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Abstract

Clinical isolates of Treponema pallidum subspecies pallidum (T. pallidum) would facilitate
study of prevalent strains. We describe the first successful rabbit propagation of T. pallidum
from cryopreserved ulcer specimens. Fresh ulcer exudates were collected and cryopre-
served with consent from syphilis-diagnosed patients (N = 8). Each of eight age-matched
adult male rabbits were later inoculated with a thawed specimen, with two rabbits receiving
1.3 mlintratesticularly (IT), and six receiving 0.6 ml intravenously (IV) and IT. Monitoring of
serology, blood PCR and orchitis showed that T. pallidum grew in 2/8 rabbits that were inoc-
ulated IV and IT with either a penile primary lesion specimen (CDC-SF003) or a perianal
secondary lesion specimen (CDC-SF007). Rabbit CDC-SF003 was seroreactive by T. palli-
dum Particle Agglutination (TP-PA) and Rapid Plasma Reagin (RPR) testing, PCR+, and
showed orchitis by week 6. Euthanasia was performed in week 7, with treponemal growth in
the testes confirmed and quantified by qPCR and darkfield microscopy (DF). Serial passage
of the extract in a second age-matched rabbit also yielded treponemes. Similarly, rabbit
CDC-SF007 showed negligible orchitis, but was seroreactive and PCR+ by week 4 and
euthanized in week 6 to yield T. pallidum, which was further propagated by second passage.
Using the 4-component molecular typing system for syphilis, 3 propagated strains (CDC-
SF003, CDC-SF007, CDC-SF008) were typed as 14d9f, 14d9g, and 14d10c, respectively.
All 3 isolates including strain CDC-SF011, which was not successfully propagated, had the
A2058G mutation associated with azithromycin resistance. Our results show that immediate
cryopreservation of syphilitic ulcer exudate can maintain T. pallidum viability for rabbit
propagation.
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Introduction

For the past several decades, the rabbit has been the primary animal model for the study of
syphilis pathogenesis and its causative agent, Treponema pallidum subspecies pallidum (here-
after referred to as T. pallidum). Research on the utility of various culture media and methods
for in vitro propagation have yielded inconsistent results over the years. Sustained passage has
been limited or unattainable, with low yields, contamination, and/or loss of viability, virulence
and pathogenicity being reported [1-7]. However, a recent study suggests that in vitro propa-
gation of T. pallidum is possible using a microaerobic, nutrient-defined rabbit cell culture sys-
tem, with sustained propagation of viable treponemes for >6 months [8]. Further refinement
of the culture system is ongoing to determine its applicability for propagation of T. pallidum
strains directly from clinical specimens. In the interim, the in vivo rabbit model remains the
standard method for propagating viable treponemes and/or testing treponemal infectivity via
intra-testicular (IT), intravenous (IV), intradermal or intracisternal inoculation routes [9].
Orchitis, serology and/or polymerase chain reaction (PCR) of blood specimens are performed
to provide qualitative and quantitative measures of infection. Similar to humans, treponemal
and non-treponemal antibody responses develop in rabbits following T. pallidum infection
and can be detected using many of the same serology assays used for patient screening that
include Rapid Plasma Reagin (RPR) and Treponema pallidum particle agglutination (TP-PA)
[10-12].

The study of T. pallidum is particularly relevant today, given the rise in syphilis rates among
both men and women and most age groups across the United States, as well as the emergence
of ocular syphilis clusters in recent years [13-15]. Indeed, the syphilis rabbit model has pro-
vided much insight on ocular and neuroinvasive T. pallidum strains and their clinical manifes-
tations, and has also facilitated study of syphilis vaccines and the efficacy and/or resistance
profiles of antibiotics used for syphilis treatment [16-26]. Research, diagnostics and surveil-
lance studies would benefit from a sustained supply of T. pallidum stocks, as sufficient biologi-
cal material is necessary for assay development, whether as a source of antigen(s) for serology
tests, or gene targets for molecular assays. Indeed, molecular amplification techniques have
facilitated the study of specific T. pallidum genes linked to antibiotic resistance, virulence, and
pathogenicity [5, 21, 27-34]. Species subtyping in particular differentiates among strains of T.
pallidum which is important for syphilis epidemiological investigations, where information
about related or new emerging strains may prove useful for surveillance, diagnosis, prevention
and treatment [5, 35-37]. The availability of the complete sequence of the T. pallidum genome
and the advent of automated whole genome sequencing (WGS) [5, 28, 37-46] have created
opportunities to develop new and/or improved molecular genetic methods for syphilis diagno-
sis and genotyping, and requires clinical isolates of T. pallidum to further develop and refine
these techniques. DNA Enrichment methods and phylogenomic analyses of T. pallidum from
either direct patient specimens or strains propagated in rabbits have in recent years shed light
on the evolutionary origins, antibiotic resistant profiles, and immune evasion mechanisms of
circulating strains [31, 43, 47-49]. As some of these studies have shown, PCR analysis can be
performed directly on DNA extracted from clinical specimens, but sample weights and/or vol-
umes are often limited, hindering expanded testing, specimen archiving, and study of disease
in animal models. Fresh specimens that include blood, cerebrospinal fluid (CSF), and lesion
exudate from patients diagnosed with syphilis have been successfully passaged in rabbits to
yield viable stocks of T. pallidum [9, 27, 31, 50] but the propagation of T. pallidum in the rabbit
model is not without its challenges, as it is labor and time intensive with varying levels of suc-
cess depending on strain, specimen quality, and conditions such as ambient temperature.
Another major limiting factor is the need for proximity of animal research laboratories to
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clinics and hospitals for fresh patient specimen collection and inoculation into rabbits. A
method to grow T. pallidum from frozen specimens would be ideal and is the objective of this
study, as it would considerably widen the scope of syphilis research by eliminating the neces-
sity for fresh specimens and proximity of animal laboratories to clinical specimen collection
sites. We describe here the first successful rabbit propagation of T. pallidum from patients’
cryopreserved syphilitic ulcer specimens as part of a CDC advanced molecular detection
(AMD) funded initiative.

Materials and methods
Patient cohort and specimen collection

Specimens utilized in this study were collected from the San Francisco Municipal STD Clinic
in San Francisco, CA. At the clinic, which performs darkfield (DF) microscopy, 16 DF+ speci-
mens were collected from January to August 2017. Each specimen was from a different patient.
Project Determination Approval at CDC (PD# 6857) and local IRB approvals at San Francisco
(IRB# 16-20056) were obtained prior to study initiation. Eligible subject populations included
adults with a case of primary or secondary syphilis, presenting with exudative syphilitic lesions
amenable to specimen collection. Participation was voluntary, required informed patient con-
sent, and involved interpreters if requested by the patient. All patients received routine evalua-
tion and care for syphilis regardless of study participation. During the physical examination,
lesion exudate was collected from genital or anal ulcers, or condyloma lata that were DF+. For
lesion exudate collection, the ulcer or lesion was first cleaned with a gauze pad moistened with
sterile saline. The chancre was gently squeezed to release serous exudate while taking precau-
tions to avoid blood contamination. A sterile Dacron swab was used to collect ulcer exudate by
gently rolling the swab along the base of the ulcer and then immediately placing it into a cryo-
vial containing storage medium warmed to room temperature after storage at -20°C. The stor-
age medium consisted of 1 ml 50% v/v sterile glycerol and normal rabbit serum (NRS). The
swab was then gently agitated in the cryovial and discarded. Cryovials containing exudate
specimens were snap frozen in liquid nitrogen. All specimens were stored at -80°C until ship-
ment on dry ice to the CDC. Specimens were stored in liquid nitrogen vapor phase at the CDC
until use in rabbit model experiments.

Rabbit experiments and specimen collection

A total of 13 adult age-matched (8-9 months) male New Zealand White rabbits (Oryctolagus
cuniculus) with an average body mass of 3 kg were utilized in this study (Fig 1). All rabbits
were prescreened to confirm negative treponemal and nontreponemal antibodies status. Rab-
bits were housed under approved biosafety level 2 containment conditions at the CDC. Their
diet, care, and maintenance conformed to the Guide for the Care and Use of Laboratory Ani-
mals guidelines [51]. All procedures outlined in this study were approved by the CDC Institu-
tional Animal Care and Use Committee (IACUC Protocol #2979). Prior to procedures,
animals were sedated with acepromazine (0.5-2 mg/kg body weight) intramuscularly. Eight
patient specimens were selected for propagation (Fig 1, Table 1), with each rabbit being inocu-
lated with a single specimen. Each inoculum was prepared by gently mixing 1 ml of frozen
exudate specimen with 0.5 ml of pre-warmed (37°C) NRS. For two of the specimens, approxi-
mately 1.3 ml was injected in the left testicle of a rabbit, while for the remaining specimens, an
equal volume of inoculum was injected intravenously (IV, 0.6ml) and intratesticularly (IT,
0.6ml, left testicle) as shown in Fig 1. The backs of the rabbits that were injected IV and IT
were shaved to facilitate monitoring of disseminated skin lesions, if any, with clipping per-
formed as needed to clear fur growth during the monitoring period [9]. Residual volume of
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Fig 1. Schematic summarizing propagation of T. pallidum from patients’ lesion exudate specimens. Each of eight rabbits was inoculated with one of the specimens
listed, and the injection was either administered IT in the left testis, or both IV and IT (left testis) at the volumes indicated. Each rabbit was then monitored once weekly
for up to three months until results indicated a positive infection status by the parameters shown, at which time euthanasia was performed. If propagation occurred, up
to two serial passage(s) were performed using fresh or frozen extract from the previous passage rabbit. Rabbits that remained negative by all three measures of infection
were euthanized at the three-month mark with no further passage.

https://doi.org/10.1371/journal.pone.0227769.9001

Table 1. Clinical and laboratory data for patient specimens used for in vivo rabbit propagation.

Specimen ID"

CDC-SF011
CDC-SF002
CDC-SF003*
CDC-SF004
CDC-SF005
CDC-SF006
CDC-SF007°
CDC-SF008

each inoculum was retained for further analysis by quantitative PCR (qPCR) and DF micros-
copy at CDC. Blood was collected from each animal at baseline, once weekly thereafter, and at
euthanasia for serology and PCR analysis using serum separation tubes (BD Biosciences, San
Jose CA) and PAXgene blood DNA tubes (Qiagen, Germantown MD), respectively. Orchitis
was monitored up to twice weekly. The animals were also monitored for the development of

San Francisco Municipal STD Clinic

Syphilis stage Site of lesion, ulcer/chancre/lesion
Primary Penile, sore
Primary Penile (glans), lesion
Primary Penile (coronal sulcus), ulcer
Secondary Scrotum, lesion
Primary Penile (coronal sulcus), multiple chancres
Primary Penile, multiple chancres
Secondary Perianal, ulcer
Primary Penile (coronal sulcus), chancre

! Each specimen is from a different patient.

% Clinic reported non-treponemal antibody titers.

? Clinical specimens that consistently propagated in rabbits.

https://doi.org/10.1371/journal.pone.0227769.t001

DF
Positive
Positive
Positive
Positive
Positive
Positive
Positive

Positive

Antibody titer” (assay)

1:4 (RPR)

Weakly reactive (VDRL)
1:4 (VDRL)

1:16 (VDRL)

1:4 (VDRL)

1:2 (VDRL)

1:8 (VDRL)

1:1 (VDRL)

CDC Laboratory

qPCR (genomic copies/ml)

7.00 x 10*
6.44x 10*
1.14x10*
7.58 x 10*
1.27x 107
459x10°
4.43x10*
450 x 10*
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any non-syphilitic disease manifestation due to the potential presence of other infectious
agents in the lesion exudates; none were observed over the course of the study. Endpoints for
euthanasia were seroreactivity, development of orchitis, and/or positive blood PCR results.
Rabbits were euthanized when these criteria were met, or at the end of 3 months if results
remained negative; whichever occurred first [9]. Euthanasia (150 mg/kg beuthanasia IV) was
performed according to AVMA Guidelines on Euthanasia [52]. T. pallidum was obtained from
rabbit testes tissues and processed as previously described [9]. Testes tissues were immediately
processed for PCR analysis and to extract treponemes for cryopreservation and further passage
in rabbits. For rabbits that yielded viable T. pallidum, fresh or frozen extract (1.5 ml) from

the first passage rabbit was serially propagated (IT, left testis) to generate more treponemes

(Fig 1).

Serology

Fresh serum specimens from the rabbits were tested using the ASI RPR card test (Arlington
Scientific, Springville, UT) and Serodia TP-PA (Fujirebio US Inc., Malvern, PA) to detect non-
treponemal and treponemal antibodies, respectively. Assays were performed according to
manufacturer protocols. Residual sera were stored at -80°C.

qPCR, molecular typing and azithromycin resistance assays

DNA was extracted from remnant swab specimens from the patients’ lesion exudate using the
Qiagen DNA Mini Kit as described previously [53, 54]. qPCR was performed on a Rotorgene
6000 instrument in a 50 pL final volume consisting of 20 pL extracted DNA, 25 pL of PerfeCTa
qPCR Supermix (Quanta Biosciences, Beverly, MA), and 0.2 pL each of forward (TP-polA-FP
5-CAGGATCCGGCATATGTCC- 3’) and reverse (TP-polA-RP 5~AAGTGTGAGCGTCTC
ATCATTCC- 3’) primers at a final concentration of 300 nM and 0.2 uL probe (TP-polA-
probe 5’-CTGTCATGCACCAGCTTCGACGTCTT- 3’) at a final concentration of 200 nM.
Primers and probe were designed to be specific to the DNA polymerase I gene (polA) in T. pal-
lidum. Positive (T. pallidum Nichols DNA) and no template controls were included in each
run. A 10-fold serial dilution of DF-quantified T. pallidum Nichols organisms was used to con-
struct a standard curve for quantitation of treponemes in the original patient specimens. Each
rabbit isolate of T. pallidum obtained from testis extracts and tissues was tested by qPCR in
triplicate. The results are stated as the mean + standard error (SE). Molecular typing of T. palli-
dum isolates and azithromycin resistance marker detection were performed on the rabbit
propagated isolates, as previously described, with the exception of CDC-SF008 which had a
low number of spirochetes and typing was performed on the residual swab specimen[55, 56].

Results
Propagation of T. pallidum from cryopreserved penile ulcer specimens

The eight specimens that were used in this study were sourced from the San Francisco Munici-
pal STD Clinic in San Francisco, CA. Clinical and CDC laboratory-derived data associated
with these specimens are indicated in Table 1. Upon thawing of the cryopreserved specimens
for rabbit studies at the CDC, additional qPCR and DF microscopy analyses were performed
(Table 1). Examination of residual specimens by DF microscopy yielded inconclusive results
due to the presence of swab material which obscured visualization. Of the eight rabbits that
were initially inoculated, the two that received 1.3 ml CDC-SF011 IT or 1.3 ml CDC-SF002 IT
did not develop orchitis or seroreactivity for the duration of the three-month experimental
period and at necropsy (Table 2). Whole blood specimens also tested negative by PCR for both
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Table 2. Summary of end point measurements and T. pallidum yield where applicable for in vivo rabbit propagation of patient specimens.

Specimen ID | Inoculationroute’ | Passage number> Measurement T. pallidum yield®> (QPCR) | DF | T. pallidum strain type*
Orchitis | Serology | PCR (blood) | PCR (testes)

CDC-SFO011 IT 1 - - - + 64.29/ml - ND®
IT 2 - + - - - -

CDC-SF002 IT 1 - - - - - - N/A

CDC-SF003 IV and IT 1 4.84 x 10%/ml + 14d9f
IT 2 + + + + 1.62 x 10°/ml +

CDC-SF004 IVandIT 1 - - - - - - N/A

CDC-SF005 IVand IT 1 - - - - - - N/A

CDC-SF006 IV and IT 1 - - - - - - N/A

CDC-SF007 IV and IT 1 - + 6.91 x 10°/ml + 14d9g
IT 2 - + 3.11x 10%/ml

CDC-SF008 IV and IT 1 - - + 1.06 x 10*/ml - 14d10¢’
IT 2 - - + 1.1x10%/ml -

! IT-intratesticular, left testis; [V—intravenous.

? Indicates passage number for serial passages performed.

* T. pallidum yield expressed as genomic equivalents in left testis extract.

* Strain typing was performed on testes samples that yielded PCR+ results.

® Weakly positive TP-PA titer +/- 1:80

¢ Isolate could not be typed due to low number of spirochetes after rabbit propagation

7 Strain type observed with residual lesion swab specimen in NRS

https://doi.org/10.1371/journal.pone.0227769.t002

rabbits. Testes specimens at necropsy showed positive qPCR results for the rabbit inoculated
with CDC-SF011, indicating an observed T. pallidum genomic equivalent of 64.29 + 9.22 cop-
ies/ml and 0.55 + 0.13 copies/mg in the left testis extract and tissue, respectively (Table 2). T.
pallidum genomic equivalents in the right testis indicated a copy number of 192.86 + 29.74 per
ml and 1.88 + 0.29 per mg in the extract and tissue. However, there was no evidence of T. palli-
dum in CDC-SF002 by PCR. Left testis extract from the CDC-SF011 inoculated rabbit, was
serially blind passaged (IT) in two age-matched rabbits. However, neither rabbit yielded trepo-
nemes and although weakly positive by serology (+/-1:80 TP-PA) at the terminal end of the
second passage, the rabbit remained negative for orchitis and specimens were negative by DF
and PCR for both rabbits during the three-month period and at necropsy.

Of the remaining six specimens that were inoculated IV and IT (left testis), two specimens
CDC-SF003 and CDC-SF007 successfully grew in vivo, while results for a third specimen,
CDC-SF008, indicated infection but poor replication. None of the rabbits that were inoculated
IV and IT developed disseminated skin lesions during the three-month monitoring period.
The specimen CDC-SF008 resulted in seroreactivity in a rabbit 10 weeks after inoculation
(TP-PA 1:5120; RPR 1:16) and was euthanized in week 12 (TP-PA 1:5120; RPR 1:64). How-
ever, whole blood yielded negative PCR results, and the animal showed negligible signs of
orchitis during the entire 12-week experimental period. Processing of fresh testes tissues
immediately after euthanasia and analysis by qPCR showed a T. pallidum genomic equivalent
of 1.06 x 10* + 583 copies/ml and 5.71 x 10° + 1.27 x 10 copies/mg in the left testis extract and
tissue (Table 2), respectively. T. pallidum genomic equivalents in the right testis indicated a
copy number of 288 + 58.06 per ml and 3 + 0.52 per mg in the extract and tissue, respectively.
No treponemes were evident by DF microscopy in extracts from both testes. Serial passage in a
second rabbit yielded similar results, with seronegative and PCR negative outcomes for blood
during the monitoring period, and DF negative extract from the left and right testes obtained
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Fig 2. Serology results for successfully propagated specimens. Treponemal (TP-PA, black line, left axis) and nontreponemal (RPR, grey line, right axis) antibody titers
in rabbits (N = 1 per passage) that were (A) inoculated IV and IT (0.6 ml inoculum per site) with the patient specimen CDC-SF003 and (B) inoculated IV and IT (0.6 ml
inoculum per site) with the patient specimen CDC-SF007. Second passage was then performed for (C) CDC-SF003 inoculated IT with fresh testicular extract (1.5 ml)
from the first passage rabbit and (D) CDC-SF007 inoculated IT with previously frozen and thawed testicular extract (1.5 ml) from the first passage rabbit. Whole blood

was also analyzed weekly by PCR, with results shown in the grey bars for each time point.

https://doi.org/10.1371/journal.pone.0227769.9002

at euthanasia in week 4. However, the left testis tissue and extract yielded positive results by
qPCR with a T. pallidum genomic equivalent of 1.85 x 10% + 56.25 copies/mg and 1.1 x 10° +
202 copies/ml, respectively (Table 2), with none detected in the right testis.

The rabbit that was inoculated IV and IT with an equal volume (0.6 ml) of CDC-SF003 per
site began to show signs of orchitis in the left testis in week 6. Serum testing indicated a weak,
minimum reactive status by RPR and a treponemal antibody titer of 1:160 by TP-PA (Fig 2A).
Orchitis progressed further in the following week (week 7), with antibody titers increasing to
1:16 (RPR) and 1:2560 (TP-PA). Euthanasia and necropsy were performed three days later
during week 7, and the left and right testes were processed to obtain extract for further analy-
sis. The presence and viability of treponemes in the left testis were confirmed by examination
of fresh testis extract by DF microscopy, while extract from the right testis was confirmed to be
DF negative. Analysis by qPCR of fresh extract yielded a genomic equivalent of 4.84 x 10° +
1.41 x 10° copies/ml and 2.17 x 10° + 2.49 x 10* copies/mg in the left testis extract and tissue
(Table 2), respectively, while T. pallidum was also detected in the right testis extract (306 + 32
copies/ml) and in the right testis tissue (3 + 0.44 copies/mg). Antibody titers (Fig 2A) on the
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day of euthanasia were 1:32 (RPR) and 1:2560 (TP-PA). Whole blood analysis showed that the
rabbit was positive for T. pallidum by PCR from week 5 and remained as such through week 7
(Fig 2A).

Similarly, for the other isolate that was successfully propagated, the rabbit that was inocu-
lated with an equal volume (0.6 ml) of CDC-SF007 IT and IV became seroreactive in week 4
post-inoculation, with a TP-PA titer of 1:80 that increased to 1:1280 on the day of euthanasia
in week 6, which is when an RPR titer of 1:4 was also observed (Fig 2B). Blood collection in
week 5 was not possible due to scar tissue at the ear vein sites, and blood draw resumed the fol-
lowing week. Whole blood was shown to be positive by PCR in week 6, and the animal showed
negligible signs of orchitis during the entire six-week experimental period. Processing of fresh
testes tissues immediately after euthanasia confirmed the presence of viable treponemes in the
left testis via DF microscopy, with none visible in the extract from the right testis. Analysis by
qPCR showed a T. pallidum genomic equivalent of 6.91 x 10° + 6.92 x10* copies/ml and 2.40 x
10° + 2.51 x 10* copies/mg in the left testis extract and tissue, respectively (Table 2). No T. pal-
lidum was detected in the right testes extracts and tissues by qPCR.

Second passage of CDC-SF003 and CDC-SF007

To further confirm that the viability of the propagated treponemes is sustainable, live T. palli-
dum obtained from the left testis of the rabbit inoculated with the CDC-SF003 specimen was
passaged through a second naive, age-matched rabbit by injecting its left testis with 1.5 ml of
fresh testis extract within 1 hour of the tissue processing that was performed for the first pas-
sage rabbit. The remaining fresh extract from the first passage rabbit was cryopreserved. Seror-
eactivity in the second passage rabbit was evident in week 1, with TP-PA titers being 1:80
while RPR was negative (Fig 2C). Orchitis was apparent in week 2 post infection, with whole
blood also beginning to test positive by PCR at this time. Treponemal antibody titers (TP-PA)
continued to increase to 1:320 and 1:2560 over the next two weeks, though nontreponemal
titers (RPR) were minimal with a weakly reactive 1:2 titer observed in week 3 when the animal
was euthanized. Testes tissue harvest and processing from the second passage rabbit were per-
formed as described above, yielding extract from the left testis which confirmed the presence
of live treponemes by DF microscopy. Analysis by qPCR showed a T. pallidum genomic equiv-
alent of 1.62 x 10° + 2.30 x 10* copies/ml and 2.32 x 10* + 695 copies/mg in the left testis extract
and tissue, respectively (Table 2). As observed for the first passage rabbit, T. pallidum was also
detected in the right testis extract (589 + 54 copies/ml) and its tissue (36 + 6 copies/mg) at the
time of necropsy. Left and right testes extracts and tissues were cryopreserved as detailed
above.

The second passage of CDC-SF007 also successfully yielded treponemes. The left testis
extract containing live treponemes from the first passage rabbit had been cryopreserved, later
thawed and inoculated into the left testis of a second rabbit. Seroreactivity was evident in week
2 (1:320 TP-PA), with treponemal titers increasing to 1:640 in week 3 when the rabbit was
euthanized, though nontreponemal RPR titers remained negative (Fig 2D) and there was no
indication of orchitis. Whole blood was PCR-negative while left testis tissue and extract were
positive, yielding genomic equivalents of 1.23 x 10* + 2.4 x 10° copies/mg and 3.11 x 10* + 2.57
x 10 copies/ml, respectively (Table 2). Extract from the left testis was DF positive. The right
testis was negative by both PCR and DF.

Molecular typing and azithromycin resistance assays

Strains CDC-SF003, CDC-SF007, and CDC-SF008 were characterized as type 14491, 14d9g,
and 14d10c using the 4-component molecular typing system (Table 2). All three isolates and
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CDC-SF011 had the A2058G mutation associated with azithromycin resistance. Due to the
reduced presence of T. pallidum in the rabbit testis extract of CDC-SF011, strain typing could
not be confirmed.

Discussion

Described in this study is the successful propagation of T. pallidum from two patients’ cryopre-
served syphilitic ulcer exudate using the rabbit model, with two additional patient specimens
showing initial albeit unsustainable growth in vivo. Strain isolation in recent years has been
particularly challenging, as evidenced by the limited number of published studies to date. To
the best of our knowledge, while T. pallidum has been grown in rabbits using fresh blood,
fresh CSF and fresh primary chancre exudate [9, 27, 31, 50] from patients diagnosed with
syphilis, there have been no prior reports of adapting this method for cryopreserved lesion
exudate. In addition to orchitis monitoring [9, 21, 26, 30, 57-62], FDA-cleared syphilis serol-
ogy tests and a CDC-developed investigational PCR assay [63] were also performed in parallel
to track infection, since these clinical specimens contain uncharacterized T. pallidum strains
with unknown or unpredictable disease manifestation(s) in rabbits. Indeed, the rabbit that was
injected with CDC-SF007, which successfully grew in vivo, did not show any discernible orchi-
tis even when seroreactive and PCR+, while the rabbit with CDC-SF003 developed orchitis
beginning in week 6 when an increase in antibody titers was first noted. Consistent with previ-
ous studies [9, 26, 61, 64, 65], these observations indicate that including additional detection
methods for treponemal propagation in rabbits can avoid overlooking an active infection that
could inadvertently be cleared by the immune response before treponemal harvest can be per-
formed. Of note, when comparing serology and PCR, both methods generally showed a reac-
tive or positive result at comparable time points post infection for a given rabbit, which aligns
with a previous study [61]. Furthermore, T. pallidum was detected by PCR in whole blood, tes-
tis tissues and extracts, suggesting that a broad range of specimen types can be successfully
evaluated using this molecular method.

Both rabbits that were inoculated with CDC-SF003 and CDC-SF007 developed treponemal
antibodies first as shown by TP-PA when compared to the nontreponemal antibodies mea-
sured by RPR. This observation is in agreement with previous reports for both the rabbit
model and patients diagnosed with syphilis, where treponemal antibodies have been shown to
develop prior to nontreponemal antibodies [10-12, 66-68], albeit treponemal antibody detec-
tion in patients does not always distinguish among recent, past, and previously treated infec-
tion. The relatively rapid development of orchitis and/or seroreactivity in the second passage
rabbits for CDC-SF003 and CDC-SF007 compared to the first is consistent with serial passage
described in previous studies and is attributed in part to a more concentrated starting inocu-
lum, and genetic diversification and adaptation of T. pallidum in the rabbit model [9, 27, 28].

The three strains CDC-SF003, CDC-SF007 and CDC-SF008 had different strain types
(14491, 14d9g, and 14d10c) in this study suggesting that successful propagation of isolates
from previously frozen specimens is unlikely to be associated with strain type; however, the
sample size was small. The 14d9f and 14d9g types were reported previously in San Francisco
and Vancouver, while 14d9f and 14d10c were found in Cape Town [56].

Six out of the eight cryopreserved specimens in this study failed to grow in vivo, with two
specimens in particular (CDC-SF011, CDC-SF008) demonstrating discrepant results by serol-
ogy, PCR and DF microscopy. The reason(s) for these observations is unclear and immune
clearance of the treponemes in the interim between blood tests, or prior to euthanasia, cannot
be ruled out. Although serology, PCR and orchitis monitoring was performed for all rabbits, it
became evident that variability among individual animals and/or strains still posed a challenge
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for deciphering the ideal time to euthanize as not all laboratory tests and disease manifestation
(orchitis) aligned. In addition, while every effort was made to maintain consistency in proce-
dures related to specimen collection at the clinical site, there are still a number of variables to
take into account. Each specimen was evaluated by DF microscopy and qPCR following rabbit
inoculations at the CDC. Although the fresh lesion exudate specimens from each of the
patients were confirmed to be DF positive at the clinical site, this could not be later verified for
the corresponding thawed specimens at the CDC due to the presence of extraneous material
from swabs used for exudate collection and cryopreservation, and the dilution of treponemes
after addition of storage medium. To circumvent this issue, qPCR analysis was also performed
and while a quantitative measure of T. pallidum in residual inoculum was obtained, viability
cannot be determined by this method. Given that an appreciable loss in viability occurs during
any freeze-thaw cycle(s), it is unknown whether this impacted growth in vivo. Ideally, simulta-
neous comparison of propagating a fresh sample and a thawed, previously frozen sample for a
given patient specimen would help address the effect(s) of freeze-thaw on viability of lesion
exudate specimens though this would again require proximity between the clinical site and
animal facility. Residual inocula containing CDC-SF003 and CDC-SF007 that were success-
fully propagated each showed a treponemal concentration that is in the median range among
the eight specimens that were tested by qPCR. Thus, there does not appear to be any correla-
tion between the concentration of T. pallidum in the clinical specimen and likelihood of prop-
agation in rabbits. The seroreactive status of the patients from whom the specimens were
collected was also considered as a potential factor affecting propagation in rabbits. Patients
from whom CDC-SF003 and CDC-SF007 were collected showed VDRL antibody titers of 1:4
and 1:8, respectively, which are similar if not lower than the titers for the other patients whose
specimens did not propagate successfully in the rabbits. Additionally, the reported antibody
titers for some of the patients were derived from either VDRL or RPR testing and being differ-
ent assays, these results are not interchangeable. Thus, it is not possible to discern a trend
based on patient serostatus alone. However, as more specimens are tested for rabbit propaga-
tion, a larger sample size may shed light on specimen characteristics, if any, that favor or lower
the probability of in vivo growth, and these studies are ongoing.

Another experimental variable to consider in this study is the route of inoculation. Since IT
inoculation did not yield treponemes in testes extracts for the CDC-SF011 and CDC-SF002
strains in initial experiments, inoculations for the remaining clinical specimens were divided
between the IT and IV route for each rabbit, to facilitate systemic infection and formation of
disseminated skin lesions that could potentially be used as an alternative source of treponemes
for subsequent passage, in the event that growth in the testis was not sufficient or successful.
However, no lesions developed over the three month monitoring period in any of the rabbits
that were inoculated IV and IT. A caveat is that the dual inoculation route approach used in
this study essentially halved the dose for each site, potentially reducing the chances of lesion
development and/or sustained treponemal growth in the testes. However, this method proved
successful for IT growth of CDC-SF003 and CDC-SF007 that had inoculum genomic equiva-
lents on the order of 10*/ml in the original specimens, which is less than or equivalent to that
of the other specimens that did not grow in the testes but were also subjected to the same inoc-
ulation method. These results further highlight the complexity of the variables involved, partic-
ularly that in vivo propagation of clinical isolates may not depend on treponemal count alone.
Other factors that are independent of inoculum concentration and route, and instead intrinsic
to the strain’s adaptability and/or viability cannot be ruled out. Of note, the right testis of both
the first and second passage CDC-SF003 rabbits showed low but detectable levels of T. palli-
dum by qPCR even though it was not the site in which inoculum was injected, which is an
observation that has been previously reported [69]. However, T. pallidum was not observed in

PLOS ONE | https://doi.org/10.1371/journal.pone.0227769 January 13, 2020 10/15


https://doi.org/10.1371/journal.pone.0227769

@ PLOS | O N E Treponema pallidum clinical isolate propagation in rabbits

the right testis or whole blood of the second passage rabbit inoculated with CDC-SF007 and
may be due to the overall lower number of spirochetes compared to the second passage of
CDC-SF003.

In summary, the method described herein shows that propagation of T. pallidum from
patients’ cryopreserved lesion exudate specimens is reproducible and feasible, broadening the
scope of specimen types that can be used in the rabbit model. Performing serology and PCR
techniques in parallel with orchitis monitoring can also guide propagation timelines for
uncharacterized clinical strains in rabbits. High yields of viable T. pallidum CDC-SF003 and
CDC-SF007 on the order of 10°~10° treponemes/ml were obtained from up to two passages,
producing sufficient stock for cryopreservation and facilitating future studies. While further
method optimization is necessary and ongoing, our findings provide an additional path for
isolation and sustained growth of clinical T. pallidum strains, which could also be potentially
applied to yaws and bejel isolates. This approach could facilitate complementary whole
genome sequencing and pathology studies to decipher strain-specific phenotypes, potentially
helping identify patients at risk for syphilis complications such as neurosyphilis and ocular
syphilis. Additional research such as diagnostic assay development and vaccine studies based
on antigen expression from current strains, which require an appreciable amount of trepone-
mal material, may also benefit from our findings.

Acknowledgments

We would like to thank the CDC CMB veterinary and technical staff, Dr. Hsi Liu at the CDC
Division of STD Prevention, Charles River Laboratories veterinary technicians, the San Fran-
cisco City Clinic Team, and Barbara Molini and Dr. Sheila Lukehart at the University of Wash-
ington for helpful consults and/or assistance regarding specimens and animal procedures.

Disclaimer

The findings and conclusions in this report are those of the authors and no not necessarily rep-
resent the official position of the Centers for Disease Control and Prevention.

Author Contributions
Conceptualization: Lara E. Pereira, Ellen Kersh, Allan Pillay.

Data curation: Lara E. Pereira, Samantha S. Katz, Yongcheng Sun, Charles M. Thurlow, Kai-
Hua Chi, Damien Danavall, Nicholas Cook, Tamanna Ahmed, Allan Pillay.

Formal analysis: Lara E. Pereira, Samantha S. Katz, Charles M. Thurlow, Allan Pillay.
Funding acquisition: Allan Pillay.
Investigation: Lara E. Pereira, Samantha S. Katz, Charles M. Thurlow, Allan Pillay.

Methodology: Lara E. Pereira, Samantha S. Katz, Yongcheng Sun, Patrick Mills, Willie Taylor,
Charles M. Thurlow, Kai-Hua Chi, Susan Philip, Yetunde Fakile, Cheng Y. Chen, Allan
Pillay.

Project administration: Lara E. Pereira.

Resources: Patrick Mills, Patricia Atkins, Susan Philip, Stephanie Cohen, Kimberly A.
Workowski.

Supervision: Lara E. Pereira, Ellen Kersh, Yetunde Fakile.

Validation: Lara E. Pereira, Samantha S. Katz, Charles M. Thurlow, Alyssa Debra.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227769 January 13, 2020 11/15


https://doi.org/10.1371/journal.pone.0227769

@ PLOS|ONE

Treponema pallidum clinical isolate propagation in rabbits

Writing - original draft: Lara E. Pereira, Samantha S. Katz, Allan Pillay.

Writing - review & editing: Lara E. Pereira, Samantha S. Katz, Patrick Mills, Willie Taylor,

Charles M. Thurlow, Susan Philip, Kimberly A. Workowski, Ellen Kersh, Yetunde Fakile,
Cheng Y. Chen, Allan Pillay.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Cox DL. Culture of Treponema pallidum. Methods Enzymol. 1994; 236:390-405. Epub 1994/01/01.
https://doi.org/10.1016/0076-6879(94)36029-4 PMID: 7968624.

Fieldsteel AH, Cox DL, Moeckli RA. Cultivation of virulent Treponema pallidum in tissue culture. Infect
Immun. 1981; 32(2):908-15. Epub 1981/05/01. PMID: 7019081; PubMed Central PMCID:
PMC351528.

Kast CC, Kolmer JA. Concerning the cultivation of Spirochaeta pallida. Am J Syph. 1929; 13:419.

Noguchi H. Certain alterations in biological properties of spirochaetes through artificial cultivation. Ann
Inst Pasteur. 1916; 30:1-4.

Norris SJ, Cox DL, Weinstock GM. Biology of Treponema pallidum: correlation of functional activities
with genome sequence data. J Mol Microbiol Biotechnol. 2001; 3(1):37-62. Epub 2001/02/24. PMID:
11200228.

Norris SJ, Edmondson DG. Factors affecting the multiplication and subculture of Treponema pallidum
subsp. pallidum in a tissue culture system. Infect Immun. 1987; 53:534-9.

Schereschewsky J. Ziichtung der Spirochaete pallida (Schaudinn) Dtsch Med Wochenschr. 1909;
35:835.

Edmondson DG, Hu B, Norris SJ. Long-Term In Vitro Culture of the Syphilis Spirochete Treponema pal-
lidum subsp. pallidum. MBio. 2018; 9(3). Epub 2018/06/28. https://doi.org/10.1128/mBio.01153-18
PMID: 29946052; PubMed Central PMCID: PMC6020297.

Lukehart SA, Marra CM. Isolation and laboratory maintenance of Treponema pallidum. Curr Protoc
Microbiol. 2007;Chapter 12:Unit 12A 1. Epub 2008/09/05. https://doi.org/10.1002/9780471729259.
mc12a01s7 PMID: 18770607.

Henao-Martinez AF, Johnson SC. Diagnostic tests for syphilis: New tests and new algorithms. Neurol
Clin Pract. 2014; 4(2):114—22. Epub 2014/04/01. hitps://doi.org/10.1212/01.CPJ.0000435752.17621.
48 PMID: 27606153; PubMed Central PMCID: PMC4999316.

Ratnam S. The laboratory diagnosis of syphilis. Can J Infect Dis Med Microbiol. 2005; 16(1):45-51.
Epub 2007/12/27. https://doi.org/10.1155/2005/597580 PMID: 18159528; PubMed Central PMCID:
PMC2095002.

Rice M, Fitzgerald TJ. Detection and functional characterization of early appearing antibodies in rabbits
with experimental syphilis. Can J Microbiol. 1984; 31:62-7.

Centers for Disease Control and Prevention. 2016 Sexually transmitted diseases surveillance: Syphilis
US Department of Health and Human Services, CDC. 2016;https://www.cdc.gov/std/stats16/syphilis.
htm.

CDC Call to Action. Let’s work together to stem the tide of rising syphilis in the United States. https://
wwwecdcgov/std/syphilis/syphiliscalltoactionapril2017pdf. 2017.

Centers for Disease Control and Prevention. Clinical advisory: Ocular syphilis in the United States.
https://wwwcdcgov/std/syphilis/clinicaladvisoryos2015htm. 2016.

Baker-Zander SA, Lukehart SA. Efficacy of cefmetazole in the treatment of active syphilis in the rabbit
model. Antimicrob Agents Chemother. 1989; 33(9):1465-9. Epub 1989/09/01. https://doi.org/10.1128/
aac.33.9.1465 PMID: 2684008; PubMed Central PMCID: PMC172684.

Lukehart SA, Baker-Zander SA. Roxithromycin (RU 965): effective therapy for experimental syphilis
infection in rabbits. Antimicrob Agents Chemother. 1987; 31(2):187-90. Epub 1987/02/01. https://doi.
org/10.1128/aac.31.2.187 PMID: 3551828; PubMed Central PMCID: PMC174689.

Lukehart SA, Baker-Zander SA, Holmes KK. Efficacy of aztreonam in treatment of experimental syphilis
in rabbits. Antimicrob Agents Chemother. 1984; 25(3):390—1. Epub 1984/03/01. https://doi.org/10.
1128/aac.25.3.390 PMID: 6372685; PubMed Central PMCID: PMC185528.

Lukehart SA, Fohn MJ, Baker-Zander SA. Efficacy of azithromycin for therapy of active syphilis in the
rabbit model. J Antimicrob Chemother. 1990; 25 Suppl A:91-9. Epub 1990/01/01. https://doi.org/10.
1093/jac/25.suppl_a.91 PMID: 2154443.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227769 January 13, 2020 12/15


https://doi.org/10.1016/0076-6879(94)36029-4
http://www.ncbi.nlm.nih.gov/pubmed/7968624
http://www.ncbi.nlm.nih.gov/pubmed/7019081
http://www.ncbi.nlm.nih.gov/pubmed/11200228
https://doi.org/10.1128/mBio.01153-18
http://www.ncbi.nlm.nih.gov/pubmed/29946052
https://doi.org/10.1002/9780471729259.mc12a01s7
https://doi.org/10.1002/9780471729259.mc12a01s7
http://www.ncbi.nlm.nih.gov/pubmed/18770607
https://doi.org/10.1212/01.CPJ.0000435752.17621.48
https://doi.org/10.1212/01.CPJ.0000435752.17621.48
http://www.ncbi.nlm.nih.gov/pubmed/27606153
https://doi.org/10.1155/2005/597580
http://www.ncbi.nlm.nih.gov/pubmed/18159528
https://www.cdc.gov/std/stats16/syphilis.htm
https://www.cdc.gov/std/stats16/syphilis.htm
https://wwwcdcgov/std/syphilis/syphiliscalltoactionapril2017pdf
https://wwwcdcgov/std/syphilis/syphiliscalltoactionapril2017pdf
https://wwwcdcgov/std/syphilis/clinicaladvisoryos2015htm
https://doi.org/10.1128/aac.33.9.1465
https://doi.org/10.1128/aac.33.9.1465
http://www.ncbi.nlm.nih.gov/pubmed/2684008
https://doi.org/10.1128/aac.31.2.187
https://doi.org/10.1128/aac.31.2.187
http://www.ncbi.nlm.nih.gov/pubmed/3551828
https://doi.org/10.1128/aac.25.3.390
https://doi.org/10.1128/aac.25.3.390
http://www.ncbi.nlm.nih.gov/pubmed/6372685
https://doi.org/10.1093/jac/25.suppl_a.91
https://doi.org/10.1093/jac/25.suppl_a.91
http://www.ncbi.nlm.nih.gov/pubmed/2154443
https://doi.org/10.1371/journal.pone.0227769

@ PLOS|ONE

Treponema pallidum clinical isolate propagation in rabbits

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Marra C, Baker-Zander SA, Hook EW, 3rd, Lukehart SA. An experimental model of early central ner-
vous system syphilis. J Infect Dis. 1991; 163(4):825-9. Epub 1991/04/01. https://doi.org/10.1093/infdis/
163.4.825 PMID: 2010635.

Molini BJ, Tantalo LC, Sahi SK, Rodriguez VI, Brandt SL, Fernandez MC, et al. Macrolide Resistance in
Treponema pallidum Correlates With 23S rDNA Mutations in Recently Isolated Clinical Strains. Sex
Transm Dis. 2016; 43(9):579-83. Epub 2016/08/12. https://doi.org/10.1097/0OLQ.0000000000000486
PMID: 27513385; PubMed Central PMCID: PMC4982755.

Smith JL, Singer JA, Reynolds DH, Moore MB Jr., Yobs AR, Clark JW Jr. Experimental Ocular Syphilis
and Neurosyphilis. Br J Vener Dis. 1965; 41:15-23. Epub 1965/03/01. https://doi.org/10.1136/sti.41.1.
15 PMID: 14275954; PubMed Central PMCID: PMC1047693.

Tantalo LC, Lukehart SA, Marra CM. Treponema pallidum strain-specific differences in neuroinvasion
and clinical phenotype in a rabbit model. J Infect Dis. 2005; 191(1):75-80. Epub 2004/12/14. https://doi.
org/10.1086/426510 PMID: 15593006.

Cameron CE. Syphilis Vaccine Development: Requirements, Challenges, and Opportunities. Sex
Transm Dis. 2018; 45(9S Suppl 1):S17-S9. Epub 2018/03/13. https://doi.org/10.1097/OLQ.
0000000000000831 PMID: 29528992; PubMed Central PMCID: PMC6089657.

Kumar S, Caimano MJ, Anand A, Dey A, Hawley KL, LeDoyt ME, et al. Sequence Variation of Rare
Outer Membrane Protein beta-Barrel Domains in Clinical Strains Provides Insights into the Evolution of
Treponema pallidum subsp. pallidum, the Syphilis Spirochete. MBio. 2018; 9(3). Epub 2018/06/14.
https://doi.org/10.1128/mBio.01006-18 PMID: 29895642; PubMed Central PMCID: PMC6016234.

Lithgow KV, Hof R, Wetherell C, Phillips D, Houston S, Cameron CE. A defined syphilis vaccine candi-
date inhibits dissemination of Treponema pallidum subspecies pallidum. Nat Commun. 2017; 8:14273.
Epub 2017/02/02. https://doi.org/10.1038/ncomms14273 PMID: 28145405; PubMed Central PMCID:
PMC5296639.

LaFond RE, Centurion-Lara A, Godornes C, Rompalo AM, Van Voorhis WC, Lukehart SA. Sequence
diversity of Treponema pallidum subsp. pallidum tprK in human syphilis lesions and rabbit-propagated
isolates. J Bacteriol. 2003; 185(21):6262—8. Epub 2003/10/18. https://doi.org/10.1128/JB.185.21.6262-
6268.2003 PMID: 14563860; PubMed Central PMCID: PMC219401.

LaFond RE, Centurion-Lara A, Godornes C, Van Voorhis WC, Lukehart SA. TprK sequence diversity
accumulates during infection of rabbits with Treponema pallidum subsp. pallidum Nichols strain. Infect
Immun. 2006; 74(3):1896—-906. Epub 2006/02/24. https://doi.org/10.1128/IA1.74.3.1896-1906.2006
PMID: 16495565; PubMed Central PMCID: PMC1418662.

Morgan CA, Lukehart SA, Van Voorhis WC. Protection against syphilis correlates with specificity of anti-
bodies to the variable regions of Treponema pallidum repeat protein K. Infect Immun. 2003; 71
(10):5605—12. Epub 2003/09/23. https://doi.org/10.1128/IA1.71.10.5605-5612.2003 PMID: 14500480;
PubMed Central PMCID: PMC201104.

Reid TB, Molini BJ, Fernandez MC, Lukehart SA. Antigenic variation of TprK facilitates development of
secondary syphilis. Infect Immun. 2014; 82(12):4959-67. Epub 2014/09/17. https://doi.org/10.1128/IAl.
02236-14 PMID: 25225245; PubMed Central PMCID: PMC4249288.

Beale MA, MArks M, Sahi SK, Tantalo LC, Nori AV, French P, et al. Genomic epidemiology of syphilis
reveals independent emergence of macrolide resistance across multiple circulating lineages. BioRxiv.
2018;https://doi.org/10.1101/413161

Grimes M, Sahi SK, Godornes BC, Tantalo LC, Roberts N, Bostick D, et al. Two mutations associated
with macrolide resistance in Treponema pallidum: increasing prevalence and correlation with molecular
strain type in Seattle, Washington. Sex Transm Dis. 2012; 39(12):954-8. https://doi.org/10.1097/OLQ.
0b013e31826ae7a8 PMID: 23191949; PubMed Central PMCID: PMC3668457.

Rolfs RT, Joesoef MR, Hendershot EF, Rompalo AM, Augenbraun MH, Chiu M, et al. A randomized
trial of enhanced therapy for early syphilis in patients with and without human immunodeficiency virus
infection. The Syphilis and HIV Study Group. N Engl J Med. 1997; 337(5):307—14. Epub 1997/07/31.
https://doi.org/10.1056/NEJM199707313370504 PMID: 9235493.

Sena A, Pillay A, Cox DL, Radolf JD. Treponema and Brachyspira, human host-associated spirochetes.
In:J.H.J,M.A.P,K.C.C,G.F,M.L.L, S.S. R, et al., editors. Manual of clinical microbiology. 1. 11th ed
ed. Washington, D.C.: ASM Press; 2015.

Pillay A, Chi CH, Kwakye C, Danavall D, Taleo F, Katz S, et al. New diagnostics for syphilis and yaws
and detection of haemophilus ducreyiin cutaneous lesions in children BMJ Sexual Trans Infect. 2015;
19:504.2.

Pillay A, Liu H, Chen CY, Holloway B, Sturm AW, Steiner B, et al. Molecular subtyping of Treponema
pallidum subspecies pallidum. Sex Transm Dis. 1998; 25(8):408—14. Epub 1998/10/17. https://doi.org/
10.1097/00007435-199809000-00004 PMID: 9773432.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227769 January 13, 2020 13/15


https://doi.org/10.1093/infdis/163.4.825
https://doi.org/10.1093/infdis/163.4.825
http://www.ncbi.nlm.nih.gov/pubmed/2010635
https://doi.org/10.1097/OLQ.0000000000000486
http://www.ncbi.nlm.nih.gov/pubmed/27513385
https://doi.org/10.1136/sti.41.1.15
https://doi.org/10.1136/sti.41.1.15
http://www.ncbi.nlm.nih.gov/pubmed/14275954
https://doi.org/10.1086/426510
https://doi.org/10.1086/426510
http://www.ncbi.nlm.nih.gov/pubmed/15593006
https://doi.org/10.1097/OLQ.0000000000000831
https://doi.org/10.1097/OLQ.0000000000000831
http://www.ncbi.nlm.nih.gov/pubmed/29528992
https://doi.org/10.1128/mBio.01006-18
http://www.ncbi.nlm.nih.gov/pubmed/29895642
https://doi.org/10.1038/ncomms14273
http://www.ncbi.nlm.nih.gov/pubmed/28145405
https://doi.org/10.1128/JB.185.21.6262-6268.2003
https://doi.org/10.1128/JB.185.21.6262-6268.2003
http://www.ncbi.nlm.nih.gov/pubmed/14563860
https://doi.org/10.1128/IAI.74.3.1896-1906.2006
http://www.ncbi.nlm.nih.gov/pubmed/16495565
https://doi.org/10.1128/IAI.71.10.5605-5612.2003
http://www.ncbi.nlm.nih.gov/pubmed/14500480
https://doi.org/10.1128/IAI.02236-14
https://doi.org/10.1128/IAI.02236-14
http://www.ncbi.nlm.nih.gov/pubmed/25225245
https://doi.org/10.1101/413161
https://doi.org/10.1097/OLQ.0b013e31826ae7a8
https://doi.org/10.1097/OLQ.0b013e31826ae7a8
http://www.ncbi.nlm.nih.gov/pubmed/23191949
https://doi.org/10.1056/NEJM199707313370504
http://www.ncbi.nlm.nih.gov/pubmed/9235493
https://doi.org/10.1097/00007435-199809000-00004
https://doi.org/10.1097/00007435-199809000-00004
http://www.ncbi.nlm.nih.gov/pubmed/9773432
https://doi.org/10.1371/journal.pone.0227769

@ PLOS|ONE

Treponema pallidum clinical isolate propagation in rabbits

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Smajs D, Norris SJ, Weinstock GM. Genetic diversity in Treponema pallidum: implications for patho-
genesis, evolution and molecular diagnostics of syphilis and yaws. Infect Genet Evol. 2012; 12(2):191—
202. Epub 2011/12/27. https://doi.org/10.1016/j.meegid.2011.12.001 PMID: 22198325; PubMed Cen-
tral PMCID: PMC3786143.

Cejkova D, Zobanikova M, Chen L, Pospisilova P, Strouhal M, Qin X, et al. Whole genome sequences
of three Treponema pallidum ssp. pertenue strains: yaws and syphilis treponemes differ in less than
0.2% of the genome sequence. PLoS Negl Trop Dis. 2012; 6(1):e1471. Epub 2012/02/01. https://doi.
org/10.1371/journal.pntd.0001471 PMID: 22292095; PubMed Central PMCID: PMC3265458.

Fraser CM, Norris SJ, Weinstock GM, White O, Sutton GG, Dodson R, et al. Complete genome
sequence of Treponema pallidum, the syphilis spirochete. Science. 1998; 281(5375):375-88. Epub
1998/07/17. https://doi.org/10.1126/science.281.5375.375 PMID: 9665876.

Giacani L, Jeffrey BM, Molini BJ, Le HT, Lukehart SA, Centurion-Lara A, et al. Complete genome
sequence and annotation of the Treponema pallidum subsp. pallidum Chicago strain. J Bacteriol. 2010;
192(10):2645-6. Epub 2010/03/30. https://doi.org/10.1128/JB.00159-10 PMID: 20348263; PubMed
Central PMCID: PMC2863575.

Matejkova P, Strouhal M, Smajs D, Norris SJ, Palzkill T, Petrosino JF, et al. Complete genome
sequence of Treponema pallidum ssp. pallidum strain SS14 determined with oligonucleotide arrays.
BMC Microbiol. 2008; 8:76. Epub 2008/05/17. https://doi.org/10.1186/1471-2180-8-76 PMID:
18482458; PubMed Central PMCID: PMC2408589.

Petrosova H, Zobanikova M, Cejkova D, Mikalova L, Pospisilova P, Strouhal M, et al. Whole genome
sequence of Treponema pallidum ssp. pallidum, strain Mexico A, suggests recombination between
yaws and syphilis strains. PLoS Negl Trop Dis. 2012; 6(9):e1832. Epub 2012/10/03. https://doi.org/10.
1371/journal.pntd.0001832 PMID: 23029591; PubMed Central PMCID: PMC3447947.

Pinto M, Borges V, Antelo M, Pinheiro M, Nunes A, Azevedo J, et al. Genome-scale analysis of the non-
cultivable Treponema pallidum reveals extensive within-patient genetic variation. Nat Microbiol. 2016;
2:16190. Epub 2016/10/18. https://doi.org/10.1038/nmicrobiol.2016.190 PMID: 27748767.

Strouhal M, Smajs D, Matejkova P, Sodergren E, Amin AG, Howell JK, et al. Genome differences
between Treponema pallidum subsp. pallidum strain Nichols and T. paraluiscuniculi strain Cuniculi A.
Infect Immun. 2007; 75(12):5859-66. Epub 2007/09/26. https://doi.org/10.1128/IA1.00709-07 PMID:
17893135; PubMed Central PMCID: PMC2168363.

Tong ML, Zhao Q, Liu LL, Zhu XZ, Gao K, Zhang HL, et al. Whole genome sequence of the Treponema
pallidum subsp. pallidum strain Amoy: An Asian isolate highly similar to SS14. PLoS One. 2017; 12(8):
e0182768. Epub 2017/08/09. https://doi.org/10.1371/journal.pone.0182768 PMID: 28787460; PubMed
Central PMCID: PMC5546693.

Zobanikova M, Mikolka P, Cejkova D, Pospisilova P, Chen L, Strouhal M, et al. Complete genome
sequence of Treponema pallidum strain DAL-1. Stand Genomic Sci. 2012; 7(1):12-21. Epub 2013/03/
02. https://doi.org/10.4056/sigs.2615838 PMID: 23449808; PubMed Central PMCID: PMC3570794.

Arora N, Schuenemann VJ, Jager G, Peltzer A, Seitz A, Herbig A, et al. Origin of modern syphilis and
emergence of a pandemic Treponema pallidum cluster. Nat Microbiol. 2016; 2:16245. Epub 2016/12/
06. https://doi.org/10.1038/nmicrobiol.2016.245 PMID: 27918528.

Grillova L, Giacani L, Mikalova L, Strouhal M, Strnadel R, Marra C, et al. Sequencing of Treponema pal-
lidum subsp. pallidum from isolate UZ1974 using Anti-Treponemal Antibodies Enrichment: First com-
plete whole genome sequence obtained directly from human clinical material. PLoS One. 2018; 13(8):
e€0202619. Epub 2018/08/22. hitps://doi.org/10.1371/journal.pone.0202619 PMID: 30130365; PubMed
Central PMCID: PMC6103504.

SunJ, Meng Z, WuK, Liu B, Zhang S, Liu Y, et al. Tracing the origin of Treponema pallidum in China
using next-generation sequencing. Oncotarget. 2016; 7(28):42904—18. Epub 2016/06/28. https://doi.
org/10.18632/oncotarget. 10154 PMID: 27344187; PubMed Central PMCID: PMC5189996.

Lukehart SA, Hook EW 3rd, Baker-Zander SA, Collier AC, Critchlow CW, Handsfield HH. Invasion of
the central nervous system by Treponema pallidum: implications for diagnosis and treatment. Ann
Intern Med. 1988; 109(11):855-62. https://doi.org/10.7326/0003-4819-109-11-855 PMID: 3056164.

National Research Council. Guide for the care and use of laboratory animals. National Academies
Press (US), Washington DC. 2011; 8th Edition. https://doi.org/10.1258/1a.2010.010031

American Veterinary Medical Association. AVMA guidelines for the euthanasia of animals: 2013 edition.
https://wwwavmaorg/KB/Policies/Documents/euthanasiapdf. 2013.

Pillay A, Liu H, Ebrahim S, Chen CY, Lai W, Fehler G, et al. Molecular typing of Treponema pallidum in
South Africa: cross-sectional studies. J Clin Microbiol. 2002; 40(1):256—8. Epub 2002/01/05. https://doi.
org/10.1128/JCM.40.1.256-258.2002 PMID: 11773125; PubMed Central PMCID: PMC120137.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227769 January 13, 2020 14/15


https://doi.org/10.1016/j.meegid.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22198325
https://doi.org/10.1371/journal.pntd.0001471
https://doi.org/10.1371/journal.pntd.0001471
http://www.ncbi.nlm.nih.gov/pubmed/22292095
https://doi.org/10.1126/science.281.5375.375
http://www.ncbi.nlm.nih.gov/pubmed/9665876
https://doi.org/10.1128/JB.00159-10
http://www.ncbi.nlm.nih.gov/pubmed/20348263
https://doi.org/10.1186/1471-2180-8-76
http://www.ncbi.nlm.nih.gov/pubmed/18482458
https://doi.org/10.1371/journal.pntd.0001832
https://doi.org/10.1371/journal.pntd.0001832
http://www.ncbi.nlm.nih.gov/pubmed/23029591
https://doi.org/10.1038/nmicrobiol.2016.190
http://www.ncbi.nlm.nih.gov/pubmed/27748767
https://doi.org/10.1128/IAI.00709-07
http://www.ncbi.nlm.nih.gov/pubmed/17893135
https://doi.org/10.1371/journal.pone.0182768
http://www.ncbi.nlm.nih.gov/pubmed/28787460
https://doi.org/10.4056/sigs.2615838
http://www.ncbi.nlm.nih.gov/pubmed/23449808
https://doi.org/10.1038/nmicrobiol.2016.245
http://www.ncbi.nlm.nih.gov/pubmed/27918528
https://doi.org/10.1371/journal.pone.0202619
http://www.ncbi.nlm.nih.gov/pubmed/30130365
https://doi.org/10.18632/oncotarget.10154
https://doi.org/10.18632/oncotarget.10154
http://www.ncbi.nlm.nih.gov/pubmed/27344187
https://doi.org/10.7326/0003-4819-109-11-855
http://www.ncbi.nlm.nih.gov/pubmed/3056164
https://doi.org/10.1258/la.2010.010031
https://wwwavmaorg/KB/Policies/Documents/euthanasiapdf
https://doi.org/10.1128/JCM.40.1.256-258.2002
https://doi.org/10.1128/JCM.40.1.256-258.2002
http://www.ncbi.nlm.nih.gov/pubmed/11773125
https://doi.org/10.1371/journal.pone.0227769

@ PLOS|ONE

Treponema pallidum clinical isolate propagation in rabbits

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Katz KA, Pillay A, Ahrens K, Kohn RP, Hermanstyne K, Bernstein KT, et al. Molecular epidemiology of
syphilis—San Francisco, 2004—-2007. Sex Transm Dis. 2010; 37(10):660-3. Epub 2010/07/06. https://
doi.org/10.1097/0LQ.0b013e3181e1a77a PMID: 20601928.

Chen CY, Chi KH, Pillay A, Nachamkin E, Su JR, Ballard RC. Detection of the A2058G and A2059G
23S rRNA gene point mutations associated with azithromycin resistance in Treponema pallidum by use
of a TagMan real-time multiplex PCR assay. J Clin Microbiol. 2013; 51(3):908—13. Epub 2013/01/04.
https://doi.org/10.1128/JCM.02770-12 PMID: 23284026; PubMed Central PMCID: PMC3592075.

Pillay A, Lee MK, Slezak T, Katz SS, Sun Y, Chi KH, et al. Increased Discrimination of Treponema palli-
dum Strains by Subtyping With a 4-Component System Incorporating a Mononucleotide Tandem
Repeat in rpsA. Sex Transm Dis. 2019; 46(4):e42—e5. Epub 2018/10/27. https://doi.org/10.1097/0OLQ.
0000000000000935 PMID: 30365462.

Collart P, Franceschini P, Durel P. Experimental rabbit syphilis. Br J Vener Dis. 1971; 47(6):389—400.
Epub 1971/12/01. https://doi.org/10.1136/sti.47.6.389 PMID: 5160160; PubMed Central PMCID:
PMC1048248.

Korting HC, Haag R, Walter D, Riethmuller U, Meurer M. Efficacy of ceftizoxime in the treatment of incu-
bating syphilis in rabbits. Chemotherapy. 1993; 39(5):331-5. Epub 1993/09/01. https://doi.org/10.1159/
000239145 PMID: 8370324.

Lukehart SA, Shaffer JM, Baker-Zander SA. A subpopulation of Treponema pallidum is resistant to
phagocytosis: possible mechanism of persistence. J Infect Dis. 1992; 166(6):1449-53. Epub 1992/12/
01. https://doi.org/10.1093/infdis/166.6.1449 PMID: 1431264.

Morgan CA, Molini BJ, Lukehart SA, Van Voorhis WC. Segregation of B and T cell epitopes of Trepo-
nema pallidum repeat protein K to variable and conserved regions during experimental syphilis infec-
tion. J Immunol. 2002; 169(2):952—7. Epub 2002/07/05. https://doi.org/10.4049/jimmunol.169.2.952
PMID: 12097401.

Salazar JC, Rathi A, Michael NL, Radolf JD, Jagodzinski LL. Assessment of the kinetics of Treponema
pallidum dissemination into blood and tissues in experimental syphilis by real-time quantitative PCR.
Infect Immun. 2007; 75(6):2954—-8. Epub 2007/04/18. https://doi.org/10.1128/IA1.00090-07 PMID:
17438037; PubMed Central PMCID: PMC1932886.

Sell S, Baker-Zander S, Powell HC. Experimental syphilitic orchitis in rabbits: ultrastructural appearance
of Treponema pallidum during phagocytosis and dissolution by macrophages in vivo. Lab Invest. 1982;
46(4):355-64. Epub 1982/04/01. PMID: 7040799.

Liu H, Rodes B, Chen CY, Steiner B. New tests for syphilis: rational design of a PCR method for detec-
tion of Treponema pallidum in clinical specimens using unique regions of the DNA polymerase | gene. J
Clin Microbiol. 2001; 39(5):1941-6. Epub 2001/04/28. https://doi.org/10.1128/JCM.39.5.1941-1946.
2001 PMID: 11326018; PubMed Central PMCID: PMC88053.

Lin LR, Zhu XZ, Liu D, Liu LL, Tong ML, Yang TC. Are non-treponemal tests suitable for monitoring
syphilis treatment Efficacy? Evidence from rabbit infection models. Clin Microbiol Infect. 2019. Epub
2019/06/19. https://doi.org/10.1016/j.cmi.2019.06.004 PMID: 31212076.

Tong ML, Zhang HL, Zhu XZ, Fan JY, Gao K, Lin LR, et al. Re-evaluating the sensitivity of the rabbit
infectivity test for Treponema pallidum in modern era. Clin Chim Acta. 2017; 464:136—41. Epub 2016/
11/24. https://doi.org/10.1016/j.cca.2016.11.031 PMID: 27876463.

Miller JN. The appearance and persistence of VDRL, RPCF, and TPI antibody during the course and
treatment of experimental syphilis in the rabbit. J Invest Dermatol. 1963; 42:367-71.

Mothershed SM, Yobs AR, Clark JW Jr., Comparison of the VDRL slide, TPI, and FTA-ABS tests in
experimental syphilis in rabbits. Br J Vener Dis. 1967; 43(4):267-71. Epub 1967/12/01. https://doi.org/
10.1136/sti.43.4.267 PMID: 4865687; PubMed Central PMCID: PMC1047899.

Gao K, Shen X, Lin'Y, Zhu XZ, Lin LR, Tong ML, et al. Origin of Nontreponemal Antibodies During Trep-
onema pallidum Infection: Evidence From a Rabbit Model. J Infect Dis. 2018; 218(5):835-43. Epub
2018/04/28. https://doi.org/10.1093/infdis/jiy241 PMID: 29701849.

Turner TB, Hollander DH. Biology of the treponematoses based on studies carried out at the Interna-
tional Treponematosis Laboratory Center of the Johns Hopkins University under the auspices of the
World Health Organization. Monogr Ser World Health Organ. 1957; 35:3—266.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227769 January 13, 2020 15/15


https://doi.org/10.1097/OLQ.0b013e3181e1a77a
https://doi.org/10.1097/OLQ.0b013e3181e1a77a
http://www.ncbi.nlm.nih.gov/pubmed/20601928
https://doi.org/10.1128/JCM.02770-12
http://www.ncbi.nlm.nih.gov/pubmed/23284026
https://doi.org/10.1097/OLQ.0000000000000935
https://doi.org/10.1097/OLQ.0000000000000935
http://www.ncbi.nlm.nih.gov/pubmed/30365462
https://doi.org/10.1136/sti.47.6.389
http://www.ncbi.nlm.nih.gov/pubmed/5160160
https://doi.org/10.1159/000239145
https://doi.org/10.1159/000239145
http://www.ncbi.nlm.nih.gov/pubmed/8370324
https://doi.org/10.1093/infdis/166.6.1449
http://www.ncbi.nlm.nih.gov/pubmed/1431264
https://doi.org/10.4049/jimmunol.169.2.952
http://www.ncbi.nlm.nih.gov/pubmed/12097401
https://doi.org/10.1128/IAI.00090-07
http://www.ncbi.nlm.nih.gov/pubmed/17438037
http://www.ncbi.nlm.nih.gov/pubmed/7040799
https://doi.org/10.1128/JCM.39.5.1941-1946.2001
https://doi.org/10.1128/JCM.39.5.1941-1946.2001
http://www.ncbi.nlm.nih.gov/pubmed/11326018
https://doi.org/10.1016/j.cmi.2019.06.004
http://www.ncbi.nlm.nih.gov/pubmed/31212076
https://doi.org/10.1016/j.cca.2016.11.031
http://www.ncbi.nlm.nih.gov/pubmed/27876463
https://doi.org/10.1136/sti.43.4.267
https://doi.org/10.1136/sti.43.4.267
http://www.ncbi.nlm.nih.gov/pubmed/4865687
https://doi.org/10.1093/infdis/jiy241
http://www.ncbi.nlm.nih.gov/pubmed/29701849
https://doi.org/10.1371/journal.pone.0227769

