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A B S T R A C T

The continued and increasing prevalence of syphilis worldwide highlights the need for an effective syphilis 
vaccine to complement public health measures. Previous work demonstrated that immunization of the rabbit 
animal model with vaccine candidates derived from the T. pallidum endothelial cell adhesin Tp0751 could reduce 
dissemination of T. pallidum to lymph nodes. In those studies, a proportion of animals exhibited complete in
hibition of treponemal dissemination and others exhibited partial or no inhibition of treponemal dissemination, 
consistent with results expected from an outbred animal model. In the current study we further characterized the 
Tp0751-specific antibody response in immunized animals that showed inhibition of T. pallidum dissemination. To 
do this, we generated Tp0751 tetramers to identify Tp0751-specific B cells before and after immunization. Using 
this approach, we found a robust expansion of Tp0751-specific B cells in the blood and spleens of immunized 
animals compared to unimmunized control animals. Ten antibodies from Tp0751-immunized rabbits were 
cloned and binding to specific structural regions of the Tp0751 protein was assessed using epitope mapping 
assays and structural modeling. Importantly, nine out of the ten antibodies cloned from Tp0751 tetramer-binding 
B cells were able to significantly inhibit T. pallidum attachment to human endothelial cells in vitro, including 
antibodies exhibiting weaker binding to Tp0751. Combined, our results provide a proof-of-principle that 
Tp0751-based subunit vaccines can stimulate strong B cell responses resulting in the production of antibodies 
able to inhibit T. pallidum attachment to endothelial cells.

1. Introduction

While vaccine development typically focuses upon pathogen or toxin 
neutralization, the inhibition of dissemination could serve as a com
plementary approach for diseases caused by invasive pathogens, 
including syphilis. Infectious syphilis is a complex chronic disease 
characterized by widespread dissemination of the bacterium Treponema 
pallidum during the symptomatic and asymptomatic stages. Stages of the 
disease include the primary stage which is typified by the infectious 

ulcerative chancre, followed by a secondary stage with disseminated 
rash, the asymptomatic latency stage, and in some individuals the late 
tertiary syphilis stage involving serious neurological and cardiovascular 
symptoms which can arise decades after initial infection [1,2].

Dissemination of T. pallidum occurs early during the primary stage, 
and the symptoms that arise in subsequent stages are believed to be due 
to the immune response raised to disseminated treponemes. In addition, 
oral and anal shedding of T. pallidum occurs at all stages of infection, 
which may indicate a key role for dissemination in syphilis transmission 

Abbreviations: APC, Allophycocyanin; APC755, Allophycocyanin-DyLight755; AUC, Area Under the Curve; BLI, BioLayer Interferometry; FMO, Fluorescence 
Minus One; Ig, Immunoglobulin; PE, R-Phycoerythryn; PE650, R-Phycoerythryn-DyLight650; PBMC, Peripheral Blood Mononuclear Cells; RIT, Rabbit Infectivity 
Test.

* Corresponding authors.
E-mail addresses: caroc@uvic.ca (C.E. Cameron), JustinTaylor@virginia.edu (J.J. Taylor). 

1 Contributed equally

Contents lists available at ScienceDirect

Vaccine

journal homepage: www.elsevier.com/locate/vaccine

https://doi.org/10.1016/j.vaccine.2025.126804
Received 24 October 2024; Received in revised form 19 December 2024; Accepted 23 January 2025  

Vaccine 50 (2025) 126804 

Available online 4 February 2025 
0264-410X/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:caroc@uvic.ca
mailto:JustinTaylor@virginia.edu
www.sciencedirect.com/science/journal/0264410X
https://www.elsevier.com/locate/vaccine
https://doi.org/10.1016/j.vaccine.2025.126804
https://doi.org/10.1016/j.vaccine.2025.126804
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2025.126804&domain=pdf
http://creativecommons.org/licenses/by/4.0/


[3–5]. Further, neurosyphilis and congenital syphilis occur due to 
treponemal dissemination across the blood-brain and placental barriers, 
respectively.

The T. pallidum vascular adhesin Tp0751 is a leading target for a 
dissemination-inhibiting vaccine since this protein plays a role in trep
onemal dissemination by mediating bacterial attachment to the vascu
lature [6–9]. Previously, we found that immunization of rabbits with 
Tp0751-based vaccines provided a spectrum of protection against 
dissemination, with some immunized rabbits exhibiting no treponemal 
dissemination to lymph nodes while others exhibited reduced 
T. pallidum dissemination to lymph nodes [6,10]. While these results are 
promising, further refinements are required to develop a vaccine 
candidate that can consistently inhibit T. pallidum dissemination in pre- 
clinical protection trials. Here, we begin to probe the mechanism of 
T. pallidum dissemination inhibition through the identification and 
characterization of antibodies induced by immunization of rabbits with 
a Tp0751-based vaccine formulation.

2. Material and methods

2.1. Animals and single cell suspensions

Six- to 14-week-old C57BL/6 male and female mice were purchased 
from the Jackson Laboratory and maintained in a specific pathogen-free 
facility in accordance with Fred Hutchinson Cancer Center Institutional 
Animal Care and Use Committee approval and National Institutes of 
Health guidelines. The spleen and inguinal, axillary, brachial, cervical, 
mesenteric, and periaortic lymph nodes from individual mice were 
pooled, shredded using forceps, and forced through 100-μm mesh twice 
to generate filtered single cell suspensions. Cell suspensions were then 
centrifugated at 300 xg for five minutes at 4 ◦C and supernatant dis
carded prior to tetramer enrichment experiments.

Outbred male New Zealand White rabbits (3.0–3.5 kg, Charles River 
Laboratories, Ontario, Canada for UVic studies) with nonreactive VDRL 
and FTA-ABS Treponema paraluiscuniculi serologies were used for 
T. pallidum propagation and for immunization studies. The T. pallidum 
Nichols strain was propagated by serial rabbit passage as previously 
described [11]. All rabbits were housed at 18–20 ◦C and fed antibiotic- 
free food and water. Studies approved by the local institutional review 
boards at University of Victoria under biosafety certificate 13170–010 
and were conducted in strict accordance with standard accepted prin
ciples as set forth by the Canadian Council on Animal Care (CCAC), 
National Institutes of Health, and the United States Department of 
Agriculture in facilities accredited by the American Association for the 
Accreditation of Laboratory Animal Care and the CCAC. Frozen rabbit 
PBMC and splenocytes were shipped from the University of Victoria on 
dry ice and stored in the liquid nitrogen until use. Samples were thawed 
at 37 ◦C and transferred into fresh warm RPMI containing 20 % fetal 
bovine serum. Cell suspensions were centrifugated at 300 x g for five 
minutes at 4 ◦C and supernatant discarded prior to tetramer enrichment 
experiments.

2.2. Recombinant antigens

Recombinant Tp0897 (TprK) fragment 1 (amino acids 37–273) [12] 
and Tpr Subfamily I Tp0117 (TprC) Nichols template (amino acids 
23–351) [13], were produced and purified as previously described [14]. 
Soluble Tp075124–237, Tp075199–237, Tp0751115–237 were expressed and 
purified as previously described using affinity chromatography and size 
exclusion chromatography [15].

2.3. Immunization and infectious challenge

Mice were injected subcutaneously in the base of the tail with 5 μg of 
Tp075124–237 in natural RIBI adjuvant produced by PAI Life Sciences 
seven days prior to analysis.

As described previously [10], rabbits were first injected with 125 μg 
of Tp075124–237, 20 μg of TprK and 20 μg of TprC in natural RIBI adju
vant. Animals subsequently received four booster immunizations every 
three weeks and a fifth booster twenty-six weeks after the fourth booster 
containing 125 μg of soluble Tp075124–237, 10 μg of TprK, and 10 μg of 
TprC in natural RIBI adjuvant. One week after the final immunization, 
PBMC were isolated from each rabbit and cryopreserved. Three weeks 
following the final injection, immunized and uninjected control rabbits 
were challenged intradermally at ten sites on their shaved backs with 
105 T. pallidum Nichols strain per site, and monitored for lesion devel
opment and dissemination. Spleens were harvested 40 days after 
infection, mechanically dissociated into single cell suspensions and 30 
million cells were pelleted by centrifugation at 1000 rpm for 10 min at 
5 ◦C and washed three times with ice cold hanks balanced salt solution 
without magnesium and calcium (HBSS) with the supernatant discarded 
after each wash step. After the final wash, freezing media (90 % FBS and 
10 % DMSO) was added to the cells and cells were transferred to cryo
vials and placed into a freezing chamber at − 80 ◦C prior to storage in 
liquid nitrogen.

2.4. Rabbit PBMC isolation

Whole blood was collected in tubes containing the anticoagulant 
Acid Citrate Dextrose (ThermoFisher Scientific). Four mL of blood was 
diluted in equal volume of 1× DPBS and then carefully layered over 6 
mL of Lympholyte-Mammal cell separation media (Cedarlane, Ontario, 
Canada) in a 15 mL centrifuge tube. The layered mixture was centri
fuged at 1500 xg for 30 min at 5 ◦C. The cells from the interface were 
carefully removed using a Pasteur pipette and diluted with 3 volumes of 
PBMC wash buffer (25 mM HEPES and 1 % FBS in HBSS).

PBMC were pelleted by centrifugation at 800 xg for 10 min at 5 ◦C 
and washed three times in ice cold HBSS with the supernatant was 
discarded after each wash step. After the final wash freezing media 
containing 90 % FBS and 10 % DMSO was added to the gently resus
pended pellet and PBMC were transferred to cryovials and placed into a 
freezing chamber at − 80 ◦C prior to storage in liquid nitrogen.

2.5. Tp075124–237 tetramer production

Antigen biotinylation and tetramer production was conducted as 
described previously with minor modifications [16–22]. Briefly, 
Tp075124–237 was biotinylated using EZ-link Sulfo-NHS-LC-Bio
tinylation kit (ThermoFisher Scientific) using a 1 to 1.3 molar ratio of 
biotin to Tp075124–237 and unconjugated biotin was removed by 
centrifugation using a 3 kDa Amicon Ultra size exclusion column (Mil
liporeSigma). To determine the average number of biotin molecules 
bound to each molecule of Tp075124–237, streptavidin-PE (Agilent) was 
titrated into a fixed amount of biotinylated Tp075124–237 at increasing 
concentrations and incubated at room temperature for 30 min. Samples 
were run on an SDS-PAGE gel (ThermoFisher Scientific), transferred to 
nitrocellulose, and incubated with streptavidin-Alexa Fluor 680 (Ther
moFisher Scientific) at a dilution of 1:10,000 to determine the point at 
which there was excess biotinylated protein available for streptavi
din–Alexa Fluor 680 reagent to bind. Biotinylated Tp075124–237 was 
aliquoted and stored at − 80 ◦C until use. Tetramers were produced fresh 
the day of use by mixing thawed biotinylated Tp075124–237 with 
streptavidin-APC (Agilent) and streptavidin-PE at the ratio determined 
above to fully saturate streptavidin, and incubated for 30 min on ice. 
Unconjugated Tp075124–237 was removed by centrifugation using a 100 
kDa Nanosep centrifugal device (Pall Corporation). Tp075124–237 tet
ramers were stored at 0.1–3 μM in 1× DPBS at 4 ◦C for less than 2 h prior 
to use. Of note, while we have taken great care to minimize the proba
bility of higher order complexes forming due to some individual protein 
molecules containing multiple biotin molecules binding to different 
streptavidin molecules, the presence of a low level of higher order 
complexes is possible in the tetramer preparation used.
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Control PE-DyLight650 (PE650) APC-DyLight755 (APC755) tetra
mers were created by mixing 5-fold molar excess of biotinylated 6xHIS 
peptide (Genscript) with SA-PE pre-conjugated to DyLight650 NHS ester 
(ThermoFisher Scientific) or streptavidin-APC pre-conjugated with 
DyLight755 NHS ester (ThermoFisher Scientific) following the manu
facturer’s instructions. On average, PE650 and APC755 contained 4–8 
DyLight molecules per PE/APC. The concentration of each tetramer was 
calculated by measuring the absorbance of APC at 650 nm using the 
extinction coefficient 0.7 μM− 1 cm− 1 or PE at 566 nm using the 
extinction coefficient 1.96 μM− 1 cm− 1. Control tetramers were stored at 
0.1–3 μM in 1× DPBS at 4 ◦C or 0.5× DPBS containing 50 % glycerol at 
− 20 ◦C prior to use.

2.5.1. Tetramer-binding B cell enrichment and flow cytometry
Cell pellets were resuspended in 0.2 mL ice cold FACS buffer (1×

DPBS containing 1 % heat-inactivated newborn calf serum). Each frac
tion received 2 μg of anti-Fc receptor antibody 2.4G2 (BioXCell), 1 pmol 
of control APC755 tetramer and 1 pmol of control PEDL650 tetramer 
before incubation on ice for 5 min. Next, 1 pmol of Tp075124–237 PE 
tetramer and 1 pmol of Tp075124–237 APC tetramer were added and 
samples incubated for 25 min on ice. After the incubation, ~15 mL of 
FACS buffer was added and the samples centrifuged at 300 xg for five 
min at 4 ◦C. The supernatant was discarded, and the pellet resuspended 
prior to the addition of 25 μL of anti-PE microbeads and 25 μL of anti- 
APC microbeads (Miltenyi Biotec). Following incubation for 25 min on 
ice, 5 mL of FACS buffer was added and the samples were passed over a 
magnetized LS column (Miltenyi Biotec). The tube and column were 
washed once with 5 mL FACS buffer and then removed from the mag
netic field. Five mL of FACS buffer was forced through the column with a 
plunger twice to elute column-bound cells. All the cells from the 
tetramer enriched column-bound fraction and 1/20th - 1/40th of the 
tetramer depleted column flow through fraction were centrifuged at 300 
xg for five minutes at 4 ◦C. The supernatant was discarded, and the pellet 
resuspended prior to the addition of a 25 μL cocktail containing anti
bodies targeting surface proteins and a viability dye and incubated for 
25 min on ice. For mouse cells the cocktail included 0.1 μg anti-CD38 
Alexa Fluor 700 (90, BD Biosciences), 0.2 μg GL7 FITC (GL7, BD Bio
sciences), 0.4 μg anti-B220 BV786 (RA3-6B2, BioLegend), 0.3 μg anti- 
CD19 BUV395 (1D3, BD Biosciences), 0.2 μg anti-CD3 BV510 (145- 
2C11, BD Biosciences), 0.2 μg anti-F4/80 BV510 (BM8, BioLegend), and 
0.2 μg anti-Gr-1 BV510 (RB6-8C5, BD Biosciences), and 0.5 μL Fixable 
Viability Stain 620 (BD Biosciences). For rabbit cells that cocktail 
included 10 μL anti-IgM FITC (BioRad), 1 μL anti-CD4 FITC (BioRad), 1 
μL anti-CD8 FITC (BioRad), 1 μL anti-Ig BV421 (BD Bioscience), and 1 μL 
Ghost Dye Violet 510 (Tonbo). After the incubation, ~15 mL of FACS 
buffer was added and centrifugated at 4 ◦C at 300 xg for five min, su
pernatants were discarded, and cells were mixed with 20,000 Fluores
cent AccuCheck counting beads (ThermoFisher Scientific) to calculate 
the number of cells in both fractions. Flow cytometry and single cell 
sorting was performed at the Fred Hutch Flow Cytometry Core Service 
using a FACSymphony S6 (BD Biosciences).

2.5.2. Single cell BCR sequencing and analysis
Individual rabbit B cells from PBMC were sorted into individual wells 

of 96-well PCR plates (Eppendorf) using a BDSymphony S6 cell sorter 
following tetramer enrichment and cell surface marker staining as 
described above. Tp075124–237 tetramer-binding B cells were sorted 
using side scatter height/side scatter width-based duplet discrimination, 
followed by gating on Ghost Dye violet 510− Ig+ PE650− APC755−

Tp075124–237 tetramer PE+ Tp075124–237 tetramer APC+ IgM− . Gates 
were set for Ghost Dye Violet 510, Ig, and IgM using fluorescence minus 
one (FMO) controls. After sorting, plates were sealed with adhesive PCR 
plate seals (ThermoFisher Scientific), centrifuged briefly and immedi
ately frozen on dry ice before storage at − 80 ◦C.

A nested RT-PCR approach was used to sequence paired heavy and 
light chain genes as described with minor modifications [23]. Reverse 

transcription was performed using SuperScript IV (ThermoFisher Sci
entific). Briefly, 7 μL of reverse transcription reaction mix consisting of 
0.75 μL of 50 μM random hexamers (ThermoFisher Scientific), 0.4 μL of 
25 mM dNTPs (ThermoFisher Scientific), 0.25 μL of 10 U SuperScript IV 
RT, 0.125 μL of RNaseOUT (ThermoFisher Scientific), 0.16 μL of 10 % 
Igepal (MilliporeSigma), 0.31 μL of DTT (ThermoFisher Scientific), 1.25 
μL of 5× RT Buffer (ThermoFisher Scientific), and 3.61 μL of UltraPure 
DEPC-treated water (ThermoFisher Scientific) was added to each well 
containing a single-sorted B cell in 7 μL lysis buffer and incubated at 
50 ◦C for 1 h.

Following reverse transcription, two rounds of nested PCR were 
conducted for both heavy and light chain using primers listed in Sup
plemental Table 1. For the first round, 2 μL of cDNA was added to 9.50 
μL of PCR mix containing 0.1 μL 0.5 U HotStarTaq Polymerase (Qiagen), 
0.0192 μL of 100 μM first round forward primer, 0.0192 μL of 100 μM 
first round reverse primers, 0.12 μL 25 mM dNTPs, 0.95 μL of 10× buffer 
(Promega), and 8.25 μL UltraPure DEPC-treated water. The first round 
PCR program for IgH and IgK was 50 cycles of 94 ◦C for 30 s, 50 ◦C for 
30 s, and 72 ◦C for 55 s, followed by 72 ◦C for 10 min. After the first 
round of PCR, 2 μL of the PCR product was added to 0.1 μL 0.5 U Hot
StarTaq Polymerase, 0.0385 μL of each 100 μM second round forward 
primer, 0.0385 μL of each 100 μM second round reverse primer, 0.12 μL 
of 25 mM dNTPs, 0.95 μL of 10× reaction Buffer, and 8.2 μL of UltraPure 
DEPC-treated water. The second round PCR program was 50 cycles of 
94 ◦C for 30 s, 55 ◦C for 30 s, and 70 ◦C for 55 s, followed by 72 ◦C for 10 
min.

Five microliters of the PCR product were run on an agarose gel to 
confirm the presence of an ~500-bp heavy chain band or 450-bp light 
chain band. The rest of the PCR product was purified using MinElute 
PCR purification kit (Qiagen) and sequenced by Genewiz using the 
respective reverse primers. Resulting sequences were analyzed using 
IMGT/V-Quest to identify V, D, and J gene segments and sequences with 
less than 85 % V gene similarity were excluded from further analysis. 
Ten paired heavy and light chain sequences were produced and purified 
as rabbit IgG by Sino Biological.

2.5.3. Antibody binding analysis
Bio-Layer Interferometry (BLI) was performed using the OctetRed 

(ForteBio) at room temperature with shaking at 500 RPM following the 
manufacturer’s instructions. Briefly, 40 μg/mL of cloned Abs were 
loaded on Protein A capture biosensors (Sartorius) for 240 s, followed by 
a wash step in 1xDPBS for 60 s. After washing, sensors were incubated in 
0.1, 0.7, or 6 μM of Tp075124–237 for a 5 min association stage, followed 
by dissociation in kinetics buffer for an additional 5 min. For display, the 
nm shift in signal above the baseline signal detected after antibody 
loading is shown.

ELISA was performed as described previously [10] with minor 
modifications. Briefly, 96-well polystyrene plates were incubated over
night at 4 ◦C with 15 pmol/well of Tp0751 in 100 μL 1xTBS, pH 7.4. 
Wells were blocked with 200 μL/well of 4 % skim milk powder in 1Х TBS 
(block buffer) for 2.5 h at room temperature. Blocking buffer was 
removed and wells were washed four times with 1Х TBS, 0.2 % Tween- 
20, prior to primary incubation with 50 μL/well of 0.2 pM-33 nM rabbit 
antibodies serially diluted in block buffer at room temperature for 1 h. 
The wash step was repeated, and wells were incubated at room tem
perature for 1 h with 50 μL/well of goat anti-rabbit IgG (H + L)-horse
radish peroxidase (MilliporeSigma) secondary antibody diluted 1:1000 
in block buffer. After a final wash step, plates were developed using 
3,3′,5,5′-tetramethylbenzidine (TMB) substrate system (Mandel Scien
tific) and read at an optical density at 600 nm using a BioTek Synergy HT 
plate reader (BioTek, Ontario, Canada).

2.5.4. Antibody attachment inhibition assay and quantitative PCR (qPCR)
Ninety-six-well tissue culture plates (Corning, Tewksbury, MA, USA) 

were coated with 20,000 cells per well of the human cerebral micro
vascular endothelial cell line hCMEC/D3 (Millipore, Etobicoke, Ontario, 
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Canada) and grown for 24 h at 37 ◦C in 5 % CO2 to form confluent 
monolayers. A total of 2-3 × 106 T. pallidum subspecies pallidum (Nichols 
strain) in a final volume of 100 μL was harvested from in vitro cultures 
using trypsin-free dissociation media [24], and incubated for 3 h at 34 ◦C 
in 1.5 % O2 with 5 % CO2 balanced with N2 with either: (1) 0.25 μg of 
rabbit monoclonal IgG antibodies; (2) 50 μL of pooled serum from un
infected control rabbits (Gibco); or (3) 50 μL of pooled serum collected 
from two rabbits 120 days post-T. pallidum infection. Following the in
cubation, the serum/antibody-T. pallidum mixtures were added to 
confluent endothelial monolayers and incubated for an additional hour 
at 34 ◦C in 1.5 % O2 and 5 % CO2, balanced with N2. Each well was 
washed 3 times with 0.9 % NaCl using a BioTek Elx405 microplate 
washer (BioTek, Nepean, Ontario, Canada) and then lysed in buffer 
containing 10 mM Tris (pH 8.0), 0.1 M EDTA, and 0.05 % SDS. Lysed 
samples were treated with Proteinase K (Qiagen, Valencia, CA, USA) for 
10 min at 56 ◦C and extracted using the DNeasy 96 blood and tissue kit 
(Qiagen), following the manufacturer’s instructions. Quantification of 
T. pallidum flaA per μg of human GAPDH genomic DNA was performed 
using quantitative PCR as previously described7. The % inhibition of 
T. pallidum attachment was calculated for each antibody as the percent 
reduction in flaA per μg of GAPDH compared to control antibody.

2.5.5. AlphaFold antibody-Tp0751 structural modeling
Structural modeling of antibody-Tp0751 complexes was performed 

using AlphaFold 3 (www.alphafoldserver.com) [25]. The amino acid 
sequences of the heavy chain, light chain and Tp075124–237 were sub
mitted to the alphafoldserver.com. ChimeraX v1.8 was used for visual
ization and labelling of the complexes.

2.5.6. Data analysis of figure generation
Data analysis and display was conducted using Excel (Microsoft), 

Flowjo 10 (Becton Dickinson & Company), or Prism 9 (Dotmatics) and 
figures compiled and refined using Illustrator 2023 (Adobe).

3. Results

3.1. Identification of Tp0751-specific murine B cells

To identify Tp0751-specific B cells, we created fluorescent and 
tetrameric versions of recombinant Tp0751 encompassing amino acids 
24–237, which corresponds to the mature version of the protein lacking 
the signal sequence. This was done by mixing biotinylated recombinant 
Tp075124–237 with streptavidin-R-phycoerythrin (PE) or streptavidin- 
allophycocyanin (APC) at a ratio that fully saturates the four biotin- 

binding sites on streptavidin. To validate our approach, we assessed 
the Tp075124–237 tetramer-binding B cell population in pooled spleen 
and lymph node samples from C57BL/6 mice injected subcutaneously 
with 5 μg of Tp075124–237 in a RIBI-like adjuvant or uninjected controls. 
To ensure high specificity and sensitivity of our approach, cells were co- 
stained with control PE-DyLight650 (PE650) and APC-DyLight 755 
(APC755) tetramers and enriched for tetramer-binding B cells using 
anti-PE or anti-APC microbeads. Using these approaches, a small pop
ulation of B cells binding Tp075124–237 tetramers but not control tetra
mers could be found in samples enriched for tetramer-binding cells in 
uninjected control animals (Fig. 1A-C). In contrast, the Tp075124–237 
tetramer-binding B cell population exhibited a small expansion when 
mice were analyzed seven days after subcutaneous injection of 
Tp075124–237 in RIBI-like adjuvant (Fig. 1C). The expanded 
Tp075124–237 tetramer-binding population also contained cells with 
downregulated expression of CD38 and increased binding of GL7 
(Fig. 1D), which corresponds to a germinal center phenotype [26–28]. 
Together, these data indicate our ability to detect Tp075124–237-specific 
B cell responses following Tp075124–237 immunization.

3.2. Expansion of Tp075124–237-binding B cells in immunized rabbits

Syphilis vaccine studies are typically conducted in rabbits since mice 
do not exhibit symptoms similar to humans following T. pallidum 
infection [2]. Rabbits were immunized with Tp075124–237 as part of a 
tri-antigen vaccine cocktail with two other T. pallidum surface antigens 
(TprK and TprC) in combination with RIBI-like adjuvant, as reported 
previously [12,13,29,30]. PBMC were collected one week following the 
6th and final immunization, and two weeks later, animals were chal
lenged with a total of 106 T. pallidum subsp. pallidum, Nichols strain, per 
rabbit. Forty days after challenge, splenocytes were collected for anal
ysis of B cell responses. PBMC and splenocyte samples were co-stained 
with Tp075124–237 and control tetramers prior to enrichment using 
microbeads and analyzed by flow cytometry. Assessment of immuno
globulin (Ig)-expressing cells from blood and spleen revealed an 
increased percentage of cells binding to Tp075124–237 tetramers in ani
mals immunized with a vaccine cocktail including Tp075124–237 
compared to spleens from rabbits that were unimmunized and similarly 
challenged with T. pallidum (Fig. 2B-C). This expansion was largely 
found within cells that did not express IgM (Fig. 2D-G), suggesting that 
immunization with Tp075124–237 induced robust isotype class switching 
that was absent with T. pallidum challenge alone. This result correlates 
with a prior investigation showing the limited immune response raised 
against Tp0751 during natural infection [31,32]. Amongst the samples, 

Fig. 1. Identification of Tp0751 vaccine-responsive mouse B cells using Tp075124–237 tetramers. Representative flow cytometric analysis of (A) live CD19+

B220+ CD3− Gr-1− F4/80− B cells that bind Tp075124–237 PE and APC tetramers but not control 6xHIS PE650 and APC755 tetramers in fractions from pooled spleen 
and lymph node cell samples from C57BL/6 mice (B) depleted or (C) enriched for tetramer-binding B cells using microbeads specific for PE and APC prior to analysis. 
The control PE650 and APC755 tetramers are included to gate out B cells specific for streptavidin, APC, PE and 6xHIS tag [16,21]. D. Representative flow cytometric 
analysis of CD38 expression and GL7 binding to gated Tp075124–237 tetramer-binding B cells. Samples are representative of 2 independent experiments with mice 
injected subcutaneously seven days prior with 5 μg of Tp075124–237 in RIBI-like adjuvant and uninjected control mice.
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the frequency of Tp075124–237 tetramer-binding cells was highest 
amongst PBMC from rabbit 209 (Supplemental Table 2).

3.3. Isolation and characterization of Tp075124–237-specific rabbit 
antibodies

Next, we isolated single IgM− Tp075124–237 tetramer-binding B cells 
from the blood of immunized animals and sequenced paired heavy and 
light chain sequences using RT-PCR. From this, we obtained ten paired 
heavy and light chain sequences (Supplemental Table 3). Half of these 
antibodies were derived from rabbits 210 and 213, which exhibited 
inhibition of T. pallidum dissemination using the Rabbit Infectivity Test 
(RIT) (Supplemental Table 4). The remaining five antibodies were 
derived from rabbit 209, which exhibited partial inhibition of 
T. pallidum dissemination (Supplemental Table 4). All ten antibodies 
were confirmed to bind Tp075124–237 using BioLayer Interferometry 
(BLI) (Fig. 3A). Amongst the cloned antibodies, 2092E4 and 2131H12 
exhibited weak binding only detectable when high levels of 
Tp075124–237 were used in the assay. Amongst the remaining eight an
tibodies there was variability in the association during the first five 
minutes of the assay, and five antibodies (2091E9, 2092D3, 2092E3, 
2101A3, and 2101D12) exhibited stable binding to the point that the 
dissociation was not detected in the final 5 min (Fig. 3A). Strong binding 
of 2091E9, 2092D3, 2101A3, and 2101D12 to Tp075124–237 was 
confirmed using ELISA-based titration assays (Fig. 3C-D).

We next used ELISA-based epitope mapping assays to determine the 

structural region(s) of Tp0751 targeted by each antibody. In this 
experiment we assessed binding to the mature Tp0751 protein 
(Tp075124–237, comprising the full sequence minus the signal sequence) 
and to versions of Tp0751 produced with successive N-terminal trun
cations (Tp075199–237 and Tp0751115–237). These experiments revealed 
that only 2091E9 showed a high level of binding to Tp0751115–237 
(Fig. 3E). Interestingly, this region of Tp0751 consists of a lipocalin 
structural fold that has been shown to mediate T. pallidum attachment to 
endothelial cells and is hypothesized to play a role in traversal of 
T. pallidum across endothelial barriers and subsequent treponemal 
dissemination by binding the host endothelial receptor LamR [7,33]. Of 
the remaining seven antibodies with detectable Tp0751 binding by 
ELISA-based epitope mapping assays, three (2092D3, 2092E3, and 
2101A3) exhibited binding to Tp075199–237 but not Tp0751115–237, 
suggesting binding to the region between amino acids 99 and 114. An
tibodies 2101B3, 2101D12, and 2092E4 exhibited successively reduced 
binding to Tp075199–237 and Tp0751115–237 (Fig. 3E). The final anti
body, 2131F4, only bound Tp075124–237 (Fig. 3E). Collectively this data 
suggests that one antibody (2131F4) likely binds to the disordered re
gion of Tp0751 found between amino acids 24–98, three antibodies 
target the alpha helix cap located between residues 99–114 of Tp0751 
(2092D3, 2092E3, and 2101A3), and the four remaining antibodies 
appear to target an epitope entirely (2091E9) or partially (2092E4, 
2101B3, and 2101D12) located within the Tp0751 lipocalin structural/ 
functional domain [33].

Fig. 2. Identification of Tp0751 vaccine-responsive rabbit B cells using Tp075124–237 tetramers. Representative flow cytometric gating of (A) live Ig+ cells that 
bind Tp075124–237 PE and APC tetramers but not control 6xHIS PE650 and APC755 tetramers in fractions from PBMC from immunized rabbits or spleen cells from 
control rabbits (B) depleted or (C) enriched for tetramer-binding B cells using microbeads specific for PE and APC prior to analysis. D. Combined data from three 
experiments showing the frequency of Tp075124–237 tetramer-binding cells amongst the total Ig+ population for individual rabbits in PBMC seven days after the final 
immunization, and in the spleen of immunized and control rabbits forty days after T. pallidum challenge. E. Representative flow cytometric gating of IgM−

Tp075124–237 tetramer-binding B cells using an FMO control. Of note, cells were stained with antibodies specific for IgM, CD4, and CD8 in the same fluorescent 
channel but only IgM was left out of the FMO to exclude non-B cells expressing CD8 or CD4 from the population of interest. F. Combined data from three experiments 
showing the frequency of Tp075124–237 tetramer-binding cells that were IgM− in individual rabbits. G. Combined data from three experiments showing the frequency 
of IgM− Tp075124–237 tetramer-binding cells amongst the total Ig+ population in individual rabbits. In D, F, and G the lines represent the mean and p values were 
generated using a two-tailed Student’s t-test.
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Fig. 3. Analysis of Tp0751-specific monoclonal antibodies and mapping onto the structural regions of Tp0751. Antibodies from ten Tp075124–237 tetramer- 
binding rabbit B cells produced as secreted rabbit IgG were assessed for binding to 0.1, 0.7, and 6 μM of Tp075124–237 using Bio-Layer Interferometry (BLI) displayed 
as the (A) nm shift over time and the (B) area under the curve (AUC). Data representative of two similar experiments. Listed concentrations of Tp075124–237-specific 
antibodies were assessed for binding to Tp075124–237 by ELISA and displayed as the (C) absorbance or (D) AUC. Data representative of two similar experiments. (E) 
33pM of Tp075124–237-specific antibodies were assessed for binding to Tp075124–237, Tp075199–237, or Tp0751115–237 using ELISA. Data representative of two similar 
experiments. The bars and data points in Panels D and E represent the mean ± SEM of two technical replicates.

Fig. 4. Modeling of monoclonal antibody binding to Tp0751. A. Predicted structure of a representative rabbit antibody fragment displaying heavy chain VDJ and 
light chain VJ segments. B. Structures of Tp075124–237 [33] with different domains highlighted in magenta. C. Antibody:Tp075124–237 complexes were modeled using 
AlphaFold 3. The predicted antibody binding region on Tp0751 is in magenta and the LamR binding region of Tp0751 [7] is in gray.
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3.4. Mapping of the Tp0751-specific antibody reactivity onto the Tp0751 
structure

To extend the findings from the epitope mapping assays, we next 
used the antibody sequences (Supplementary Table 3) and AlphaFold 3 
[25] to model the binding of the ten Tp0751-specific monoclonal anti
bodies with the solved structure of Tp075124–237 [33] (Fig. 4). Analysis 
of the confidence scores indicated that most of the models surpassed 
confidence thresholds (Supplemental Table 5). AlphaFold modeling 
confirmed the ELISA-based epitope mapping results for the majority of 
the antibodies, with modeling showing antibodies 2092E3 and 2101A3 
binding to Tp075199–114, antibody 2131F4 binding to Tp075124–98 and 
Tp075199–114, antibody 2101D12 binding to all structural regions of 
Tp0751, antibody 2092D3 binding to Tp075199–114 and Tp0751115–237, 
and antibodies 2091E9, 2092E4, and 2101B3 binding to Tp0751115–237 
(Table 1). While ELISA-based epitope mapping studies were unable to 
determine the structural regions targeted by antibodies 2092D1 and 
2131H12, modeling enabled prediction of the localization of antibody 
binding to Tp075199–114 and Tp0751115–237. Collectively these results 
demonstrate how structural modeling of antibody-antigen pairs can be 
used to inform experimental domain mapping studies in the absence of 
direct visualization of these interactions using techniques like X-ray 
crystallography or Cryo-EM.

3.5. Inhibition of T. pallidum attachment to endothelial cells by 
Tp075124–237-specific rabbit antibodies

We next assessed the ability of the isolated Tp075124–237-specific 
antibodies to interfere with attachment of viable T. pallidum to a human 
brain microvascular endothelial cell line called hCMEC/d3. For this 
T. pallidum was incubated with hCMEC/d3 cells in the presence of 
Tp0751-specific antibodies or a control rabbit monoclonal antibody 
specific for SARS-CoV-2. Unattached T. pallidum were washed from 
hCMEC/d3 cells prior to the quantification of T. pallidum flaA relative to 
the level of human GAPDH genomic DNA. In these experiments, the 
presence of all but one Tp0751-specific antibody significantly reduced 
the detection of T. pallidum flaA, indicating reduced attachment of 
T. pallidum to hCMEC/d3 cells compared to the control antibody 
(Fig. 5A, B). While T. pallidum attachment was not eliminated in these 
experiments, the level of inhibition was similar to the level that could be 
achieved using pooled serum from rabbits previously infected with 
T. pallidum (Fig. 5B, C). Intriguingly, amongst the four antibodies 
exhibiting Tp0751115–237 binding detected by ELISA (Fig. 3E), there was 
a trend between the level of ELISA binding and the level of attachment 
inhibition that approached statistical significance (Fig. 5D). Together, 
these data indicate that antibodies induced by Tp0751 immunization 
have the potential to inhibit T. pallidum attachment to endothelial cells.

4. Discussion

In this study we characterized antibodies specific for a syphilis vac
cine candidate that in prior studies has shown promising results at 
inhibiting bacterial dissemination in the host [2,6]. To our knowledge 
this study represents the first reported isolation of monoclonal anti
bodies from immunized rabbits that are specific for a T. pallidum protein 
that is currently under consideration for syphilis vaccine development. 
We identified ten rabbit-derived monoclonal antibodies able to bind to 
Tp075124–237 tetramers used for antibody enrichment and isolation. 
Upon closer investigation using Tp0751 fragments that mimic the nat
ural protein structural conformation, including fragments encompassing 
residues 24–237, 99–237 and 115–237, eight of these antibodies were 
demonstrated to bind to Tp0751 by ELISA, with selective binding to the 
different Tp0751 fragments. Further investigation of the specificity of 
the Tp0751-specific monoclonal antibodies was conducted by modeling 
of the antibody sequences onto the solved Tp0751 structure [33], an 
analysis that provided determination of the binding specificity of the 
two additional antibodies. Of note, both ELISA-based epitope mapping 
and AlphaFold modeling demonstrated four of the antibodies target the 
lipocalin structural fold of Tp0751115–237 [33]. Of these, ELISA analysis 
showed antibody 2091E9 had the highest level of binding to 
Tp0751115–237, and the rabbit from which this antibody was cloned 
demonstrated the highest frequency of B cells that bound to 
Tp075124–237 tetramers. All ten Tp0751-specific antibodies inhibited 
T. pallidum attachment to endothelial cells, with nine achieving statis
tically significant levels of inhibition compared to that conferred in the 
presence of an irrelevant monoclonal antibody. Inhibition of T. pallidum 
attachment to endothelial cells by antibodies that bind the lipocalin 
structural domain of Tp0751 (residues 115–237; antibodies 2091E9, 
2092E4, 2101B3, and 2101D12) aligns with the previously shown 
contribution of this Tp0751 structural domain to endothelial attachment 
[7].

We were initially surprised by the inhibition of T. pallidum attach
ment to endothelial cells mediated by the remaining six antibodies that 
partially or wholly target regions of Tp0751 external to the lipocalin 
domain. Of interest, modeling predicted that none of the ten cloned 
antibodies target the region within Tp0751115–237 that has been previ
ously shown to mediate binding to the endothelial LamR receptor [7], a 
known target of neuroinvasive pathogens [34]. Based on the AlphaFold 
3 models, we speculate that these six antibodies are likely to have 
conferred inhibition of endothelial binding via steric hinderance. Inhi
bition of attachment was particularly surprising for 2092D1, 2092E4, 
and 2131H12, which bound weakly to Tp0751 when assessed by both 
BLI and ELISA (Fig. 3A-B). This data likely means that the affinity by 
which antibodies bind to recombinantly produced Tp0751 may not 
reflect the potency by which antibodies bind to Tp0751 expressed by 
T. pallidum. To date, we have been unsuccessful in detecting the binding 
of any of ten Tp0751-specific antibodies characterized here to 
T. pallidum via immunofluorescence assays. We speculate that our 
inability to detect this binding is related to the low level of expression of 
Tp0751 on the surface of T. pallidum, which is common for T. pallidum 
outer membrane proteins.

Potential limitations related to this study include the lack of isolation 
of antibodies from rabbits that demonstrated no protection from infec
tion, precluding the incorporation of more closely aligned comparator 
antibodies in the conducted investigations. Further, the precise amino 
acids of Tp0751 bound by each of the antibodies were not identified in 
this study. Future work is aimed at further characterizing the exact 
binding and potency of these antibodies and the identification of addi
tional attachment-inhibiting antibodies so that the targeted epitopes can 
be finely mapped. This study has, however, facilitated the development 
of tools supporting T. pallidum-specific rabbit monoclonal antibody 
discovery, a significant knowledge gap in the T. pallidum field that can 
now be addressed. This study has also demonstrated the feasibility of 
protective monoclonal antibody identification in the pipeline of syphilis 

Table 1 
Summary of the predicted domains of Tp0751 bound by Tp0751-specific 
monoclonal antibodies based on antibody:antigen structural modeling 
performed using AlphaFold 3 compared to ELISA results.

24–98 99–114 115–237

Antibody ELISA AlphaFold ELISA AlphaFold ELISA AlphaFold

2091E9 ✓ ✓
2092D1 ✓
2092D3 ✓ ✓ ✓
2092E3 ✓ ✓
2092E4 ✓ ✓ ✓ ✓
2101A3 ✓ ✓
2101B3 ✓ ✓ ✓ ✓
2101D12 ✓ ✓ ✓ ✓ ✓ ✓
2131F4 ✓ ✓ ✓
2131H12 ✓ ✓
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vaccine development.

CRediT authorship contribution statement

Francesca Urselli: Writing – review & editing, Writing – original 
draft, Visualization, Methodology, Investigation, Formal analysis. 
Alloysius Gomez: Writing – review & editing, Writing – original draft, 
Visualization, Methodology, Investigation, Formal analysis. Matthew 
D. Gray: Writing – review & editing, Methodology, Investigation, 
Formal analysis. Caroline E. Cameron: Writing – review & editing, 
Writing – original draft, Visualization, Supervision, Resources, Project 
administration, Formal analysis, Conceptualization. Justin J. Taylor: 
Writing – review & editing, Writing – original draft, Visualization, Su
pervision, Resources, Project administration, Funding acquisition, 
Formal analysis, Conceptualization.

Declaration of competing interest

The authors have no competing interests to declare.

Data availability

Data will be made available on request.

Acknowledgements

We thank T. Stepien, A. Haimour, A. Ranasinghe, L. Kipnis, S. 
Romero, A. Gravatt, the Fred Hutch Flow Cytometry Shared Resource 
Staff, and the Comparative Medicine Shared Resource staff for technical 
assistance; P. Culver, E. McCarthy, and K. Cummings for lab manage
ment support; D. LaRosa, A. Thacker, and L. Yates for budget manage
ment support; M. Lopez-Bernal, R. Putnam, M. Gurtovnik, P. Orange, J. 
Patterson, and T. Nguyen for administrative assistance; S. Chappell for 
IT support; SISCAPA Assay Technologies for providing the negative 
control monoclonal rabbit antibody for the attachment assay; the Taylor 
Lab, Cameron Lab, and UW STI CRC for helpful discussions. Research 
reported in this publication was supported by the National Institutes of 
Health under award number U19AI144133 to C. E. Cameron and J. J. 
Taylor.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.vaccine.2025.126804.

References

[1] Lukehart SA, Hook 3rd EW, 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;109:855–62.

[2] Lafond RE, Lukehart SA. Biological basis for syphilis. Clin Microbiol Rev 2006;19: 
29–49.

[3] Towns JM, Leslie DE, Denham I, Wigan R, Azzato F, Williamson DA, et al. 
Treponema pallidum detection in lesion and non-lesion sites in men who have sex 
with men with early syphilis: a prospective, cross-sectional study. Lancet Infect Dis 
2021;21:1324–31.

[4] Wang C, Hu Z, Zheng X, Ye M, Liao C, Shang M, et al. A new specimen for syphilis 
diagnosis: evidence by high loads of Treponema pallidum DNA in saliva. Clin Infect 
Dis 2021;73:e3250–8.

[5] Golden M, O’Donnell M, Lukehart S, Swenson P, Hovey P, Godornes C, et al. 
Treponema pallidum nucleic acid amplification testing to augment syphilis 
screening among men who have sex with men. J Clin Microbiol 2019;57.

[6] Lithgow KV, Hof R, Wetherell C, Phillips D, Houston S, Cameron CE. A defined 
syphilis vaccine candidate inhibits dissemination of Treponema pallidum 
subspecies pallidum. Nat Commun 2017;8:14273.

[7] Lithgow KV, Church B, Gomez A, Tsao E, Houston S, Swayne LA, et al. 
Identification of the Neuroinvasive Pathogen Host Target, LamR, as an Endothelial 
Receptor for the Treponema pallidum Adhesin Tp0751. mSphere. 2020;5.

[8] Kao WA, Petrosova H, Ebady R, Lithgow KV, Rojas P, Zhang Y, et al. Identification 
of Tp0751 (Pallilysin) as a Treponema pallidum vascular Adhesin by heterologous 
expression in the Lyme disease spirochete. Sci Rep 2017;7:1538.

[9] Lu S, Wang J, He Z, He S, Zheng K, Xu M, et al. Treponema pallidum Tp0751 alters 
the expression of tight junction proteins by promoting bEnd3 cell apoptosis and IL- 
6 secretion. Int J Med Microbiol 2022;312:151553.

[10] Lukehart SA, Molini B, Gomez A, Godornes C, Hof R, Fernandez MC, et al. 
Immunization with a tri-antigen syphilis vaccine significantly attenuates chancre 
development, reduces bacterial load, and inhibits dissemination of Treponema 
pallidum. Vaccine 2022;40:7676–92.

[11] Lukehart SA, Marra CM. Isolation and laboratory maintenance of Treponema 
pallidum. Curr Protoc Microbiol 2007. Chapter 12:Unit 12A 1. 7:12A.1-12A1.18.

[12] Morgan CA, Lukehart SA, Van Voorhis WC. Immunization with the N-terminal 
portion of Treponema pallidum repeat protein K attenuates syphilitic lesion 
development in the rabbit model. Infect Immun 2002;70:6811–6.

[13] Sun ES, Molini BJ, Barrett LK, Centurion-Lara A, Lukehart SA, Van Voorhis WC. 
Subfamily I Treponema pallidum repeat protein family: sequence variation and 
immunity. Microbes Infect 2004;6:725–37.

[14] Haynes AM, Godornes C, Ke W, Giacani L. Evaluation of the protective ability of 
the Treponema pallidum subsp. pallidum Tp0126 OmpW homolog in the rabbit 
model of syphilis. Infect Immun 2019:87.

[15] Houston S, Hof R, Francescutti T, Hawkes A, Boulanger MJ, Cameron CE. 
Bifunctional role of the Treponema pallidum extracellular matrix binding adhesin 
Tp0751. Infect Immun 2011;79:1386–98.

[16] Taylor JJ, Martinez RJ, Titcombe PJ, Barsness LO, Thomas SR, Zhang N, et al. 
Deletion and anergy of polyclonal B cells specific for ubiquitous membrane-bound 
self-antigen. J Exp Med 2012;209:2065–77.

[17] Bancroft T, DeBuysscher BL, Weidle C, Schwartz A, Wall A, Gray MD, et al. 
Detection and activation of HIV broadly neutralizing antibody precursor B cells 
using anti-idiotypes. J Exp Med 2019;216(10):2331–47.

[18] Steach HR, DeBuysscher BL, Schwartz A, Boonyaratanakornkit J, Baker ML, 
Tooley MR, et al. Cross-reactivity with self-antigen Tunes the functional potential 
of naive B cells specific for foreign antigens. J Immunol 2020;204:498–509.

[19] Boonyaratanakornkit J, Singh S, Weidle C, Rodarte J, Bakthavatsalam R, Perkins J, 
et al. Protective antibodies against human parainfluenza virus type 3 infection. 
MAbs 2021;13:1912884.

Fig. 5. Assessment of the ability of Tp0751-specific monoclonal antibodies to inhibit T. pallidum attachment to human endothelial cells. The effect of 
monoclonal antibodies (0.25 μg) on attachment of T. pallidum (2-3 × 106) to hCMEC/d3 cells was tested using an in vitro attachment assay followed by quantitation 
using qPCR. A. Attachment of T. pallidum to hCMEC/d3 cells was significantly inhibited by nine monoclonal antibodies. T. pallidum (flaA) copy number was 
normalized to human GAPDH from triplicate wells in two independent experiments. Bars represent means and significant differences from control antibody was 
analyzed using a one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. B. The percent inhibition of T. pallidum attachment was calculated for each 
antibody as the percent reduction in flaA copy number per μg of GAPDH from panel A compared to control antibody. C. Percent inhibition of T. pallidum attachment 
using 50 μL of pooled serum collected from two rabbits 120 days post-T. pallidum infection compared to control serum from uninfected rabbits. Data points represent 
technical replicates pooled from two independent experiments. Bars represent means and *p < 0.05 calculated using an unpaired two-tailed Welch’s t-test. D. The 
average percent inhibition of T. pallidum attachment displayed versus the average level of detectable Tp0751115–237 binding detected using ELISA from Fig. 3E. The p 
value was calculated using a non-parametric Spearman correlation test.

F. Urselli et al.                                                                                                                                                                                                                                   Vaccine 50 (2025) 126804 

8 

https://doi.org/10.1016/j.vaccine.2025.126804
https://doi.org/10.1016/j.vaccine.2025.126804
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0005
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0005
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0005
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0010
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0010
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0015
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0015
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0015
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0015
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0020
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0020
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0020
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0025
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0025
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0025
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0030
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0030
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0030
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0035
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0035
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0035
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0040
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0040
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0040
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0045
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0045
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0045
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0045
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0050
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0050
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0055
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0055
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0055
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0060
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0060
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0060
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0065
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0065
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0065
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0070
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0070
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0070
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0075
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0075
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0075
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0080
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0080
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0080
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0085
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0085
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0085
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0090
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0090
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0090


[20] Caban M, Rodarte JV, Bibby M, Gray MD, Taylor JJ, Pancera M, et al. Cross- 
protective antibodies against common endemic respiratory viruses. Nat Commun 
2023;14:798.

[21] Fitzpatrick KS, Degefu HN, Poljakov K, Bibby MG, Remington AJ, Searles TG, et al. 
Validation of ligand tetramers for the detection of antigen-specific lymphocytes. 
J Immunol 2023;210:1156–65.

[22] Phelps A, Pazos-Castro D, Urselli F, Grydziuszko E, Mann-Delany O, Fang A, et al. 
Production and use of antigen tetramers to study antigen-specific B cells. Nat 
Protoc 2024;19:727–51.

[23] Ojima-Kato T, Nagai S, Nakano H. Ecobody technology: rapid monoclonal antibody 
screening method from single B cells using cell-free protein synthesis for antigen- 
binding fragment formation. Sci Rep 2017;7:13979.

[24] Edmondson DG, Norris SJ. In vitro cultivation of the syphilis spirochete Treponema 
pallidum. Curr Protoc 2021;1:e44.

[25] Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A, et al. Accurate 
structure prediction of biomolecular interactions with AlphaFold 3. Nature 2024; 
630:493–500.

[26] Ridderstad A, Tarlinton DM. Kinetics of establishing the memory B cell population 
as revealed by CD38 expression. J Immunol 1998;160:4688–95.

[27] Coffey F, Alabyev B, Manser T. Initial clonal expansion of germinal center B cells 
takes place at the perimeter of follicles. Immunity 2009;30:599–609.

[28] Taylor JJ, Pape KA, Steach HR, Jenkins MK. Humoral immunity. Apoptosis and 
antigen affinity limit effector cell differentiation of a single naive B cell. Science 
2015;347:784–7.

[29] Centurion-Lara A, Castro C, Barrett L, Cameron C, Mostowfi M, Van Voorhis WC, 
et al. Treponema pallidum major sheath protein homologue Tpr K is a target of 
opsonic antibody and the protective immune response. J Exp Med 1999;189: 
647–56.

[30] Centurion-Lara A, Giacani L, Godornes C, Molini BJ, Brinck Reid T, Lukehart SA. 
Fine analysis of genetic diversity of the tpr gene family among treponemal species, 
subspecies and strains. PLoS Negl Trop Dis 2013;7:e2222.

[31] Van Voorhis WC, Barrett LK, Lukehart SA, Schmidt B, Schriefer M, Cameron CE. 
Serodiagnosis of syphilis: antibodies to recombinant Tp0453, Tp92, and Gpd 
proteins are sensitive and specific indicators of infection by Treponema pallidum. 
J Clin Microbiol 2003;41:3668–74.

[32] Cameron CE. Identification of a Treponema pallidum laminin-binding protein. 
Infect Immun 2003;71:2525–33.

[33] Parker ML, Houston S, Petrosova H, Lithgow KV, Hof R, Wetherell C, et al. The 
structure of Treponema pallidum Tp0751 (Pallilysin) reveals a non-canonical 
Lipocalin fold that mediates adhesion to extracellular matrix components and 
interactions with host cells. PLoS Pathog 2016;12:e1005919.

[34] Orihuela CJ, Mahdavi J, Thornton J, Mann B, Wooldridge KG, Abouseada N, et al. 
Laminin receptor initiates bacterial contact with the blood brain barrier in 
experimental meningitis models. J Clin Invest 2009;119:1638–46.

F. Urselli et al.                                                                                                                                                                                                                                   Vaccine 50 (2025) 126804 

9 

http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0095
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0095
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0095
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0100
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0100
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0100
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0105
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0105
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0105
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0110
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0110
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0110
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0115
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0115
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0120
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0120
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0120
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0125
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0125
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0130
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0130
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0135
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0135
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0135
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0140
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0140
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0140
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0140
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0145
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0145
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0145
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0150
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0150
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0150
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0150
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0155
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0155
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0160
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0160
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0160
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0160
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0165
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0165
http://refhub.elsevier.com/S0264-410X(25)00101-X/rf0165

	Pages from covers-16.pdf
	urselli_vaccine_2025.pdf
	Identification of antibodies induced by immunization with the syphilis vaccine candidate Tp0751
	1 Introduction
	2 Material and methods
	2.1 Animals and single cell suspensions
	2.2 Recombinant antigens
	2.3 Immunization and infectious challenge
	2.4 Rabbit PBMC isolation
	2.5 Tp075124–237 tetramer production
	2.5.1 Tetramer-binding B cell enrichment and flow cytometry
	2.5.2 Single cell BCR sequencing and analysis
	2.5.3 Antibody binding analysis
	2.5.4 Antibody attachment inhibition assay and quantitative PCR (qPCR)
	2.5.5 AlphaFold antibody-Tp0751 structural modeling
	2.5.6 Data analysis of figure generation


	3 Results
	3.1 Identification of Tp0751-specific murine B cells
	3.2 Expansion of Tp075124–237-binding B cells in immunized rabbits
	3.3 Isolation and characterization of Tp075124–237-specific rabbit antibodies
	3.4 Mapping of the Tp0751-specific antibody reactivity onto the Tp0751 structure
	3.5 Inhibition of T. pallidum attachment to endothelial cells by Tp075124–237-specific rabbit antibodies

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	datalink4
	Acknowledgements
	Appendix A Supplementary data
	References





