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Syphilis, caused by Treponema pallidum subsp. pallidum, is a
significant public health burden, with approximately 30 million
infected persons worldwide (18), largely focused in areas of
low socioeconomic status and poor health care infrastructure
(1, 2, 9, 39). Syphilis is also a problem in the United States and
other developed countries, where there are periodic outbreaks
(6, 12, 13, 21, 37). An additional problem associated with
syphilitic lesions is the estimated three- to fivefold increase in
the risk of acquiring human immunodeficiency virus (HIV)
(45). Furthermore, HIV has been isolated from genital ulcers,
suggesting an increased risk of HIV transmissibility from patients with syphilis (25, 38). T. pallidum is also capable of
crossing the placenta to cause congenital syphilis. In some
areas of Africa, congenital syphilis has been estimated to account for 25 to 30% of perinatal morbidity and mortality (22).
A vaccine against syphilis would be the ideal way to combat
this public health burden. Protection has been demonstrated in
the rabbit model by using complicated immunization protocols
with gamma-irradiated, antiformin-treated, or 4°C “aged”
treponemes (34, 35, 41). Although these regimens are impractical and not suitable for humans, they do demonstrate that
protective immunity by vaccination is attainable. It has also
been shown that when various recombinant and native proteins, including endoflagella, glycerophosphodiester phosphodiesterase, 4D, and Tp92, are used as immunogens, lesion
development is altered upon intradermal challenge in the rabbit model (8, 10, 11, 16).
The relative roles of humoral and cellular immunity in protection against syphilis are not definitively known. Passively

transferred antibody leads to delayed and altered lesion development upon intradermal challenge in the rabbit model but
does not afford complete protection (7). Adoptive T-cell transfers are not possible in the most common animal model, the
outbred rabbit. In the inbred guinea pig model, in which clinical disease is less apparent and the 50% infectious dose is
several log units more than in rabbits or humans, adoptive
T-cell transfers have prevented lesion formation but not infection (46). Similar results were obtained in the hamster model
of T. pallidum subsp. pertenue and endemicum (27, 40). It is
known that, in rabbits and humans, T cells infiltrate primary
and secondary lesions and activate macrophages to phagocytose antibody-opsonized treponemes (5, 17, 28, 44). It is believed that a protective response against syphilis takes time to
develop. Infected rabbits develop immunity against homologous isolates after 3 to 6 months of infection (5, 43). In humans, only patients who are infected for long periods of time
before being treated develop altered lesions upon reinfection
(32). Identifying what treponemal factors interact with the
immune system throughout infection may serve to identify
putative protective epitopes.
In our laboratories, when rabbits were immunized with a
large portion (amino acids 37 to 478) of recombinant T. pallidum repeat protein K (TprK) and challenged intradermally,
they developed lesions that were smaller, were less likely to
ulcerate or have detectable treponemes, and healed more rapidly than lesions in control rabbits (14). To further explore
which portions of TprK interact with the immune system and
to examine the role of the previously unexplored C-terminal
end, we have examined the abilities of three portions of TprK
to interact with T and B cells during infection and to confer
protection.
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When used as an immunogen, Treponema pallidum repeat protein K (TprK) has been shown to attenuate
syphilitic lesions upon homologous intradermal challenge in the rabbit model. To further explore this protein
as a potential vaccine component, we sought to identify the immunogenic regions of TprK. The abilities of three
recombinant peptides encompassing TprK to elicit T- and B-cell responses and to protect against challenge
were examined. All three fragments elicited proliferative responses from splenocytes taken from infected
rabbits. However, enzyme-linked immunosorbent assays indicated that only fragments 1 and 3 were consistently recognized by antisera from infected rabbits. Each fragment was also used to immunize rabbits that were
subsequently challenged intradermally with infectious T. pallidum. All lesions on unimmunized control rabbits
ulcerated and contained treponemes, while the lesions on rabbits immunized with fragment 1 were the least
likely to have detectable treponemes (25%) and the least likely to ulcerate (37.5%). The lesions on rabbits
immunized with fragment 3 showed intermediate results, and rabbits immunized with fragment 2 were the
most likely of all those on immunized rabbits to have detectable treponemes (91.7%) and to ulcerate (66.7%).
These results demonstrate that epitopes in fragment 1 are recognized by T cells and antibodies during infection
and that immunization with this portion of TprK most effectively attenuates syphilitic lesion development.
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FIG. 1. TprK fragments were designed. Hydrophilic N-terminal
fragment 1 is italicized, hydrophobic middle fragment 2 is underlined,
and hydrophilic C-terminal fragment 3 is in bold print. The dashes
indicate the potential signal sequence cleavage site.

FIG. 2. Confirmation of the purity and size of recombinant proteins by SDS-PAGE. The expected size of fragment 1 (Frag1) was
approximately 30 kDa, that of fragment 2 (Frag2) was 12 kDa, and that
of fragment 3 (Frag3) was 18 kDa.

Enzyme-linked immunosorbent assays (ELISAs). Ninety-six-well Maxisorb
Immunoplates (Nunc, Naperville, Ill.) were coated with 50 l of a 10-g/ml
concentration of recombinant protein in PBS (pH 7.2)–0.1% SDS and incubated
at 4°C overnight. All wash steps used PBS–0.05% Tween 20 for 2 ⫻ 1 min and
then 2 ⫻ 5 min. Plates were washed and then blocked with 200 l of 3% nonfat
dry milk (NFM) per well in PBS. Equal amounts of sera from four infected
animals were pooled prior to testing. Sera from immunized rabbits were collected 10 days after the last boost. Sera were preadsorbed with crude lysate from
an unrelated recombinant preparation to remove antibodies directed against
Escherichia coli and the vector. One hundred microliters of sera diluted 1:20 in
PBS with 1% NFM was added to each well, and the plates were incubated at 37°C
for 1 h. The plates were washed, 100 l of goat anti-rabbit immunoglobulin G
heavy- and light-chain alkaline phosphatase conjugate (Sigma) diluted 1:2,000 in
PBS–1% NFM was added to each well, and the plates were incubated for 1 h at
room temperature. The plates were washed, developed for 15 min with 50 l of
para-nitrophenyl phosphate substrate (Sigma) at 1 mg/ml, and absorbance was
measured by determining the optical density at 405 nm. The data reported are
the means ⫾ the standard errors of triplicate test wells minus the mean values of
triplicate wells with no antigen.

RESULTS
Protein expression. In previous studies, immunization with
amino acids 37 to 348 of TprK resulted in promising attenuation of infection after challenge with T. pallidum Nichols, including reduced frequency of T. pallidum in lesions and reduced ulceration of lesions (14). To identify the immunogenic
regions of TprK, the following three TprK fragments were
studied: fragment 1, a hydrophilic N-terminal portion following the proposed signal sequence cleavage site, amino acids 37
to 273; fragment 2, a hydrophobic middle region, amino acids
274 to 348; and fragment 3, a hydrophilic C-terminal region,
amino acids 349 to 478 (Fig. 1). Fragments 1 and 2 together
comprise the region that was previously shown to alter lesion
development (14), and fragment 3 was not previously studied.
These fragments were expressed in E. coli, and clear bands
representing purified proteins of the expected sizes were confirmed by SDS-PAGE (Fig. 2).
T-cell responses during infection. Because T cells are
thought to play an important role in activating macrophages to
clear treponemes from syphilitic lesions (28, 44), the ability of
each of the fragments to elicit responses from T cells was
examined. The optimal concentrations of the antigens were
determined by titration (data not shown). All three TprK fragments were able to elicit proliferative responses in spleen cells
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MATERIALS AND METHODS
Rabbits. Outbred adult male New Zealand White rabbits were obtained from
R & R Rabbitry (Stanwood, Wash.). Only rabbits seronegative for Treponema
paraluiscuniculi (rabbit syphilis) were included in these studies. Rabbits were
housed individually at 15 to 18°C and given antibiotic-free food and water.
Experiments were approved by the University of Washington Animal Care Committee and conducted in accordance with institutional guidelines.
Experimental infection with T. pallidum. The T. pallidum subsp. pallidum
Seattle Nichols strain was propagated by serial passage in rabbits as previously
described (30). Six groups of four rabbits each were infected intratesticularly with
108 motile T. pallidum spirochetes.
Cloning, expression, and purification of recombinant proteins. The open
reading frame of tprK (GenBank accession number AF194369) was divided into
three sections, and PCR primers were designed to amplify them as follows:
fragment 1, encoding amino acids 37 to 273; fragment 2, encoding amino acids
274 to 348; and fragment 3, encoding amino acids 349 to 478 (Fig. 1). The
fragments were amplified from T. pallidum Seattle Nichols strain DNA. The
amplicons were cloned into the pCR3.1 T/A cloning vector (Invitrogen, Carlsbad, Calif.), sequenced, subcloned into the pRSET expression vector (Invitrogen), expressed, and purified by nickel chromatography as previously described
(14, 26). All peptides were resuspended in phosphate-buffered saline (PBS) and
evaluated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) for size and purity; concentrations were determined with a bicinchoninic acid protein assay (Pierce, Rockford, Ill.).
Immunizations and challenges. Rabbits were immunized with 125 g of the
recombinant fragments in the MPL ⫹ TDM ⫹ CWS Adjuvant System (Sigma,
St. Louis, Mo.). Each immunization was administered subcutaneously (12.5 g),
intradermally (37.5 g), intramuscularly (50 g), and intraperitoneally (25 g) in
accordance with the manufacturer’s suggestions. Immunizations were administered every 3 weeks for six immunizations. Four rabbits were used for each
condition, except for fragment 2 (n ⫽ 3), in which one rabbit died of unrelated
causes. Within 11 to 13 days of the last boost, all immunized rabbits and four
unimmunized control rabbits were challenged intradermally at eight sites on
their shaved backs with 105 homologous Seattle Nichols T. pallidum spirochetes
per site. Diameters and appearances of the lesions were recorded. Aspirates
were taken from the lesions 16 days postchallenge and examined by dark-field
(DF) microscopy for the presence of treponemes. Because treponemes were not
found in all rabbits by DF microscopy, the Venereal Disease Research Laboratory (Atlanta, Ga.) and fluorescent treponemal antibody-absorbed tests were
used to determine if the animals had seroconverted and thus were likely to be
infected.
Lymphocyte proliferation assays. Spleen cells were obtained from uninfected
rabbits and rabbits infected for various amounts of time as previously described
(3, 30). Briefly, 5 ⫻ 105 cells in 200 l of culture medium were added to each well
of 96-well flat-bottom culture plates and incubated in quadruplicate with the
TprK fragments (12.5 g/ml) as test antigens, 107 sonicated T. pallidum spirochetes as a treponeme-specific positive control, 20 g of concanavalin A (Sigma)
per ml as a positive T-cell control, or 10 l of PBS alone as a background control.
One-half microcurie of [methyl-3H]thymidine with a specific activity of 6.7 Ci
(248 GBq)/mmol (DuPont NEN, Boston, Mass.) was added to each well after 3
days of incubation with sonicated T. pallidum or concanavalin A and after 4 days
of incubation with test antigens. All cultures were harvested 24 h after addition
of [3H]thymidine. The amount of tritium uptake was measured as an indication
of proliferation. The mean of the experimental wells minus the mean of the wells
with no antigen was calculated for each condition and each animal. The data
represent the means ⫾ standard errors for each condition from four rabbits per
time point.
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from rabbits infected for 10 to 280 days with the homologous
Seattle Nichols strain (Fig. 3). Sonicated T. pallidum elicited
responses of greater than 35,000 cpm in all infected rabbits,
while concanavalin A, a T-cell mitogen, elicited responses of
greater than 35,000 cpm in infected and noninfected rabbits
(data not shown). Cells that were not incubated with antigen
incorporated ⬍1,000 cpm (data not shown).
Antibody responses during infection. To determine the development of the humoral response during the course of infection, antibody responses to the fragments were evaluated at
different times postinfection. Fragments 1 and 3 were recognized by antibodies from infected rabbits by 30 days postinfection and for at least 369 days postinfection (Fig. 4). In these
four rabbits, fragment 2 was not recognized by antibodies at
any point during infection (Fig. 4).
Immunization and challenge studies. To determine the role
of each of the peptides of TprK in protection, separate groups
of rabbits were immunized with one of the fragments and
subsequently challenged intradermally with the homologous
Seattle Nichols strain. Sera from rabbits taken prior to immunization failed to recognize the TprK fragments (data not

FIG. 5. Antisera from rabbits immunized with fragment (Frag) 1, 2,
or 3 were tested in ELISAs for the ability to recognize their immunogens. Each bar represents the mean ⫾ the standard error of absorbance measurements taken from triplicate wells. OD405, optical density
at 405 nm.

shown). However, immunized rabbits developed specific antibody responses to each of the immunizing peptides (Fig. 5).
As shown in Table 1, rabbits immunized with fragment 1 and
challenged intradermally were the least likely to have detectable treponemes by DF microscopy (P ⬍ 0.001) and had the
lowest proportion of ulcerative lesions (P ⬍ 0.001). Rabbits
immunized with fragment 3 also had statistically significantly
fewer lesions with detectable treponemes (P ⬍ 0.025) and
lesions that ulcerated less frequently compared to the unimmunized controls (P ⬍ 0.001) but more than the rabbits immunized with fragment 1 (P ⬍ 0.001). The fragment 2-immunized rabbits had fewer ulcerative lesions compared to
unimmunized controls (P ⬍ 0.001), but the proportion of DF⫹
lesions was not significantly different. All rabbits seroconverted, as indicated by Venereal Disease Research Laboratory
and fluorescent treponemal antibody-absorbed serological
tests (data not shown), and thus, even those fragment 1-immunized animals with no demonstrable spirochetes (n ⫽ 2) were
considered to be infected.
The lesions in rabbits immunized with fragment 1 were also
the smallest, least indurated, and quickest to heal; intermediate results were seen with the lesions on rabbits immunized
with fragment 2 or 3; and the unimmunized control rabbits had
the largest, most ulcerative and indurated lesions that did not
heal during the 40-day observation period (Fig. 6 and 7A).
Erythema at the challenge sites was apparent on rabbits immunized with fragment 1 or 3 within 2 days postchallenge,
followed by induration (thought to be a delayed-type hypersensitivity [DTH] response), whereas those immunized with

TABLE 1. Challenge results

FIG. 4. Evaluation by ELISA of the ability of antibodies from four
rabbits infected for 0 to 369 days to recognize the three TprK fragments. Each bar represents the mean ⫾ the standard error of absorbance measurements taken from triplicate wells. OD405, optical density
at 405 nm.

Immunogen

No. of DF⫹
lesions/total (%)a

Fragment 1
Fragment 2
Fragment 3
None

8/32 (25)
22/24 (91.7)
27/32 (84.4)
32/32 (100)

P valueb

⬍0.001
⬎0.05
⬍0.025

No. of ulcerative
lesions/total (%)

12/32 (37.5)
16/24 (66.7)
18/32 (56.3)
32/32 (100)

P valueb

⬍0.001
⬍0.001
⬍0.001

a
Aspirates were taken from lesions and examined under a dark-field microscope for the presence of treponemes.
b
Chi-square test comparing test values to unimmunized-control values.
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FIG. 3. The ability of each of the TprK fragments to elicit splenocyte proliferation from groups of four rabbits infected with T. pallidum
for 0 to 280 days was evaluated. Each bar represents the mean ⫾ the
standard error of tritiated thymidine incorporation of proliferating
cells from all of the animals.
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fragment 2 and the unimmunized control rabbits did not develop any signs at the challenge sites until approximately a
week after the challenge (Fig. 7B).
DISCUSSION
The nature of the protective immune response to syphilis is
not fully defined. Because of earlier promising results with
TprK (14), we sought to identify the region of TprK that is
responsible for attenuating lesion development and to further
characterize the immune response to TprK. Although Hazlett
et al. failed to reproduce our previously reported immunization results (20), the data presented in this study confirm and
expand our earlier studies. The hydrophilic N-terminal portion
of TprK interacts with T and B cells during infection, and
immunization with that peptide clearly attenuates lesion development following challenge.
It is known that rabbits infected for greater than 3 months
are immune to homologous challenge (5, 43). Therefore, T-

and B-cell epitopes identified during infection may be protective. All three recombinant fragments of TprK were able to
elicit proliferative responses from splenocytes of infected rabbits as early as 10 days postinfection and for at least 280 days
postinfection. These results indicate that there are multiple
T-cell epitopes within TprK and that TprK is expressed during
infection. The presence of specific antibody responses from 30
days postinfection until at least 369 days postinfection also
suggests that TprK is expressed during infection. Fragments 1
and 3 were readily recognized by antibodies from infected
rabbits, while fragment 2 was not. There are clearly B-cell
epitopes in fragment 2 because immunization with recombinant fragment 2 led to specific antibody responses, but these
epitopes are not dominant epitopes during infection. This lack
of anti-fragment 2 antibodies in infection-immune animals suggests that these antibodies may not play a role in protection.
When each of the fragments was used to immunize rabbits
that were subsequently intradermally challenged, the rabbits
immunized with fragment 1 showed the most apparent effects

FIG. 7. (A) Measurements of diameters of erythematous lesions in all rabbits postchallenge. (B) Enlargement of the boxed area in graph
A.
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FIG. 6. Representative photos of rabbits taken 23 days post intradermal challenge at eight locations on their backs are shown.
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to be used in humans, it would presumably lower the transmissibility of syphilis infection to contacts although not protect the
immunized person against infection. The effect of such immunization in reducing syphilis progression in an infected individual cannot be predicted. An even greater effect of immunization may be achievable if protein folding, the delivery system,
and the immunization doses and schedules are optimized.
Even though complete protection may not be attained with
TprK alone, components of TprK may be useful in combination with other antigens in a vaccine.
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model but fail to prevent infection (7). Taken together, these
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more dramatic lesion attenuation than those immunized with
fragment 3. To further examine the antibody responses, synthetic 20-amino-acid peptides of TprK were tested against sera
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to react with epitopes that are recognized by antisera from
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shown that the T-cell epitopes recognized during infection are
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Even though the fragments did not confer complete protection and the rabbits were infected, as indicated by positive
serological tests, the lesions of immunized rabbits ulcerated
less frequently and healed more rapidly. If such a vaccine were
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