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Introduction: Syphilis, a sexually transmitted infection caused by the spirochete
Treponema pallidum (Tp), is resurging globally. Tp's repertoire of outer membrane
proteins (OMPs) includes BamA (B-barrel assembly machinery subunit A/TP0326), a
bipartite protein consisting of a 16-stranded B-barrel with nine extracellular loops
(ECLs) and five periplasmic POTRA (polypeptide transport-associated) domains.
BamA ECL4 antisera promotes internalization of Tp by rabbit peritoneal
macrophages.

Methods: Three overlapping BamA ECL4 peptides and a two-stage, phage display
strategy, termed “Epivolve” (for epitope evolution) were employed to generate
single-chain variable fragments (scFvs). Additionally, antisera generated by
immunizing mice and rabbits with BamA ECL4 displayed by a Pyrococcus furiosus
thioredoxin scaffold (PfTrxB2MAECL4) MAbs and antisera reactivities were
evaluated by immunoblotting and ELISA. A comparison of murine and rabbit
opsonophagocytosis assays was conducted to evaluate the functional ability of
the Abs (e.g., opsonization) and validate the mouse assay. Sera from Tp-
infected mice (MSS) and rabbits (IRS) were evaluated for ECL4-specific Abs using
PFTrxBIMAECLE 3nd overlapping ECL4 peptides in immunoblotting and ELISA assays.
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Results: Each of the five mAbs demonstrated reactivity by immunoblotting and
ELISA to nanogram amounts of PfTrxBam™VECL4 One mAb, containing a unique
amino acid sequence in both the light and heavy chains, showed activity in the
murine opsonophagocytosis assay. Mice and rabbits hyperimmunized with
PfTrxBamA/ECLA produced opsonic antisera that strongly recognized the ECL
presented in a heterologous scaffold and overlapping ECL4 peptides, including
S2. In contrast, Abs generated during Tp infection of mice and rabbits poorly
recognized the peptides, indicating that S2 contains a subdominant epitope.

Discussion: Epivolve produced mAbs target subdominant opsonic epitopes in
BamA ECL4, a top syphilis vaccine candidate. The murine opsonophagocytosis
assay can serve as an alternative model to investigate the opsonic potential of
vaccinogens. Detailed characterization of BamA ECL4-specific Abs provided a

means to dissect Ab responses elicited by Tp infection.

KEYWORDS

syphilis, Treponema pallidum, outer membrane protein, BamA ECL4, opsonic antibody,
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Introduction

Syphilis is a multistage, sexually transmitted infection caused by
the highly invasive and immunoevasive spirochete Treponema
pallidum subspecies pallidum (Tp) (1, 2). Since the start of the
new millennium, syphilis has undergone a dramatic resurgence in
the United States, particularly among men who have sex with men
(3) in addition to posing an ongoing threat to at-risk populations in
resource-poor nations (4). These alarming trends underscore the
urgent need for new control strategies, including vaccines (4). It is
generally believed that an improved understanding of host defenses
responsible for spirochete clearance mechanisms is essential for
syphilis vaccine design. The appearance of opsonic antibodies (Abs)
directed against an increasingly broad spectrum of surface-exposed
antigens as infection proceeds presumably tips the balance in favor
of the host during its protracted battle with the “stealth pathogen”
(5). The principal targets of these opsonic Abs are believed to be the
extracellular loops (ECLs) of the spirochete’s rare outer membrane
proteins (OMPs) (6). Tp’s repertoire of OMPs includes BamA (j3-
barrel assembly machinery subunit A; TP0326), the central
component of the molecular machine that inserts newly exported
OMP precursors into the OM lipid bilayer (6-8). Tp BamA is a
bipartite protein consisting of a 16-stranded B-barrel with nine
ECLs and a periplasmic arm containing five POTRA (polypeptide
transport-associated) domains (9). We previously reported that
ECL4 of BamA is an immunodominant opsonic target and that
antisera directed against BamA ECL4 promote opsonophagocytosis
of Tp by rabbit macrophages (10). These results suggested that
ECL4 Abs generated during infection contribute to spirochete
clearance and that Tp BamA ECL4 might serve as a prototype for
potentially protective Ab—ECL interactions.
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Monoclonal Abs (mAbs) are powerful tools for identifying new
vaccine antigens and defining natural and conformationally specific
protective epitopes (11). While mAbs have been used extensively to
study protective epitopes for viral infections (12-14), only a handful of
studies have utilized mAbs for vaccine development against bacterial
pathogens (15). In the early 1980s, mAbs were generated against a
number of Tp immunogens (16-18); however, it was subsequently
determined that the targets of these mAbs are subsurface lipoproteins
(19, 20). Enhanced 3D modeling of Tp’s repertoire of OMPs (6)—the
Tp “OMPeome”—now makes possible the use of mAb technologies to
study protective immunity in syphilis at the structural and molecular
level. Herein, we employed a novel, two-stage, phage display strategy,
termed “Epivolve” (for epitope evolution; Figure 1), to generate a site-
directed murine mAb with opsonic activity directed against a
subdominant epitope on ECL4 of Tp BamA. Ab discovery using
Epivolve can resolve an epitope site at the level of a single amino
acid residue (22). We found that Abs against this epitope are often
absent in syphilitic sera but can be generated by hyperimmunization
with the ECL displayed on a protein scaffold.

Materials and methods

Ethics statement. Animal experimentation was conducted
following the Guide for the Care and Use of Laboratory Animals
(8th Edition) in accordance with protocols reviewed and approved
by the UConn Health Institutional Animal Care and Use
Committee under the auspices of Animal Welfare Assurance
A3471-01.

Bacterial strains and plasmids. The Escherichia coli strains TG1
and AXE688 (21, 23, 24) were purchased from Lucigen Corporation
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FIGURE 1

Schematic of mAb generation using Epivolve. A peptide incorporating a non-native amino acid at a desired site is used to pan a scFv phage library
for peptide binders. Phages that bind the modified, but not the native, peptide undergo AXM mutagenesis (21) to generate phages that recognize the

native peptide +/— the modified peptide with high affinity.

(Middleton, WT). E. coli NEB® 5-alpha and NEBExpress® strains
were purchased from New England BioLabs (Ipswich, MA). The
template plasmid for all phage display libraries is a derivative of the
phagemid pIT2 (25) with a human single-chain variable fragment
Ab (scFv) fused to the coat protein III of bacteriophage M13,
constructed at and kindly supplied by AxioMx Inc., an Abcam
Company (“Abcam”).

Phage library construction. Novel pre-defined complementarity
determining regions (PDC) libraries have been described previously
(26) (see Supplementary Figure S1). Briefly, several thousand short
oligos were synthesized for each of Ab complementarity
determining regions (CDRs) HC1, HC2, LC1, and LC2. The
specific sequences were chosen from successful phage display
screens against over 1,000 different antigens, including peptides
and proteins. Furthermore, the chosen CDRs were from scFvs that
expressed protein at high levels in E. coli. CDR HC3 and LC3
sequences were synthesized with varying lengths using an NNK
codon. The library consisted of a potential 10'® different
combinations of pre-defined CDRs of which we sampled 10"
independent transformants.

BamA ECL4 Epivolve peptides. The homology model of Tp
BamA (Figure 2A) was generated previously (PDB is downloadable
from https://drive.google.com/file/d/1EurEnlwAiqtsUm8t-
jC3Xuz5e7nV45mT/view?usp=sharing&export=download) (6).
The predicted B-cell epitopes (BCEs) were identified in ElliPro
(27) using a threshold setting of 0.8. BamA ECL4 was divided into
three overlapping peptides: S1 (residues 567-583; VIRVNGG
VDFRVVKNFY); S2 (residues 577-594; RVVKNFYDKDNN
QPFDL); and S3 (residues 584-602; DKDNNQPFDLTVK
EQLNWT). Each peptide contains a centrally located aspartic
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acid residue that served as the modified site (Figure 2B). Native
and modified BamA ECL4 peptides and an irrelevant peptide, all
with N-terminal biotin, were purchased from Biopeptek
Pharmaceuticals, LLC (Malvern, PA).

Epivolve discovery phase phage display screen. Immunoplates
(Nunc Maxisorp) were coated with NeutrAvidin (ThermoFisher)
overnight (ON) at 4°C. Plates were washed with Phosphate-buffered
saline (PBS) and then blocked with 2% non-fat dry milk in PBS
(MPBS). After a PBS wash, plates were coated for 1 h with
biotinylated peptide (10 pg/ml). After a PBS wash and block with
MPBS, the phage library was added at 1 x 10'* phage/ml and
incubated for 1 h at room temperature (RT). After rigorous washing
with PBS containing 0.1% Tween 20 (PBST), bound phage were
recovered by the addition of trypsin (100 pl/well), transduced into
exponentially growing E. coli TG1 (Lucigen Middleton, WI) for
30 min at 37°C and then grown overnight in 2YT containing
ampicillin (100 pg/ml) and 1% glucose at 30°C. The following
day, cultures were diluted into fresh medium of 2YT containing
ampicillin (100 pg/ml) and 1% glucose and incubated at 37°C with
shaking until ODgpy - 0.4. KM13 helper phage was added at a
multiplicity of infection (MOI) of 10:1 and incubated at 37°C for
30 min. Transduced cells were then pelleted and incubated
overnight in 2YT containing ampicillin (100 pg/ml) and
kanamycin (50 pg/ml). The resulting phage supernatants were
applied to another antigen-coated immunoplate, and the entire
process was repeated for a total of three rounds. The corresponding
non-biotinylated and non-phosphorylated peptides were added as
competing antigens during the second and third rounds of panning
to remove scFv-phage molecules that preferentially bound to the
modified neoepitope. After the third round, supernatants from 88
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FIGURE 2

BamA ECL4 is a target antigen for mAb generation. (A) Ribbon
diagram for the structural model of Tp BamA (TP0326) depicting
the B-barrel, ECL4, and the five periplasmic polypeptide-transport-
associated (POTRA) domains. ECLs 4, 6, and 7 form a dome that
occludes the barrel opening. (B) Sequences of the three
overlapping ECL4 peptides (S1-S3) used for Epivolve. The modified
aspartic acid residue in each peptide is represented in black. A
light blue line indicates predicted linear B-cell epitopes in S2 and
S3. Asterisk indicates an additional residue added to centrally
position the modified residue in the S1 peptide. Blue arrow above
the sequence indicates the glutamine to leucine substitution in the
Mexico A strain of T. pallidum (10). (C) Representative titration
ELISAs using native and modified peptides, pre- and post-error-
prone PCR.

single scFv-containing colonies were tested by ELISA for binding
against the respective modified and native peptides to demonstrate
that clones identified using Epivolve bind more strongly to relevant
antigens than to irrelevant antigens. NeutrAvidin alone was used as
a negative control. Poly-specific Abs were removed from
further study.

Affinity maturation using AXM mutagenesis. Mutagenized
libraries for directed evolution were previously generated utilizing
thiol protection of one of a pair of common PCR primers (23)
(Supplementary Figure S2). The coding region for the selected Ab
was amplified under error-prone PCR as previously described (21)
using 0.5 mM manganese chloride to facilitate mutagenic
nucleotide incorporation. The reverse primer contained
phosphorothioate linkages on its 5" end. The resulting double-
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stranded DNA was treated with T7 exonuclease (New England
Biolabs, Ipswich, MA) to selectively degrade the unmodified strand
of the dsDNA molecule. The resulting single-stranded DNA, or
“megaprimer,” was then annealed to the uracilated, single-stranded
circular phagemid DNA and used to prime in vitro synthesis by
DNA polymerase (New England Biolabs). The ligated, heteroduplex
product was then transformed into E. coli TG1 cells (Lucigen),
where the uracilated strand is cleaved in vivo by uracil N-
glycosylase, favoring survival of the newly synthesized,
recombinant strand containing the megaprimer (21, 23).

Epivolve maturation phase phage display screen. The template
phagemids for second-generation affinity maturation libraries were
based on evolved scFv sequences identified from phage display
panning of the above mutagenized libraries. Affinity maturation
phage libraries were generated as previously described for AXM
mutagenesis (21, 23) using AXE688 electrocompetent cells and
optimized conditions for AXL40 and AXL41 template phagemids.
The mutagenized libraries on average have an estimated average
diversity of 107.

IgG production. Heavy- and light-chain sequences from
successful scFv clones were identified via Sanger sequencing
(GeneWiz, South Plainfield, NJ). Heavy- and light-chain DNA
were synthesized and cloned into a mouse pTT5 expression
vector by BioBasic Inc. Plasmids were then transfected into
human embryonic kidney cells (HEK293-E, National Research
Council, Canada) using 293Fectin (Thermofisher). Six days post-
transfection, IgG from the harvested supernatant was purified using
a Protein A column (Cytiva Life Sciences, Marlborough, MA) and
dialyzed to resuspension in PBS.

Identification of complentarity-determining regions. The heavy- and
light-chain sequence for each mAb was submitted to the AbYsis website
(http://www.abysis.org/abysis/sequence_input/key_annotation/
key_annotation.cgi) to identify canonical class assignments for CDRs
and unusual residues involved in antigen binding.

Cloning of recombinant proteins. The Pyrococcus furiosus
thioredoxin scaffold containing Tp BamA ECL4 (PfTrx"2mA/ECHY)
containing N-terminal His- and C-terminal Avi-Tags and cloned
into pET28a was described previously (28). The “empty” PfIrx
scaffold (PfTrx"™P") was generated by self-ligating BamHI-digested
PfTrxP*mAECH  The PfTrxP*™AECH Mexico A construct was
generated by reverse PCR using Q5 Hot Start High-Fidelity DNA
polymerase (New England Biolabs, Inc.) in a 25-pl reaction
containing 100 ng of PfTrx**™AFCM* (Nichols) plasmid and
PfTrxP*mAECLY NexA-FW and MexA-RV primers (see
Supplementary Table SI). The resulting amplicon was self-ligated
using Kinase, Ligase & Dpnl Enzyme Mix (New England Biolabs,
Inc.), transformed into Topl0 cells, and plated on LB containing
kanamycin. Clones were confirmed by Sanger sequencing.
Generation of codon-optimized Tp BamA [-barrel in pET23b was
previously described (9). The codon-optimized C-lobe of Neisseria
meningitidis transferrin binding protein B, named the “loopless” C-
lobe (TbpB-LCL) (29), and the TbpB-LCL scaffold containing Tp
BamA ECL4 (TbpB-LCLP™A/ECLY) were generated by gene
synthesis (Azenta Life Sciences, Burlington, MA) and cloned into
Ndel-Xhol-digested pET28a by In-Fusion cloning (Takara Bio
USA, Inc., San Jose, CA), according to the manufacturer’s

frontiersin.org


http://www.abysis.org/abysis/sequence_input/key_annotation/key_annotation.cgi
http://www.abysis.org/abysis/sequence_input/key_annotation/key_annotation.cgi
https://doi.org/10.3389/fimmu.2023.1222267
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ferguson et al.

instructions. Oligonucleotide primers used in this study are
presented in Supplementary Table S1.

Expression and purification of recombinant proteins. PfIrx
proteins were expressed in BirA-transformed E. coli BL21 (DE3)
(BPS Bioscience, San Diego, CA) for in vivo biotinylation in
Lysogeny Broth (LB) containing kanamycin (50 pg/ml),
spectinomycin (50 pg/ml), and 50 pM D-biotin (Thermo Fisher
Scientific, Waltham, MA) and then purified over Ni-NTA (Qiagen,
Germantown, MD) as previously reported in (28). Soluble PfTrx
proteins were further purified by size-exclusion chromatography
(SEC) over a Superdex 200 Increase 10/300 GL column (Cytiva,
Marlborough, MA). Proteins used for immunization (see below)
were dialyzed with PBS for 4 h at 4°C. Recombinant BamA B-barrel
was expressed in E. coli C41 (DE3) cells, grown in LB containing 50
pg/ml kanamycin, and the insoluble recombinant proteins were
purified as previously described (10) and not subjected to SEC.

TbpB-LCL proteins were expressed in E. coli Gold (DE3) cells
(Agilent) using Overnight Express Instant LB medium (Millipore
Sigma, St. Louis, MO) containing 50 Lig/ml kanamycin. Washed cell
pellets were lysed in BugBuster (Novagen) containing lysozyme,
DNAse, and protease inhibitor cocktail. Following centrifugation,
the soluble fraction was purified over Ni-NTA resin, washed once
each with TbpB-LCL Wash Buffer A (50 mM Tris-HCI [pH 7.5], 500
mM NaCl, 10 mM imidazole) and Wash Buffer B (50 mM Tris-HCI
[pH 7.5], 200 mM NaCl, 20 mM imidazole) and then eluted in Wash
Buffer B containing 300 mM imidazole. Following elution, fractions
containing TbpB-LCL proteins were further purified over a Superdex
200 Increase 10/300 GL column (Cytiva) in buffer containing 50 mM
Tris-HCI (pH 7.5), 200 mM NaCl, and 1 mM [-mercaptoethanol.

Generation of antiserum in rat, mice, and rabbits. Rat 0-BamA
ECL4 (BamA residues 568-602) antiserum was described previously
(10). For mouse polyclonal antisera, 6- to 8-week-old C3H/He]
mice (Jackson Laboratory) were primed by intradermal injections
with 100 ul Freund’s Complete Adjuvant (1:1 v/v) containing 20 ug
of PfT rxPamA/ECLA PfT EmPY Mice were boosted at 3, 5, and 7
weesks with the same volumes and amounts of protein in Freund’s
Incomplete Adjuvant (1:1 v/v) and exsanguinated 9 weeks post-
immunization. Sera from five mice were pooled, heat inactivated,
and then used in immunological assays. Adult male New Zealand
White (NZW) rabbits (Envigo, Indianapolis, IN) were primed by
four subcutaneous injections and two intramuscular injections with
100 and 50 pl PBS-TiterMax (1:1 v/v), respectively, containing 200
ug of PfTrx®™AECH or pfTrx®™PY. Rabbits were boosted at 3, 6,
and 9 weeks with the same volumes and amounts of protein in PBS-
TiterMax (1:1 v/v) and exsanguinated 12 weeks post-immunization.

ELISA with murine IgG, monoclonal antibodies. For titration
ELISA, Maxisorp 96-well plates were coated with 50 ul/well of
NeutrAvidin (Thermo Fisher Scientific) at a final concentration of 1
pg/ml. The NeutrAvidin-coated plates were washed 3x with PBS
and blocked with 1% Bovine Serum Albumin (BSA)/PBS for 1 h at
RT. The plates were then washed 3x with PBS and coated with 1 ug/
ml biotinylated peptide antigen. Protein antigens were directly
coated to the NeutrAvidin-free plate for 1 h. Plates were blocked
with 1% BSA/PBS at RT for 1 h. Seven titrations (30, 7.5, 1.875, 0.47,
0.12, 0.007, and 0 pg/ml) of each Ab were diluted in 1% BSA/PBS,
applied to the plates, and incubated for 1.5 h. The plates were then
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washed 3x with PBST. AffiniPure goat o-mouse HRP (horseradish
peroxidase; Jackson ImmunoResearch) was diluted 1:10,000 in 1%
BSA/PBS, added to wells, and then incubated for 1 h at RT. Plates
were washed 3x with PBST. After the addition of Ultra TMB
reagent (ThermoFisher Scientific), wells were developed for 5 min
at RT and then stopped with 0.16 M H,SO, (50 pl/well). ELISA
signal (absorbance at 450 nm) was measured using an Envision
plate reader (BD, East Rutherford, NJ).

ELISA with syphilitic sera and BamA ECL4 antisera. ELISAs were
conducted as previously described (28) with the exception of using
biotinylated PfTrx"*™4EM and PfTrx™™PY proteins added at 200
ng/well in PBS buffer containing 15% goat serum, 0.005% Tween 20,
and 0.05% sodium azide followed by 1 h of incubation at RT. The
optical density (450 nm) readings of serial dilutions for PfTrx™*™*/
ECL4 yere used to calculate area under the curve (AUC). The AUC for
PfTrx"™Y was subtracted from the AUC of each PfTrx construct.

Immunoblot analysis. To assess the reactivity of PfTrx"mA/FC4
construct with each mAb, a gradient of 200 to 1 ng of protein was
resolved by Sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) using AnykD Mini-Protean TGX gels
(Bio-Rad Laboratories, Hercules, CA) and transferred to
nitrocellulose membranes (0.45 pm pore size; GE Healthcare,
Chicago, IL). To evaluate the reactivity of each mAb, the BamA (-
barrel was diluted in 8M urea in Laemmli sample buffer and
incubated for 30 min at RT. A gradient of 200 to 1 ng of protein
was resolved by SDS-PAGE using 12.5% SDS gel and transferred to
nitrocellulose membranes (0.45 wm pore size). For the specific
reactivity of PfTrx™*™"EM antisera against BamA ECL4, a graded
amount of TbpB-LCLP™*F<I protein (200 to 1 ng) was resolved by
SDS-PAGE using AnykD Mini-Protean TGX gels and transferred to
nitrocellulose. To assess reactivity of mouse syphilitic serum (MSS)
and immune rabbit serum (IRS) with PfTrx*™*EH 400 ng of the
protein was immunoblotted as described above. All experimental
conditions are detailed in Supplementary Table S2.

Propagation of Tp. The Nichols strain of Tp was propagated by
intratesticular inoculation of adult male NZW rabbits and harvested
at peak orchitis as described previously (30, 31).

Generation of mouse syphilitic serum. C3H/He] mice 6-8 weeks
old were inoculated intradermally (between the scapulae),
intraperitoneally, intrarectally, and intragenitally (females,
intravaginally; males, percutaneously in the corpus cavernosa)
with 2.5x107 organisms per site in 50 ul CMRL containing 20%
NRS (totaling 1x10® total organisms/animal) (32). Intrarectal and
intravaginal inoculations were performed with a gavage-type
needle. Mice were sacrificed on day 84 post-inoculation and
exsanguinated. A pool of MSS was prepared for use in
opsonophagocytosis assay (detailed below).

Macrophage preparation. Bone-marrow-derived macrophages
(BMDM) for the murine opsonophagocytosis assay were generated
as previously described (32) with the following amendments. BMDMs
were plated on a Millicell EZ 8-well chamber slide (Sigma-Aldrich)
with 500 ul for a final concentration of 1x10> cells per well and
incubated overnight at 37°C. The following day, the media was
replaced with fresh Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% FBS. Rabbit peritoneal macrophages were
generated using 10% protease peptone and isolated using ice-cold PBS-
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EDTA as previously described (31). The macrophages were plated
(1x10° cells/well) in eight-well BioCoat Poly-D-Lysine glass culture
slide chamber slides (Corning, Corning, NY) and incubated at 37°C for
2 h. Non-adherent cells were removed by washing the monolayers
twice with DMEM (31).

Opsonophagocytosis assays. Freshly harvested Tp were diluted to
1x10%/ml in medium alone or in DMEM supplemented with normal
mouse or rabbit serum, mouse or rabbit syphilitic serum, or mouse
or rabbit antisera directed against PfT rxBemA/ECLA - p ey Empty
Tppl7 and TP0751 (all sera diluted to 10%). Rabbit o-Tppl7 and
0-TP0751 were described previously (31). For the murine assay, Tp
was pre-incubated with 10 pg/ml of each mAb. After 2 h pre-
incubation at RT, Tp was added to macrophages at an MOI of 10:1
and incubated for 4 h at 37°C. Each stimulation condition was
performed in triplicate. Following the incubation period, an
immunofluorescence assay (IFA) was performed and imaged to
evaluate treponeme internalization as detailed below.

Immunofluorescence analysis for Tp internalization. IFA was
performed as previously described (31), with the modifications in
Supplementary Table S2. In addition, VECTASHIELD Antifade
mounting medium without 4’,6-diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Newark, CA) was added, and samples were
sealed with coverslips. Internalization of Tp was assessed by acquiring
images of at least 100 macrophages per condition on an
epifluorescence Olympus BX-41 microscope using a 40x (1.4-NA)
oil immersion objective equipped with a Retiga Exi CCD camera (Q
Imaging, Tucson, AZ) and the following Omega filter sets: DAPI,
FITC, and rhodamine. Acquired images were processed with
VisiView (version 5.0.0.7). Confocal images were acquired using
Zeiss 880, and images were processed using ZEN3.5 Blue. The
phagocytic index was calculated by dividing the number of
internalized spirochetes by the total number of cells imaged and
multiplying by 100. The phagocytic indices were systematically
quantified for each of the conditions studied in a blinded fashion.

Statistical analysis. General statistical analysis was conducted
using GraphPad Prism 9.5.1 (GraphPad Software, San Diego, CA).
The means of the AUC from ELISA dilution curves for the
PfTrxP*mAECI construct and peptides were compared to
determine statistical significance by one-way ANOVA with
Bonferroni’s correction for multiple comparisons. Phagocytic
indexes were compared among the different stimuli. Either a paired
or unpaired Student’s t-test (i.e., Mann-Whitney test or Wilcoxon
test) was used for comparison across two groups. For the analysis of
three or more conditions, non-parametric statistical test (Friedman’s
test with a Dunnett’s multiple comparisons post-test analysis) was
used for trend analysis. For each experiment, the standard error of the
mean was calculated with p-values <0.5 considered significant.

Results

Production of mAbs targeting BamA ECL4
using Epivolve

Structural modeling of Tp BamA predicts that three ECLs, ECL4,
ECL6, and ECL7 form a dome that covers the B-barrel’s extracellular
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opening (Figure 2A). We selected BamA ECL4 (Figure 2A) for the
production of mAbs using Epivolve (Figure 1) based on our previous
report that it is an opsonic target in Tp (10) along with other studies
demonstrating that Abs directed against BamA ECL4 in E. coli are
growth limiting or bactericidal (15, 33). The ECL was divided into three
overlapping peptide sequences (S1, S2, and S3), each with a centrally
located, modified aspartic acid residue (Figure 2B). Analysis using
ElliPro predicted two high scoring linear BCEs in S2 and S3 and none
in S1 (Figure 2B). Initial rounds of panning identified phage that bound
to all three target peptides (14 hits for S1, 42 for S2 and 52 for S3). Of
those initially identified, only 11 phages containing a single-chain
variable fragment (scFv) that specifically bound the modified peptides
(eight hits for S2 and three hits for S3). Titration ELISAs then were
done to identify clones with a background-corrected signal >2-fold
against the modified vs the native peptide (Figure 2C, left). Only phages
directed against the S2 peptide satisfied these binding criteria and, for
this reason, were advanced to the maturation step. To improve the
binding affinity of the scFvs, scFv mutagenesis was performed using
error prone PCR followed by selection against the native peptide. Hits
selected for further study demonstrated a >10- and >40-fold
improvement in reactivity against the modified and native peptides,
respectively, compared to the parental clones and failed to bind the
irrelevant peptide negative control (Figure 2C, right).

Predicted CDR sequences harbor amino
acid differences with the potential to
impact antigen recognition

Epivolve yielded five distinct scFvs consisting of five unique
heavy chains (HCs) paired with three unique light chains (LCs)
(Figure 3A). We used abYsis (34) to determine the predicted CDR
boundaries of each chain and generated separate alignments of the
HC and LC sequences (Figures 3B, C, respectively). Inspection of
the alignments revealed amino acid differences in both chains
potentially relevant to antigen recognition. HC1 and HC2 contain
four identical substitutions in CDR2. CDR3-HC contains three
substitutions: G102S in HC1, Q102H in HC2, and S107R in HC3
and HC4. LC1-CDR2 contains substitutions at positions 52 (M—R)
and 55 (P—Y). CD3-LC contains A/F/S substitutions at residue 94
in all three LCs and D95K and F99M substitutions in LC1. While
most of the variants were observed in the CDR regions,
substitutions were identified in the framework of both chains
(e.g., D10V and S13P in HC2 and LC2, respectively).

Full-length mAbs strongly recognize
BamA ECL4

The five scFvs were fused with a mouse IgG, Fc backbone
anticipating evaluation of their opsonic activity (see below) (35, 36).
We then used ELISA to compare binding of the mAbs to the native
S2 peptide and ECL4 displayed by PfTrx, a scaffold protein that
presents OMP ECLs in a native-like conformation (28). Each mAb
demonstrated strong reactivity with both antigens (Figure 4A);
however, based on AUC values, the mAbs showed slightly greater
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FIGURE 3

CDR3

Heavy and light chains used to form full-length mAbs. (A) Five heavy and three light chains (HC and LC, respectively) were fused to a mouse IgG2
constant domain to form five distinct full-length mAbs. A multiple sequence alignment of the (B) HCs and (C) LCs. The amino acid residues with a
consensus identity of over 51% are represented by gray shading, while lowercase letters indicate amino acids with a mismatched identity. HC and LC
CDRs predicted using abYsis (34) are denoted by cyan or pink shading, respectively. Asterisk (*) indicates a non-conserved residue in all three LC CDR3s.

recognition of the peptide (Figure 4B). By immunoblotting, four of
the five mAbs detected at least 25 ng of PfTrx"*™*4 1GX7141
being the most sensitive, while the control mAb (IGX6939) failed to
recognize the highest amount of protein (200 ng) (Figure 4C).
Immunoblots against the BamA [-barrel yielded similar results
(Figure 4C). The three mAbs with the strongest reactivity by
immunoblot (IGX7137, IGX7140, and 1GX7141) also showed the
greatest AUC values (Figure 4B). Also noteworthy, the immunoblot
reactivities of several mAbs compared favorably to a rat ECL4
antiserum previously demonstrated to be capable of detecting native
BamA, a low abundance protein (~200 copies/cell) (9), on the
surface of intact spirochetes (Figure 4D) (10).

We previously reported that ECL4 harbors an immunodominant
epitope in which substitution of glutamine in the Mexico A strain for
leucine at position 594 in the Nichols strain markedly diminishes Ab
recognition (10, 30). This residue is the last amino acid in the S2
peptide (Figure 2B). We next sought to determine if this substitution
impacts recognition of ECL4 by the mAbs. IGX7141, the strongest
reactor, exhibited slightly diminished recognition of the Mexico A
ECLA4 variant displayed by the PfTrx scaffold (Figure 4E).

Identification of an opsonic BamA
ECL4 mAb

Macrophage-mediated opsonophagocytosis is considered to be
critical for treponemal clearance (37), and ex vivo opsonic activity is
widely considered to be a surrogate of protective immunity (5, 38).
Opsonophagocytosis assays with Tp are typically done with rabbit sera
and rabbit peritoneal macrophages (31, 38); however, we previously
demonstrated that opsonic activity also can be assessed using MSS and
BMDMs (32). We employed the latter assay to evaluate the opsonic
activity of the five mAbs. As a positive control, we collected and pooled
sera from five mice infected with Tp for 84 days, a time point known to
elicit strongly opsonic Abs (32). As a presumptive positive control, we
pooled mouse polyclonal antisera generated against PfTrx™*™A/FCI4
and confirmed the presence of ECL-specific Abs by immunoblotting
against a heterologous scaffold, TbpB-LCL (Neisseria meningitidis
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Transferrin-Binding Protein B, “loopless” C-lobe) (29), displaying
ECL4 (Figure 5A). The pooled polyclonal ECL4 antisera recognized
the S2 peptide and peptides S1 and S3 (Figure 5B). In addition to
normal mouse serum (NMS) and mouse PfTermPty antisera, as
negative controls, we generated murine antisera against the
periplasmic lipoproteins Tppl7 and TP0751 (Supplementary Figure
S3) (7, 31). Previously, spirochete uptake has been calculated as a
percentage of macrophages containing Tp (31, 39). Our use of confocal
microscopy enabled us to devise an improved “phagocytic index” that
quantifies both the number of macrophages with ingested organisms
and the number of treponemes phagocytosed per cell.

As shown in Figure 5C and reported previously (32), MSS
exhibited robust opsonic activity, whereas spirochetes pre-
incubated with NMS bound to the surface of macrophages but
were poorly internalized. Also consistent with a previous report
using the rabbit assay (31), mouse Abs directed against Tpp17 and
TP0751 exhibited background levels of phagocytosis (Figures 5C,
D). In contrast, spirochetes pre-incubated with the pooled ECL4
antisera were internalized at levels well above background (p =
0.031). Of the five mAbs, only mAb IGX7141 displayed significant
opsonic activity (p = 0.003); its opsonic activity was comparable to
that of the ECL4 antisera (Figures 5C, D). Interestingly, the MSS
showed a markedly different reactivity profile for ECL4 than either
the mAbs or the polyclonal antisera; it reacted poorly by
immunoblot (Figure 5E) and failed to recognize PfTrx"mA/ECH
and all three peptides by ELISA (Figures 5F, G).

Immune rabbit serum lacks antibodies to
the subdominant BamA ECL4 epitope

As noted above, the rabbit opsonophagocytosis assay is the
conventional method for assessing opsonic activity for Tp. We,
therefore, next sought to determine how the opsonization and
antigenicity data obtained in the murine assay correlated with
results obtained with the rabbit system. A rabbit antiserum
generated using PfTrx™™F* displayed similar immunoblot

reactivity to TbpB-LCLP*™AECM 45 jts mouse counterpart
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(Figure 6A). Notably, compared to the mouse ECL4 antisera
(Figure 5B), the AUC values of the rabbit antiserum for all three
peptides were substantially greater (Figure 6B). As in the mouse
assay, as additional negative controls, we included previously
characterized rabbit antisera against Tppl7 and TP0751 (31). As
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FIGURE 4 (Continued)

Immunoreactivity profiles of BamA ECL4 mAbs. (A) Titration ELISAs
of the mAbs against native and irrelevant peptides (magenta and
grey, respectively) and PFTrxB2MAECL4 ang PTrx EMPY (blue and
black, respectively). (B) mAb AUC values calculated for native
peptide and PfTrxBMAECLY (C) Immunoblot reactivities against
graded nanogram amounts of PfTrx BMAVECL (51 4 kDa) or the
BamA B-barrel (44.9 kDa). Based on the MW, PfTrxBamA/ECL4 gng
BamA B-barrel were loaded at a 2:1 ratio, with 1 ng corresponding
to 0.047 and 0.022 picomoles, respectively. PTrxE™PY (200 ng) and
nonspecific mAb (IGX6939) served as specificity controls.
Immunoblots were done using mAbs at 4 ug/ml. (D) A rat
polyclonal BamA ECL4 (residues 568-602) antiserum (10) (diluted
1:1,000) was used as a comparator. (E) Immunoblot reactivity of
IGX7141 mAb (4 pg/ml) against graded nanogram amounts of
Nichols (top) and Mexico A PfTrxBaMAECL4 (hottom) variants

shown in Figures 6C, D, sera from five immune rabbits and the
polyclonal ECL4 antiserum showed strong opsonic activity.
The greater peptide ELISA values of the rabbit ECL4 antiserum vs.
the mouse likely explains its greater opsonic activity (compare
Figures 5C, D, 6C, D). Four of the five immune sera reacted
strongly with PfTrx®™*FC by immunoblot (Figure 6E); one of
these (IRS 114) failed to recognize ECL4 by ELISA (Figure 6F). Three
of the four immunoblot positive immune sera were non-reactive with
all three peptides, whereas one (IRS 112) recognized peptides S2 and
S3 (Figure 6G), albeit more poorly than the rabbit ECL4 antiserum.
IRS 113 was non-reactive in all three assays.

Discussion

The current conception of protective immunity in syphilis is that
spirochete clearance is driven by opsonophagocytosis and that the
production of so-called “functional” Abs must be paired with cellular
responses to activate professional phagocytes, particularly
macrophages (39-42). The primary targets for opsonic Abs in
syphilitic sera are presumed to be the ECLs of rare OMPs. Based on
recently refined 3D structural models for Tp OMPs, it is now possible
to generate opsonic polyclonal and mAbs directed against selected
ECLs. Whereas polyclonal Abs will identify ECLs capable of serving as
opsonic targets, mAbs will precisely define the paratope-epitope
interactions required for opsonic activity. Herein, we generated a
mADb that recognizes an opsonic epitope on ECL4 of Tp BamA. Abs
against this epitope are not strongly elicited during natural infection;
on the other hand, hyperimmunization with ECL4 stimulates the
immune system to outflank this “antigenic barrier” giving rise to Abs
that detect what appears to be a subdominant epitope.

Epivolve relies on two basic principles: (i) interaction of an Ab
with an epitope is enhanced by electrostatic charges (43) and (ii)
just one or two changes in a paratope can compensate for a change
in a single amino acid residue in an epitope (44). Substituting a
highly charged residue for a native amino acid present in the
epitope of interest of the naturally occurring sequence facilitates
specific targeting of that site for epitope:paratope electrostatic
interactions by the scFv Ab library. Fuller et al. demonstrated the
success of this technique by isolating splice junction- and isoform-
specific Abs at a single amino acid resolution (22). In this study we
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Identification of an opsonic BamA ECL4 mAb. (A) Immunoblot reactivities of pooled sera (diluted 1:1,000) from five mice hyperimmunized with

PfTrxBaMAECE against graded nanogram amounts of TbpB-LCLEaMAECLY (B) ELISA reactivity of murine PTrx®2"

AECLA antisera or NMS with native S1, S2,

and S3 peptides represented as AUC values. (C) Freshly extracted Tp were pre-incubated with 10% heat-inactivated NMS, pooled MSS, mouse antisera
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, TPO751 or Tppl7, or 10 ug/ml of the individual mAbs followed by incubation with murine BMDMs for 4 h at an MOI 10:1

Phagocytic indices were determined as described in Materials and methods. Asterisks show significant differences with p-values of <0.05, <0.01,

or <0.0001. (D) Each representative confocal micrograph is a composite of 9-12 consecutive Z-stack planes with labeling of Tp, plasma membranes,
and nuclei shown in green, red, and blue, respectively. (E) Immunoblot reactivity of pooled MSS and NMS (diluted 1:250) against 200 ng of PfTrx®a ™
ECL4 ELISA reactivity (AUC values) of pooled MSS against (F) PfTrx®™ECt and (G) the S1, S2, and S3 peptides

used the site specificity of the scFv to the modified site both as a
hapten attractant and as a surrogate for evidence that the discovery
Ab is binding either at or within the epitope. After the primary
screen against the modified peptide, the polymorphism-specific Ab
is used to direct the evolution of a mutated library to a new epitope
in which the native amino acid residue is now present, therefore
ensuring that the Ab can recognize the native sequence. We have
previously demonstrated that the AXM mutagenesis approach
allows for the efficient generation of libraries with 10°
recombinant clones from a single transformation (21), which is
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well within the size of an affinity maturation library needed to
generate the required single and double permutations of the
paratope. This streamlined approach allows for efficient and cost-
effective generation of large Ab libraries, facilitating high-
throughput, parallel processing of multiple Abs vs. the
conventional error-prone PCR, and subcloning approach required
1,000 transformations to yield a library of equivalent size.
Epivolve technology yielded five mAbs that recognized a centrally
located (S2) BamA ECL4 peptide. All five mAbs reacted by ELISA
with both the native peptide and the ECL presented in a “native-like”
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Absence of antibodies to the subdominant BamA ECL4 epitope in immune rabbit serum. (A) Immunoblot reactivities of sera (diluted 1:1,000) from rabbits
hyperimmunized with PfTrx®*™VEC4 against graded nanogram amounts of TbpB-LCL®*™YECL (B) ELISA reactivity of rabbit PfTrxBem™AECL gntisera or
NMS with native S1, S2, and S3 peptides represented as AUC values. (C) Freshly extracted Tp were pre-incubated with 10% heat-inactivated NRS, five
individual IRS, or sera from rabbits hyperimmunized with PfTrxBaMAECLE  peTEMPY TPO751, or Tppl7 followed by incubation with rabbit peritoneal
macrophages for 4 h at an MOI 10:1. Phagocytic indices were determined as described in Materials and methods. Asterisks show significant differences
with p-values of <0.05, <0.01, or <0.001. (D) Each representative confocal micrograph is a composite of 9-12 consecutive Z-stack planes with labeling
of Tp, plasma membranes, and nuclei shown in green, red, and blue, respectively. (E) Immunoblot reactivity of individual IRS and NRS (diluted 1:250)
against 200 ng of PfTrxB2MAYECLE E|SA reactivity (AUC values) of IRS against (F) PfTrxB™VECL and (G) the S1, S2, and S3 peptides
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conformation within the context of a PfI'rx scaffold in the 0.1 to 1.875
ug/ml range. Immunoblot reactivity with PfTrx®*™*“"* and the B-
barrel confirmed that the mAbs recognize a linear epitope. Taken
together, these data demonstrate that a linear epitope can be
displayed in an Ab-accessible manner when a large,
conformationally dynamic polypeptide (in this case 35 residues) is
constrained at both ends as occurs within the native ECL. While the
reactivities of the five mAbs were similar, they were not identical;
three of the five mAbs (IGX7137, 1XG7140, and 1GX7141)
demonstrated higher affinity. These differences in reactivity likely
can be explained by the amino acid variances found in CDR2 of HC1
and HC2 and the residue differences observed in CDR2 and CDR3 of
LCI. Interestingly, two of three strongly reactive mAbs (IGX7137 and
IXG7140) share LC2. While LC3 is highly similar to LC2, the single
amino acid difference observed at position 94 of CDR3 presumably is
responsible for the unique opsonic activity of IGX7141. Importantly,
each of the IgGs has a different heavy chain that also could contribute
significantly to Ab binding.

To evaluate functional activities of the mAbs, we utilized our
previously described opsonophagocytosis assay employing murine
macrophages. In the current study, we used C3H/He] mice, rather
than the C57BL/6 strain, based on prior publications (45) and our
recent experience that the former produce higher Ab titers following
hyerimmunization with PfIrx-scaffolded ECLs. At the outset, we
confirmed that Tp infection of C3H/He] mice elicits strongly opsonic
Abs. It is worth noting that spirochetes pre-incubated with NMS readily
bound to the surface of macrophages but were not internalized. The
lack of opsonic activity observed with mouse Abs to Tpp17 and TP0751
confirmed previous results obtained with rabbit antisera (31) and is in
accord with studies localizing both lipoproteins to the periplasmic space
(31, 46). As noted above, the opsonic activity of IGX7141 appears to be
attributable to the single amino acid substitution in CDR3 of the LC.
Studies have shown that CDR3 is a critical domain for antigen
recognition (47). Previously noted differences in the frameworks of
the mAbs also may impact how they engage their cognate epitope. A
more detailed study of binding perimeters is needed to better
understand the affinities of these five mAbs. It is noteworthy that the
opsonic activity of mAb IGX7141 was equivalent to the mouse
polyclonal antisera. Expansion of the study to include the
conventional rabbit opsonophagocytosis assay allowed, for the first
time, a comparison of mouse and rabbit ECL-specific antisera. Unlike
the mouse ECL4 antisera, the rabbit antiserum showed a comparable
level of internalization to IRS. This difference appears to be attributable
to the stronger reactivity of the rabbit antiserum with the ECL peptides
rather than any fundamental difference between the two assays.
Regardless, both assays underscore that hyperimmunization against a
single ECL can elicit strong opsonic activity.

A striking observation is that infection with Tp often does not
elicit opsonic Abs against the target recognized by the ECL4 mAbs.
Thus, while immune serum harbors Abs against BamA ECL4, their
contribution to the overall opsonic activity of syphilitic serum
remains unclear. More broadly, these findings raise the possibility
that Tp diverts the host immune response away from subdominant
opsonic ECL epitopes as part of its strategy for stealth pathogenicity
(48). Epivolve is divorced from the natural immune response and
allows for the generation of mAbs, which can target subdominant
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epitopes. Hyperimmunization with an ECL displayed on PfI'rx also
was able to overcome this immunological barrier, although it
remains to be determined if this will be the case for other ECLs
(49). Importantly, the opsonic mAb IGX7141 recognized both
ECL4 variants, supporting that Abs directed against this
subdominant epitope can sidestep the Tp’s attempt at immune
evasion through antigenic variation of a surface exposed epitope on
circulating strains. Here, we demonstrate the utility of mAbs
generated outside the immune system to identify potentially
protective ECL epitopes that would be missed by relying solely on
screening approaches based upon the natural Ab response to Tp.
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SUPPLEMENTARY FIGURE 1

Library vector template. The parental vector was modified to contain four
Eco29Kkl restriction endonuclease sites and amber (5'-TAG-3') stop codons
within the CDRs targeted for mutagenesis. For library generation, amino acid
stretches varying from six to 22 residues were incorporated into LC and HC
CDR3s. Colored bars represent designate primer binding sites.

SUPPLEMENTARY FIGURE 2
Production of high-titer, fully recombinant Ab libraries. (A) In vivo restriction
using E. coli AXE688 [TG1 (eco29KI.RM)] to produce recombinant libraries (21,
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