ HFIEDLEKVR VEQLTGHGSS VLEELVQLVK
MIRAYEQNPQ HFIEDLEKVR VEQLTGHGSS VLEELVQLVK

DENIDISIKY DPRKDSEVFA NRVITDDIEL LKKILAYFLP
DKKIDISIKY DPKKDSEVFA ERVITDDIEL LKKILAYFLP

EDAILKGGHY DNQLONGIKR VKEFLESSPN TQWELRAFMA
EDAILKGGHY DNQLANGIKR VKEFLESSPN TQWELRAFMA

VMHFSLTADR IDDDILKVIV DEMNHHGDAR SKLREELAEL
VMHFSLTADR IDDDILKVIV DSMNHHGDAR SKLREELAEL

TAELKIYSVI QAEINKHLSS SGTINIHDKS INLMDKNLYG
TAELKIYSVI QAEINKYLSN SGTINIHDKS INLMDKNLYG

YTDEEIFKAS AEYKILEKMP QTTIQVDGSE KKIVSIKDFL
YTDEEIFKAS AEYKILEKMS QTTIKEGETE KKIVSIKNFL

GSENKRTGAL GNLKNSYSYN KDNNELSHFA TTCSDKSRPLN
ESENKRTGAL GNLKNSYSYN KDNNELSHFA TTCSDKSRPLN

DLVSQKTTQL SDITSRENS AIEALNRFIQ KYDSVMQRL LDDTR

DLVSQKTTQL SDITSRENS AIEALNRFIQ KYDSVMQRL LDDTR

Aligned amino acid sequences of Yersinia pestis strain KIM5 and Yersinia enterocolitica
strain 8081. Bold indicates differences. Underlined amino acids are not included in the
LervV*-CTA,/B chimeras [62;63].
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Figure 3.
SDS-PAGE and western blot analysis of the purification of the LcrV-CTA,/B chimeras. A)
SDS-PAGE of o-galactose agarose elutions 1 and 2 of the Y.enterocolitica LcrV-CTA,/B
chimera (pCTDO002). B) Western blot analysis of the Y.enterocolitica chimera using a-CTA,
a-CTB and a-LcrV antibodies. C) SDS-PAGE of »-galactose agarose elutions 1 and 2 of the
Y. pestis LcrV-CTA,/B chimera (pCTDO007) from 25 ml of starting culture. Bands at 38kD
represent the LcrV-CTA, fusion, and bands at 11.5kD represent CTB monomeric subunits.
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GMq ELISA comparing the receptor binding affinities and stability of the LcrV-CTA,/B

chimera and CT. A) GM, affinity ELISA using a-CTA, a-CTB and a-LcrV primary

antibodies (error bars are based on n=4). B) GM; stability ELISA using o-CTA and a-LcrV
and varying buffer conditions (error bars are based on n=2).

Protein Expr Purif. Author manuscript; available in PMC 2011 November 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Tinker et al.

Page 17

4°C 37°C

Figure 5.
Confocal microscopy of LcrV-CTA,/B trafficking on tissue culture cells. Cells were

incubated with LcrV-CTAL/B from Y. pestis for 45 minutes at either 4°C to inhibit
endocytosis or 37°C to promote uptake and compared to CT trafficking. A) CT with a-CT
primary antibody on Vero cells, B) LcrV-A,/B with a-CT primary antibody on Vero cells,
C) LerV-CTA,/B with a-LcrV primary antibody on Vero cells and D) LcrV-A,/B with o-
LcrV primary antibody on J774 cells.
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Figure 6.
Confocal microscopy and cellular co-localization of LcrV with the Golgi apparatus. LcrV-

CTA,/B was incubated at A) 4°C and B) 37°C for 45 minutes on Vero cells. Antibodies
were a-LcrV and a-58K Golgi primary and a-rabbit FITC and a-goat Texas Red secondary.
Panels show filters for DAPI, FITC, Texas Red and overlap.
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