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Although primary syphilis lesions heal spontaneously, the infection is chronic, with subsequent clinical stages. Healing of the
primary chancre occurs as antibodies against outer membrane antigens facilitate opsonophagocytosis of the bacteria by acti-
vated macrophages. TprK is an outer membrane protein that undergoes antigenic variation at 7 variable regions, and variants
are selected by immune pressure. We hypothesized that individual TprK variants escape immune clearance and seed new dis-
seminated lesions to cause secondary syphilis. As in human syphilis, infected rabbits may develop disseminated secondary skin
lesions. This study explores the nature of secondary syphilis, specifically, the contribution of antigenic variation to the develop-
ment of secondary lesions. Our data from the rabbit model show that the odds of secondary lesions containing predominately
TprK variant treponemes is 3.3 times higher than the odds of finding TprK variants in disseminated primary lesions (odds ratio
[OR] � 3.3 [95% confidence interval {CI}, 0.98 to 11.0]; P � 0.055) and that 96% of TprK variant secondary lesions are likely
seeded by single treponemes. Analysis of antibody responses demonstrates significantly higher antibody titers to tprK variable
region sequences found in the inoculum compared to reactivity to tprK variant sequences found in newly arising secondary le-
sions. This suggests that tprK variants escape the initial immune response raised against the V regions expressed in the inocu-
lum. These data further support a role for TprK in immune evasion and suggest that the ability of TprK variants to persist de-
spite a robust immune response is instrumental in the development of later stages of syphilis.

Syphilis, caused by Treponema pallidum, is a complex disease
that manifests as multiple clinical stages. Infection begins with

development of a primary chancre at the site of inoculation. The
primary chancre heals as opsonic antibodies against surface-ex-
posed antigens facilitate opsonophagocytosis and clearance by ac-
tivated macrophages (1). Despite the presence of circulating anti-
bodies that are functionally opsonic (2–7), the second stage of
syphilis appears as disseminated treponemes multiply and estab-
lish new infectious lesions throughout the body. These new lesions
may develop as a macular or papular rash on the skin, as well as
mucosal lesions. Approximately 90% of untreated patients de-
velop secondary syphilis (8), and 22.5% of them have recurrent
secondary lesions, that is, multiple successive bouts of this dissem-
inated infectious rash (8). The infected individual then enters la-
tency and may, after years, develop tertiary manifestations (8).

The development of secondary syphilis is puzzling, because the
immune response has already been quite effective in healing the
primary chancre, and high titers of circulating antibodies are pres-
ent (9). This pattern of successive episodes of clinical disease dur-
ing infection is reminiscent of other diseases in which antigenic
variation of the infectious agent accounts for repeated cycles of
pathology. For example, the waves of spirochetemia and fever in
tick-borne relapsing fever are due to antigenic variation of the
variable membrane proteins (VMPs) of Borrelia hermsii (10). An-
tigenic variation of outer membrane antigens is a hallmark of
many chronic multistage infectious diseases, including Lyme dis-
ease (VMP-like sequence E [VlsE] in Borrelia burgdorferi) (11),
anaplasmosis (major surface protein 2 [MSP2] in Anaplasma mar-
ginale) (12), and trypanosomiasis (variant surface glycoprotein
[VSG] in Trypanosoma brucei) (13). We sought to elucidate the
mechanisms by which T. pallidum is able to evade the early im-
mune response to cause the second stage of syphilis.

Antigenic variation of TprK is hypothesized to be central to T.
pallidum’s ability to escape antibody binding and opsonophago-

cytosis, thus permitting it to persist in the host (14, 15). Multiple
lines of evidence support this hypothesis. TprK is predicted to be
located in the outer membrane and oriented so that each of its 7
variable (V) regions is exposed and accessible to host antibodies
(16). Sequence variation is restricted to these 7 variable regions
(14, 17), and variation occurs by segmental gene conversion, with
multiple donor sites located distant from the single tprK expres-
sion site (18). Infection-induced antibodies are focused against V
regions, where sequence variation abrogates binding of antibodies
raised to different V regions (17). Lastly, selection of TprK vari-
ants is dependent on an intact acquired immune response, as
shown in the rabbit model (15).

T. pallidum organisms are routinely passaged and studied in
the rabbit model, which closely recapitulates the disease in hu-
mans. During or following resolution of primary chancres in rab-
bits (i.e., after intradermal [i.d.] inoculation), generalized second-
ary syphilis may appear in infected rabbits, and lesions are readily
visible on the skin if the fur is kept clipped (19). These lesions are
considered to be true secondary lesions because they appear in the
face of an effective immune response, just as in human infection.
Rabbits may also develop disseminated skin lesions as their initial
clinical manifestation after intravenous (i.v.) infection (20, 21). In
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this case, the initial immune response is just developing as
these disseminated primary lesions appear. Because T. pallidum
cannot be grown in vitro, we utilize disseminated primary in-
fection in the rabbit model to “clone” T. pallidum, that is, to
obtain isogenic strains of T. pallidum with nearly perfect iden-
tity at the tprK locus (22), suggesting that each disseminated
primary lesion is seeded by a single treponemal cell. Such iso-
genic strains have allowed us to monitor the development of
antigenic variation and immune selection of variants during
the course of infection (18).

In this study, we sought to address the questions of (i) whether
secondary lesions are also seeded by single treponemes and (ii)
how treponemes are able to persist to cause the second stage of
syphilis despite the presence of an immune response that actively
clears treponemes from the primary chancre. We tested the hy-
pothesis that, as treponemes are cleared from the healing primary
lesion, single escape variants with unique tprK sequences seed skin
sites, leading to the new disseminated lesions of secondary syphi-
lis. Here, we demonstrate that treponemes expressing variant
TprK proteins escape the immune response and seed new second-
ary lesions.

MATERIALS AND METHODS
Animal experiments. Male New Zealand White rabbits were used for
propagating strains and for the experiments described in this study. The
animals were fed an antibiotic-free diet and housed at 16 to 18°C. All
protocols involving animals were approved in advance by the University
of Washington (UW) Institutional Animal Care and Use Committee.

Chicago C strain isolation. The Chicago strain of T. pallidum was
isolated from a chancre in 1951 (21). As we described previously, the
Chicago C isolate was obtained after i.v. inoculation of a naive rabbit and
harvesting of disseminated skin lesions (22) and has been used extensively
in studies of TprK antigenic variation (15, 17, 18, 23–25). Because the
Chicago C strain is known to have a high rate of tprK variation, special care
was taken to ensure each inoculum was as isogenic at tprK as possible. In
this study, prior to both i.d. and i.v. infections, the Chicago C isolate was
reisolated as described previously (17, 22) with the following modifica-
tion. After taking biopsy specimens of discrete skin lesions and mincing
the tissue in 500 �l of sterile normal rabbit serum (NRS) (collected from
healthy rabbits nonreactive in both venereal disease research laboratory
[VDRL] and fluorescent treponemal antibody absorption [FTA-ABS]
tests), the serum-treponeme suspension was removed from the residual
skin material, gently mixed with 500 �l of sterile glycerol, and then im-
mediately frozen in a dry ice-ethanol slurry to maintain the viability of the
bacteria. The remaining material from the same skin biopsy specimen was
homogenized in lysis buffer (10 mM Tris [pH 8], 0.1 M EDTA, 0.5% SDS)
and also frozen in a dry ice-ethanol slurry.

Subsequently, DNA was extracted from the lysis buffer sample, and
tprK sequences from multiple lesions were analyzed for isogenicity at tprK
by fragment length analysis (FLA) of PCR amplicons of V6 (the most
diverse V region in the Chicago strain) and by sequencing of cloned tprK
amplicons as described below. Because nearly all variation in tprK involves
insertions or deletions, finding a single V6 size by FLA and a single se-
quence by sequencing strongly supports isogenicity. After identifying le-
sions that appeared to have the most homogeneous tprK sequences, the
corresponding viable treponemes frozen in glycerol were recovered by
adding 1 ml of sterile NRS to thaw the sample and injecting the mixture
intratesticularly (i.t.) into a naive rabbit. At peak orchitis (3 to 4 weeks
postinfection), the isogenic population was expanded once by passaging
in naive animals (1 to 2 weeks). Because some tprK sequence variation can
occur during these propagation steps, we retained samples of the experi-
mental inocula so that sequence variation that occurred during propaga-
tion could be analyzed.

Experimental infection. (i) Intradermal inoculation to cause the pri-
mary stage of syphilis and development of secondary syphilis. Rabbits
were infected i.d. with 0.1 ml of a 107-treponeme/ml suspension at 10
marked sites along the back. The rabbits’ backs were meticulously kept
free of fur by daily clipping throughout the experiment. As primary le-
sions appeared, progressed, and healed, measurements of erythema, in-
duration, and ulceration were noted. When secondary lesions began to
develop, they were biopsied as quickly as possible after appearance to
prevent development of additional tprK variation within the lesion. In
selecting lesions for biopsy, a distinction was made between true second-
ary lesions and satellite lesions. The latter develop in an annular pattern at
the leading edges of primary lesions; true secondary lesions develop as
diffuse single macular and then papular lesions at least 1 cm from the edge
of a primary lesion. At this early stage of development of secondary le-
sions, the full lesion was easily encompassed by a 4-mm-diameter biopsy
punch. Animals were monitored for lesion development for 100 days.

(ii) Intravenous inoculation to obtain disseminated primary skin
lesions. For comparison with secondary lesions, we also examined dis-
seminated primary lesions. Rabbits were inoculated with 108 total trepo-
nemes intravenously into the marginal ear vein under general anesthesia.
Again, the fur on the animals’ backs was clipped daily to prevent hair
accumulation. As described above for secondary lesions, disseminated
primary lesions were biopsied as quickly as possible after they appeared
(�4 weeks postinfection). Unlike secondary lesions, large numbers of
disseminated primary lesions developed nearly simultaneously in a given
rabbit, so the animals were euthanized to permit biopsy of a large number
of lesions.

Biopsy. Full skin thickness 4-mm biopsy specimens were taken, after
euthanasia or with local lidocaine anesthesia, using sterile biopsy punches.
Each biopsy sample was transferred to a sterile dish and minced thor-
oughly, utilizing sterile forceps and scalpel, before homogenizing in a
solution of 400 �l of lysis buffer. The entire 400 �l of the biopsy specimen
preparation was first incubated with proteinase K (100 mg/ml) for 8 to 16
h at 56°C, and then, DNA was isolated using the QIAamp DNA minikit
(Qiagen, Chatsworth, CA), with the addition of a second wash step with
500 �l of AW1 solution (Qiagen). DNA was eluted in 200 �l of nuclease-
free water.

DNA analysis. tprK sequences in secondary and disseminated primary
lesions were analyzed with a two-pronged approach. First, single variable
region sequences were analyzed by FLA to determine the relative propor-
tions of size variants within a sample (15). FLA is a very sensitive measure
of V region sequences that differ in size but cannot distinguish V region
amplicons that are the same size but that have different sequences. Sec-
ond, tprK was amplified directly from lesions, and the amplicon was se-
quenced. The addition of amplicon sequence analysis addresses the limi-
tations of FLA mentioned above.

From DNA samples, tprK was amplified using primers that encompass
the entire open reading frame (ORF) (see Table S1 in the supplemental
material) as previously described (16). The tprK amplicons were then
sequenced directly. The products of a second tprK amplification from
both inocula (i.d. and i.v.) and from DNA extracted from secondary le-
sions were cloned into a sequencing vector (Invitrogen, Grand Island,
NY), and 10 tprK clones containing inserts were sequenced per sample as
previously described (26). Sanger sequencing was performed at the UW
Biochemistry Core Facility or GeneWiz (South Plainfield, NJ). The se-
quences obtained were analyzed using BioEdit software (http://www
.mbio.ncsu.edu/BioEdit/bioedit.html).

Individual V regions were amplified for FLA as previously described
(15) with the following modification: PIG-tailed primers (listed in Table
S1 in the supplemental material) were used to nullify Taq adenosine ad-
dition artifacts (27). Because of low DNA concentrations in a few lesions,
a nested PCR was used to obtain some FLA data; this nesting step did not
alter the FLA size ratio values compared to nonnested samples (data not
shown).

Quantitative real-time PCR (qPCR) was used to probe the inoculum
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for specific V region sequences to determine whether specific V region
sequences found in secondary lesions had also been present in low num-
bers in the inoculum. Primers and probes for individual V regions are
shown in Table S1 in the supplemental material. The probes were 5= 6-car-
boxyfluorescein (FAM) labeled and quenched with 3= 6-carboxytetram-
ethylrhodamine (TAMRA) (Eurofins, Huntsville, AL). Briefly, high-per-
formance liquid chromatography (HPLC)-purified primers and probes
were used at 0.4 �M and 0.2 �M concentrations, respectively, with 2.5 �l
of template DNA and 2� TaqMan Fast Advance (Applied Biosystems,
Grand Island, NY) in a 10-�l reaction mixture. Reactions were performed
in triplicate and analyzed on a Viia7 real-time PCR system (Applied Bio-
systems) with the following cycling conditions: two hold cycles, each at
50°C for 2 min and 95°C for 20 s, and then, 50 cycles of 95°C for 1 s and
62°C for 20 s. PCRs for V4 were run with an annealing temperature of
64°C instead of 62°C. Each primer-probe set was assessed for its specificity
for the corresponding target DNA sequence (data not shown). Copy num-
bers were extrapolated from standard curves constructed using 10-fold
serial dilutions of plasmids containing full-length tprK sequences from
lesion and inoculum sequences. A primer-probe set complementary to
the conserved region between V1 and V2 was used as a positive control
(data not shown). The sensitivities of all qPCRs ranged from 3.729 to
3.771 copies detected in 10-�l reaction mixtures. The proportions of any
variant sequences found in the inoculum were calculated as the number of
copies of variant 1 or 2 divided by the total number of tprK copies detected
(defined as variant 1 plus variant 2 plus the inoculum sequence).

Antibody reactivity. After initial infection, sera were collected weekly
for 10 weeks from each rabbit and stored at �80°C until tested. Prior to
use, serum samples were heat inactivated at 56°C for 30 min. Synthetic
peptides, designed to reflect individual V region sequences found in the
inoculum and in variant T. pallidum isolates from secondary lesions (see
Table S3 in the supplemental material), were produced to �70% purity
(GenScript Corporation, Piscataway, NJ) and used as antigens. Sera were
tested by enzyme-linked immunosorbent assay (ELISA) at a 1/20 dilution,
as previously described (14, 17), for the ability to bind V region peptides,
with the following modification: washing steps (4 30-s washes with 350 �l
phosphate-buffered saline [PBS]-0.05% Tween 20) were carried out on a
MultiWash Advantage plate washer (TriContinent, Grass Valley, CA).
Each sample was tested in triplicate.

Phylogenetic analysis. DNA alignments were constructed using
ClustalW and adjusted manually in BioEdit software (http://www.mbio
.ncsu.edu/BioEdit/bioedit.html). Phylip version 3.695 (http://evolution
.genetics.washington.edu/phylip.html) was used to construct boot-
strapped (100 times) maximum-parsimony cladogram trees. Consen-
sus cladograms were visualized with FigTree (http://tree.bio.ed.ac.uk
/software/figtree/).

Statistical analysis. To compare the presence of variant TprK se-
quences in secondary versus disseminated primary lesions, we used logis-
tic regression for clustered data (28) to estimate the odds ratio (OR) be-
tween case-control status and lesion positivity. A two-tailed, paired
Student t test was used to compare antibody reactivity (A405) to predom-
inant inoculum V region peptides versus secondary-lesion variant pep-
tides. A P value of �0.05 was considered significant. Bootstrap support of
�70/100 was considered significant for the phylogenetic cladogram anal-
yses (29).

Nucleotide sequence accession numbers. The GenBank accession
numbers for the sequences obtained (KM015522 to KM016072) are listed
in Table S2 in the supplemental material.

RESULTS
Secondary lesions are likely seeded by single treponemes. In or-
der to obtain isogenic “clones” of Treponema pallidum for these
and many past studies, we collected individual disseminated skin
lesions from i.v.-infected animals. Careful analysis of treponemal
DNA from individual lesion biopsy specimens led us to conclude
that each disseminated skin lesion is likely seeded by a single

treponeme, because the lesions contained nearly identical tprK
full-ORF sequences. In this study, we sought to determine how
secondary lesions arise, i.e., whether they are an expansion of a
diverse nest of treponemes or the result of clonal expansion of a
single treponemal cell. To address this question, we sequenced 10
clones of the tprK amplicon from each disseminated secondary
skin lesion. All sequence changes preserved the tprK expression
site open reading frame; there were no early terminations or
changes in reading frames. Examples of V7 sequences are shown in
Fig. 1. Insertions, deletions, and nonsynonymous substitutions
distinguish each of the 4 variants shown in the figure from the
inoculum sequences. Homology within each secondary lesion re-
sults in the appearance of a “blocking” pattern of sequences shown
for each lesion.

We scored a lesion as having arisen from a single tprK variant
treponeme if �70% of its sequenced clones were identical and
different from the inoculum in at least one V region. The 70%
cutoff was chosen prior to data analysis because, as T. pallidum
divides, some sequence change can occur. Any data-driven selec-
tion of a cutoff would introduce a type 1 error, increasing bias in
subsequent analysis. Because our inoculum was nearly homoge-
neous in sequence at tprK, we cannot determine the number of
treponemes that may have seeded lesions containing primarily
inoculum sequences. By the time a lesion becomes clinically evi-
dent, many cell divisions have occurred, and some V region
change is inevitable, even without immune selection. Using this
definition, we found that 96% (26/27) of tprK variant secondary
lesions were likely seeded by single treponemes.

As a more stringent assessment, we used the data obtained
from sequencing clones from these lesions to construct a maxi-
mum-parsimony cladogram of the full-length tprK ORFs. For all
27 tprK variant secondary lesions studied, representing 8 rabbits,
we found a clustering pattern in which the majority of sequences
from a single lesion cluster tightly together and each lesion is sep-
arate from the others. A representative example of 4 lesions arising
in rabbit 7901 is shown in Fig. 2, demonstrating tight clustering of
sequences within each secondary lesion; these lesions are separate
from each other, with significant bootstrap support. These data
further support our hypothesis that secondary lesions are seeded
by single treponemes.

TprK variants cause secondary lesions. In addition to dem-
onstrating the tight clustering of tprK clone sequences, Fig. 2 also
exemplifies the dispersion of variant sequence clusters away from
the cluster of inoculum sequences. This pattern of branching is
evidence of new secondary lesions being founded by tprK variant
treponemes during infection. If tprK sequence variation abrogates
antibody binding to variant bacterial cells during the primary
stage of syphilis, then we would expect that TprK variant trepo-
nemes would escape killing by the host immune response and
could seed new lesions (i.e., the secondary stage of syphilis).

We hypothesized that the treponemes multiplying in second-
ary lesions are doing so in the presence of an active immune re-
sponse that is raised against the antigens expressed by the inocu-
lum and that is responsible for healing the primary lesions. In
contrast, disseminated primary lesions (developing after i.v. infec-
tion) in a naive rabbit serve to reflect only the basic variation rate
of tprK without immune pressure. We used this method to com-
pare the proportion of disseminated lesions containing variant
tprK treponemes versus inoculum-like sequences in the presence
(secondary lesions) and absence (disseminated primary lesion) of
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an effective immune response. Lesions with tprK variants were
defined as those in which, by FLA, at least one V region contained
�30% inoculum sequence. Sequences obtained by direct ampli-
con sequencing were used to identify variant sequences when FLA
sizes were the same as those found in the inoculum. Careful anal-
ysis, by individual V region, of the secondary and disseminated
primary lesions revealed the proportions of lesions arising from
variant treponemes; they are shown, by rabbit, in Fig. 3A and B,
respectively. Of the 10 rabbits in the secondary-syphilis study, two
animals did not develop any secondary lesions and one animal
(rabbit 7909) produced a very large number of secondary lesions.
The numbers of secondary lesions per rabbit varied from 0 to 24
(median � 3; mean � 4.3), and they appeared 17 to 73 days
postinfection (median � 39; mean � 40.5). In contrast, the dis-

seminated primary lesions appeared on all rabbits between days 16
and 24 postinfection and totaled more than 100 lesions on 5 rab-
bits. In rabbit 7909, which had an unusually high number of sec-
ondary lesions, only 42% (10/24) of the lesions carried variant
sequences. In contrast, in the 7 remaining rabbits that developed
secondary lesions, 89% (17/19) of the lesions contained only vari-
ant sequences. In 5 of these 7 rabbits, all secondary lesions that
developed contained variant sequences. Overall, as defined by
FLA and amplicon sequence analysis, tprK variants seeded 63%
(27/43) of all secondary lesions, compared to 34% (17/50) for
disseminated primary lesions. We used logistic regression for clus-
tered data (28) to estimate the odds ratio for the presence of TprK
variant treponemes in secondary versus disseminated primary le-
sions. The odds of secondary lesions containing predominately

FIG 1 Examples of TprK V7 sequences among secondary lesions compared to the inoculum. For each lesion (identified by number on the left), DNA sequences
were obtained from 10 Escherichia coli clones containing the tprK ORF. Note that the sequence variation in V7 is seen as insertions/deletions and base changes
(numbers at the top indicate base pair positions). The identity, or near identity, of the 10 sequences within each lesion supports the single-cell origin of the lesion.
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TprK variant treponemes are 3.3 times higher than the odds of
finding TprK variants in disseminated primary lesions (OR � 3.3
[95% confidence interval {CI}, 0.98 to 11.0]; P � 0.055) (Table 1).
Excluding rabbit 7909 from the analysis, the calculated OR is 16.4
(95% CI, 4.44 to 62.5; P � 0.0001).

tprK variants found in secondary lesions develop during in-
fection. tprK variants were defined in this study as those sequences
that were not found in our initial sequence analysis (full ORF
sequencing of 10 clones) of the inoculum. Our initial sequencing
did reveal some minor populations with different V regions in the
inoculum, and this information was considered when identifying
and calculating the contribution of variants to secondary lesions
above. It is quite possible, however, that there were very small
populations with different tprK sequences that went undetected
by our initial sequence analysis and that some of the sequences
that we found in secondary lesions may in fact have been present
in the initial inoculum. It would be likely that any minority se-
quences present in the inoculum might be seen in lesions from
multiple rabbits. To examine this possibility, we chose to interro-
gate our secondary-lesion inoculum by PCR for V region se-
quences that had been found in secondary lesions from multiple
animals.

To interrogate our inoculum, we performed a targeted PCR-
based search for 7 individual V3, V4, V5, V6, and V7 sequences
(no variants were found at V1, and only single lesions contained
V2 variants). DNA extracted from the inoculum was probed with
specific TaqMan probes that were complementary to the tprK

variant, as well as known inoculum sequences. None of the tested
variants for V4, V5, V6, and V7 were detectable in the inoculum.
In contrast, two V3 variants that had been seen in secondary le-
sions from multiple rabbits were found in the inoculum and were
estimated to be present in the inoculum at 8.17% and 1.29% of
tprK copies detected. These two V3 variants (different from the
inoculum only at V3) were solely responsible for identifying 15%
(4/27) of secondary lesions as tprK variant lesions, and we ac-
knowledge that they came from the inoculum. Even though these
minor variants were present in the inoculum, we examined
whether they might have survived to cause secondary lesions be-
cause they were able to escape immune detection.

TprK variants escape humoral immunity. Giacani et al. dem-
onstrated that, in the face of an active immune response, trepo-
nemes expressing variant TprK sequences are positively selected
(15). To test whether new TprK variants have a selective advan-
tage over the inoculum treponemes in our study, we examined
whether antibodies recognizing the secondary-lesion variant se-
quences were present in rabbits at the time that secondary lesions
developed. This was accomplished by ELISA using synthetic pep-
tides based on inoculum and tprK variant sequences. Antibody
reactivity was detected against the V2, V4, V5, V6, and V7 peptide
sequences of the majority inoculum sequences for all 10 rabbits in
the secondary-syphilis group; a representative example is shown
in Fig. 3A (blue bars). In contrast, the same sera collected at the
time that secondary lesions arose (day 60 postinfection) had sig-
nificantly less (P � 0.001) detectable antibody reactivity to the

FIG 2 Phylogenetic analysis of full-ORF tprK DNA sequences from secondary lesions. A representative example of phylogenetic relationships (a maximum-
parsimony cladogram) among the inoculum and the individual secondary lesions (identified by rabbit number and lesion letter) that developed in rabbit 7901
is shown. Lesion 7901B did not contain amplifiable treponemes. The clusters enclosed by shaded ovals correspond to the sequences from 10 plasmid clones per
lesion. Bootstrap values of the major branches are shown, demonstrating separation of the lesion sequences from the inoculum sequence. Note that the sequences
for each lesion are in tight clusters, consistent with a single-cell origin for each lesion.
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minority populations that were present in the inoculum (Fig. 3A,
blue bars) or to the variant V2, V4, V6, and V7 sequences found in
the secondary lesions (Fig. 3A, red and yellow bars). Similar find-
ings were seen for each of the remaining 9 rabbits in the second-
ary-syphilis study (data not shown). These data suggest that anti-
bodies to V2, V4, V6, and V7 select against the inoculum majority
treponemes by facilitating bacterial clearance from primary le-
sions. TprK variants, even those present as minority populations
in the inoculum, can escape clearance because there is no antibody
against the specific TprK variant protein being expressed. These
organisms subsequently evade the immune response and are able
to cause secondary lesions.

In the rabbits infected i.v. to establish disseminated primary
lesions, little to no antibody was detectable, even to majority in-
oculum TprK V region sequences, at the time that disseminated
lesions developed (Fig. 3B). These findings are consistent with the
concept that treponemes can survive to cause lesions when spe-
cific anti-V region antibodies are not present.

DISCUSSION

There are no known nonhuman reservoirs for venereal syphilis,
making the disease a potential candidate for vaccine eradication,
but infection-induced immunity is not complete (30), and rein-
fections occur (31). Efforts to understand the treponeme-host in-
terface have focused on characterizing outer membrane proteins
(OMPs) (32) of T. pallidum. This is especially difficult, consider-
ing that the treponemes cannot be cultured in vitro and that in
vitro manipulations of the spirochete easily damage the fragile
outer membrane. It is known that, during infection, a small pop-
ulation of treponemes develop that are resistant to opsonization
and thus escape immune clearance, presumably due to alterations
in their outer membrane proteins (9). Clinically, this makes sense,
as, despite a robust immune response that clears most treponemes
and heals primary chancres, later episodes of infectious skin le-
sions (secondary syphilis) and chronic infection occur.

To understand T. pallidum’s ability to evade opsonophagocy-
tosis, an understanding of the spirochetes’ reported “paucity of
outer membrane proteins” is needed (33). Few T. pallidum candi-
date OMPs have been studied in detail (3, 6, 34–38), but included
among them are the Tpr proteins, specifically TprK. TprK is the
only T. pallidum antigen known to undergo sequence variation
during the course of infection (15, 17, 39) and is hypothesized to
be central to immune escape and persistence (16). Sequence vari-
ation is confined to 7 discrete variable regions and occurs by a gene
conversion mechanism (4, 18). The TprK variation mechanism is
found not only in the syphilis subspecies (Treponema pallidum
pallidum), but also in the other subspecies of T. pallidum (Trepo-
nema pallidum endemicum, Treponema pallidum pertenue), the
Fribourg-Blanc isolate, and the agent of rabbit syphilis Treponema

FIG 3 TprK variants found in secondary lesions escape antibody binding. (A) Antibody binding (ELISA) of antiserum (collected at the time of development of
secondary lesions [60 days postinfection]) from rabbit 7912 against synthetic peptides representing V region sequences identified in the inoculum (blue bars) and in two
secondary lesions (red and yellow bars) that arose in the rabbit. Antibody reactivity is seen to the predominant sequences of the inoculum V2, V4, V6, and V7 regions,
but significantly lower reactivity was detected to the V region sequences found in the secondary lesions. Note also that there is significantly lower antibody reactivity to
the two minority V6 sequences that were present in the inoculum (also in blue). Sera from all rabbits with secondary syphilis were similarly tested and showed the same
pattern of reactivity to the majority inoculum sequences, but not to the minor inoculum sequences or the variant secondary-lesion sequences. (B) Mean (	standard error
[SE]) ELISA results for antisera (collected at the time of lesion appearance [mean, 22 days postinfection]) from rabbits with disseminated primary syphilis (n � 5 rabbits)
showing lack of antibody reactivity directed to the V region sequences from the inoculum. *, two-tailed, paired Student t test; P � 0.001 compared to antibody binding
to the peptide representing the majority sequences identified in the inoculum. Abs 405 nm, absorbance at 405 nm.

TABLE 1 Proportions of lesions arising from TprK variants in
secondary and disseminated primary lesionsa

Lesion type Rabbit no.
% Variant lesions
(no./total)

Secondary 7905 No lesions
7914 No lesions
7919 100 (1/1)
7934 100 (1/1)
7898 100 (3/3)
7903 100 (3/3)
7902 67 (2/3)
7901 100 (4/4)
7912 75 (3/4)
7909 42 (10/24)
Total 63 (27/43)

Disseminated primary 8694 40 (4/10)
8696 10 (1/10)
8697 40 (4/10)
8699 50 (5/10)
8700 30 (3/10)
Total 34 (17/50)

a Logistic regression for clustered data yielded an OR of 3.3 (95% CI, 0.98 to 11.0; P �
0.055) for the odds of having predominately TprK variants in secondary lesions versus
disseminated primary lesions.
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paraluiscuniculi (25). All of these treponemes can cause chronic
infection and have intact TprK variation and expression systems,
with V region donor sites (25). Additionally, in silico modeling
predicts a beta barrel structure for TprK that places each variable
region on exposed external loops, where antibody binding may
drive selection of new variants. Indeed, TprK variants are selected
by the acquired immune response (15), and B cell epitopes are
restricted to the variable regions (14) during persistent infection.
Although tprK variation itself has been well described, its relation-
ship to the discrete clinical stages of syphilis had not yet been
demonstrated. This report demonstrates an association between
tprK variation and syphilis disease progression from the primary
to the secondary stage in the rabbit model.

In our study of secondary syphilis, there was some clinical vari-
ability among the rabbits. Eight of the 10 rabbits infected intrad-
ermally subsequently developed secondary lesions during the 100-
day observation period in our studies. Seven of these 8 rabbits
developed a small number of lesions (1 to 4), and the majority of
the lesions (17/19; 89%) were likely seeded by single TprK vari-
ants. The two animals that failed to develop secondary lesions had
comparable primary-lesion progression, as well as typical serolog-
ical responses as measured by VDRL titers and ELISA reactivity to
the conserved lipoprotein p47 recombinant antigen (data not
shown). Interestingly, these two animals had 2- to 5-fold-greater
antibody reactivity to a TprC epitope than the other 8 rabbits in
this group (P � 0.001) (data not shown), which is noteworthy in
light of the recent characterization of TprC as an outer membrane
protein (6).

Rabbit 7909 was unusual in that he developed many lesions at
once, similar to what was observed in the rabbits with dissemi-
nated primary lesions after i.v. infection. Further, the ratio of vari-
ant TprK sequences to the inoculum sequence in lesions in rabbit
7909 approached the ratio observed after i.v. infection. We there-
fore sought, but did not uncover, an explanation for the unusual
course in this single rabbit. Antibody titers (e.g., VDRL and anti-V
region) for 7909 were not different from those for the remaining 9
rabbits. There was slight variation in primary-lesion progression,
including the time to ulceration and the diameters of lesions
among the 10 animals, but 7909 was not an outlier in this regard.
Thus, there was no obvious evidence of an inadequate immune
response in the rabbit. We were unable to monitor the time to
lesion healing in rabbit 7909, however, because he was euthanized
early for collection of many lesion biopsy specimens.

In analyzing the sequence data from each secondary lesion, it
was apparent that certain tprK escape variant sequences (espe-
cially for V3) were found in multiple lesions and in different rab-
bits. This led us to ask whether these “TprK escape variants” de-
veloped de novo during the experimental infection or whether they
were represented in the inoculum at a low frequency that was not
detected in the initial sequencing of the inoculum (10 clones). Our
careful examination of the inoculum by qPCR demonstrates,
however, that the vast majority of the tprK variants found in sec-
ondary lesions developed during infection as opposed to being
small subpopulations already present in the inoculum.

In our examination of antibody responses to TprK, antibody
reactivity was detected in all rabbits to the V2, V4, V6, and V7
sequences expressed by the majority population in the inoculum.
Based upon our ELISA data, however, no antibody reactivity was
detected to V3 peptides, even to the inoculum V3 sequence. It was
therefore puzzling that four secondary lesions had tprK sequences

differing from the inoculum only at V3, perhaps suggesting that
variation at V3 may be sufficient for immune escape. It is possible
that V3 may be part of an important conformational epitope and
that anti-V3 antibodies fail to bind the short linear peptides in our
ELISA studies.

Our studies require that we use as the inoculum a T. pallidum
clone that has nearly identical sequences in the tprK expression
site so that we can clearly identify variants that develop. We have
shown that, despite our efforts to maintain a tprK clonal popula-
tion, some low-level diversity inevitably accumulates during ex-
pansion of the treponemes prior to inoculation. Examples of this
diversity are found at V3 (minority populations detected by
qPCR), as well as at V5 and V6 (minority populations detectable
by sequencing 10 clones). In our studies, we demonstrate that
a negligible antibody response develops to minority TprK se-
quences expressed in the inoculum. LaFond et al. showed that,
following infection with a T. pallidum suspension that contains
diverse tprK sequences, antibodies are developed to TprK V region
sequences from multiple inoculum subpopulations, but the fre-
quencies of these minority populations in the inoculum were not
provided (17). From our data, it appears that minority popula-
tions that account for less than 10% of the inoculum (calculated
from qPCR data or 1/10 inoculum clones) do not elicit antibodies
to their V regions (Fig. 3). This suggests that the antibodies formed
to the majority population in the inoculum (and not the infre-
quent minority population) positively select for the minority in-
oculum populations, as well as new variants that develop during
infection.

In natural human infection, people are infected with popula-
tions of treponemes that are heterogeneous at tprK (26). This
higher TprK diversity of the inoculum in human infections is im-
portant in the pathogenesis of syphilis because a diverse inoculum
with multiple minority populations may serve as a source of scat-
tered and early disseminating (e.g., to the central nervous system
and other organs) tprK variants that are not recognized by the
antibodies induced by the growth of the majority populations
remaining at the site of the developing primary chancre. Our dem-
onstration that secondary lesions are seeded by immune escape
variants, regardless of whether they develop during primary infec-
tion or are present as minority populations in the inoculum, sup-
ports a critical role for TprK in the pathogenesis of syphilis and in
the progression of the infection through multiple clinical stages.

The clinical variability described above for our outbred rabbits
replicates the wide range in clinical presentations of syphilis infec-
tion in humans. For example, the rash of secondary syphilis is
variable in appearance: it may be quite florid in some patients,
while symptoms go unnoticed in others (40, 41). In addition to
heterogeneity in host responses, part of the variability in human
clinical presentation may be associated with T. pallidum strain-
specific differences and with inoculum size (30, 42), both of which
are controlled in our experimental model. We know that some
strains of T. pallidum vary the sequence in the tprK expression site
more readily than other strains (39). Such strains might be ex-
pected to cause more apparent clinical disease, such as more florid
or recurrent secondary lesions, but this has not yet been explored
in the experimental model. It is also possible that treponemes can
actively modulate the amount of TprK protein on cell surfaces,
potentially eliminating the targets of some opsonic antibodies.
Strain-specific differences in the quantity of tprK mRNA may sug-
gest a mechanism of tprK transcriptional regulation (25, 43), al-
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though there is evidence that tprK is expressed throughout the
course of primary intradermal infection (15). There are no data on
tprK expression during the latent stage, in which downregulation
of opsonic targets might be most advantageous to the persistent
organisms.

During early infection, T. pallidum infection elicits a robust
humoral and cellular immune response (14), clearing the primary
chancre, and then a small subpopulation effectively evades host
opsonophagocytosis (9). A similar mechanism of clearance and
immune evasion likely occurs during healing of the secondary
stage, leaving persistent organisms that may remain quiescent
during latency or escape to proliferate at sites of tertiary manifes-
tations.

TprK’s clear role in facilitating immune evasion and persis-
tence has important implications for understanding not only the
natural history, but also the epidemiology, of syphilis infection.
The basic reproductive rate (R0) of an infectious disease predicts
whether that disease can spread through a population and is di-
rectly proportional to the duration of infectiousness (44, 45).
Evading host opsonophagocytosis may greatly increase the dura-
tion of the infectious period of syphilis in at least two possible
ways: (i) by increasing the duration of the primary stage, as TprK
variants locally maintain the chancre as they replace the initial
infecting phenotype to which the initial immune response was
generated, and (ii) by facilitating the development of the wide-
spread infectious lesions of the secondary stage of syphilis and,
potentially, the recurrence of secondary lesions in some infected
persons (8). We propose that TprK antigenic variation increases
T. pallidum’s infectious period by facilitating immune escape and
persistence to cause later stages in vivo, thus increasing the basic
reproductive rate of syphilis in a population and contributing to
T. pallidum’s success as a pathogen.
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