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Abstract

Leptospirosis is an emerging infectious disease caused by pathogenic Leptospira spp. A universal vaccine against leptospirosis is
likely to require highly conserved epitopes from pathogenic leptospires that are exposed on the bacterial surface and that generate a
protective and sterilizing immune response. Our group recently identified several genes predicted to encode TonB-dependent recep-
tors (TBDR) in Leptospira interrogans using a reverse vaccinology approach. Three leptospiral TBDRs were previously described
and partially characterized as ferric-citrate, hemin, and cobalamin transporters. In the current study, we designed a fusion protein
composed of predicted surface-exposed epitopes from three conserved leptospiral TBDRs. Based on their three-dimensional structural
models and the prediction of immunogenic regions, nine putative surface-exposed fragments were selected to compose a recombinant
chimeric protein. A Mycobacterium bovis BCG strain expressing this chimeric antigen encoded in the pUP500/P,, 5y mycobacterial
expression vector was used to immunize Syrian hamsters. All animals (20/20) vaccinated with recombinant BCG survived infec-
tion with an endpoint dose of L. interrogans (p <0.001). No animal survived in the negative control group. Immunization with our
recombinant BCG elicited a humoral immune response against leptospiral TBDRs, as demonstrated by ELISA and immunoblot. No
leptospiral DNA was detected by lipL.32 gPCR in the kidneys of vaccinated hamsters. Similarly, no growth was observed in macerated
kidney cultures from the same animals, suggesting the induction of a sterilizing immune response. Design of new vaccine antigens
based on the structure of outer membrane proteins is a promising approach to overcome the impact of leptospirosis by vaccination.

Key points

o Predicted surface-exposed epitopes were identified in three leptospiral TBDRs.

o An M. bovis BCG strain expressing a chimeric protein (rTBDRchi) was constructed.
e Hamsters vaccinated with rBCG:TBDRchi were protected from lethal leptospirosis.

Keywords Leptospira - Reverse and structural vaccinology - Beta-barrel transmembrane protein - Epitope-based vaccines -
Chimeric protein

Introduction

Leptospirosis is a major zoonosis worldwide in terms of mor-
bidity and mortality rates. The global incidence is estimated
to be over one million cases every year, resulting in ~ 60,000
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deaths (Costa et al. 2015). Rodents are the primary reser-
voir hosts of pathogenic Leptospira spp., while humans are
incidental hosts. The disease also affects several wild and
domestic animals (Ellis 2015; Haake and Levett 2015). Lep-
tospirosis in humans can vary from mild symptoms, such as
fever and myalgia to severe outcomes, with the development
of acute kidney injury and pulmonary hemorrhage syndrome
(Haake and Levett 2015). Leptospiral vaccines currently
available are inactivated whole-cell preparations (bacterins)
with widespread veterinary applications, but limited use in
humans. Bacterins confer a short-term immune response that
is protective only against the serovars included in the vac-
cine formulation (Adler 2015). Several recombinant proteins
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have been evaluated towards the development of new and
improved leptospiral vaccines, with variable success (Felix
et al. 2020). While some experimental recombinant vaccines
were protective against lethal challenge, the majority failed
to achieve heterologous and/or sterilizing protection, high-
lighting the need to evaluate novel vaccination strategies
(Grassmann et al. 2017b; Felix et al. 2020). A new and effec-
tive vaccine against leptospirosis will likely include surface-
exposed epitopes conserved among pathogenic Leptospira
spp., allowing bacterial recognition by humoral immune
response (Grassmann et al. 2017a, b; Dellagostin et al. 2017).
Our group previously used a reverse and structural vaccinol-
ogy approach to identify leptospiral beta-barrel outer mem-
brane proteins (fb-OMP), including six TonB-dependent
receptors (TBDR) (Grassmann et al. 2017a).

TBDRs are outer-membrane proteins that promote the
uptake of essential nutrients such as iron, nickel, vitamins,
and carbohydrates (Noinaj et al. 2010). Since iron has lim-
ited bioavailability, its acquisition by bacteria is facilitated
by the formation of complexes with other transport mol-
ecules, such as heme and siderophores, which are then inter-
nalized by specific TonB-dependent transport systems (Noi-
naj et al. 2010). Pathogenic and saprophytic Leptospira spp.
require iron for in vitro growth (Faine 1959) and evolved
mechanisms for iron sensing, acquisition, and utilization
(Louvel et al. 2006). Two leptospiral TBDRs, encoded by
LIC10896 and LIC10964, were described as homologs to the
ferric citrate transporter FecA and the PhuR hemin receptor
(Nascimento et al. 2004; Louvel et al. 20006), respectively.
Another TBDR, LIC12374, is annotated as a homolog of
the cobalamin transporter BtuB (Nascimento et al. 2004;
Louvel et al. 2006). Cobalamin (or vitamin B12) is a cofac-
tor for enzymes related to a variety of essential functions,
including those related to carbon metabolism and biosyn-
thesis of nucleotides (Shelton et al. 2019). Similarly to iron,
cobalamin is a small nutrient required for Leptospira spp.
survival (Louvel et al. 2006). While saprophytic species rely
on external sources, pathogenic leptospires encode a path-
way for de novo production of cobalamin from L-glutamate
(Fouts et al. 2016). Due to their important role in bacterial
metabolism and nutrient acquisition, several TBDRs have
been evaluated as vaccine candidates against many patho-
gens, resulting in successful protection (Alteri et al. 2009;
Hu et al. 2012; Hubert et al. 2013).

Epitope mapping in vaccine candidates permits the iden-
tification of regions with increased probability to elicit an
immune response, consequently improving the antigenicity
and immunogenicity of vaccine formulations and avoiding
production of undesirable or ineffective responses (Oyarzin
and Kobe 2016; Parvizpour et al. 2020). The rational selec-
tion of conserved epitopes also contributes to cross-protection
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(Liu et al. 2017; Nosrati et al. 2019; Xiao et al. 2020), a par-
ticularly important aspect to consider for the development of
leptospirosis vaccines, where the achievements of heterolo-
gous, long-term protection are major goals. Combined with
protein structural information, epitope selection is a power-
ful tool to identify immunogenic surface-exposed fragments
required for bacterial opsonization (Grassmann et al. 2017a).
Opsonization of leptospires by specific immunoglobulins
improved bacterial phagocytosis and clearance (Gomes-
Solecki et al. 2017; Santecchia et al. 2020). Even though the
immune response required for protection against leptospirosis
is not yet fully understood, induction of a balanced cellular/
humoral response is believed to be key for a protective immune
response (Gomes-Solecki et al. 2017; Grassmann et al. 2017b;
da Cunha et al. 2019).

Mycobacterium bovis Bacillus Calmette-Guérin (BCG) is
an attenuated strain widely used as a vaccine against human
tuberculosis (TB) (Dockrell and Smith 2017). In use for a
hundred years, BCG vaccination is a highly cost-effective
intervention against tuberculosis and is recommended for
all newborns in countries with a high burden of TB (Trunz
et al. 2006; Lobo et al. 2021). BCG triggers a long-lasting
immunity after a single dose, presenting several adjuvant
properties and a strong cellular response (Dockrell and Smith
2017). BCG-induced adaptative immune response include
the expression of several interleukins, such as TNF-a and
IFN-y, and, consequently, the proliferation and activation of
macrophages (Dockrell and Smith 2017; Covian et al. 2019).
Several studies have demonstrated the potential of recombi-
nant BCG (rBCG) to enhance the immune response towards
heterologous antigens (Groschel et al. 2017; Soto et al. 2018),
including those from L. interrogans (Seixas et al. 2007,
Oliveira et al. 2019a; Dorneles et al. 2020), and represents
a promising alternative for antigen delivery (Oliveira et al.
2017).

In this study, we identified highly conserved surface-
exposed regions containing B and T CD4 + cell epitopes
in three leptospiral TBDRs: LIC10896, LIC10964, and
LIC12374. These fragments were combined on a multi-epitope
fusion protein and evaluated using BCG as a vectorized vac-
cine carrier. Our preparation induced a protective immune
response in the hamster model of acute leptospirosis, generat-
ing specific antibodies and sterilizing immunity.

Materials and methods

Bacterial strains and growth conditions

Escherichia coli strains BL21 (DE3) Star and TOP10 (Inv-
itrogen, Sdo Paulo, SP, Brazil) were grown at 37 °C in

Lysogeny Broth (LB) medium, with 100 ug.ml~! ampicil-
lin when required. M. bovis BCG (Pasteur and recombinant
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strains) were cultivated at 37 °C in Middlebrook 7H9
broth (Difco, BD, Sao Paulo, SP, Brazil) supplemented
with 0.5% glycerol; 0.05% Tween 80 and 10% Oleic acid,
Albumin, Dextrose Complex (OADC); or in 7H10 agar
(Difco, BD, Sio Paulo, SP, Brazil) with 10% OADC. The
BCG media was supplemented with kanamycin, 25 pg.
ml~!, when needed. Low-passage virulent L. interrogans
serogroup Icterohaemorrhagiae serovar (sv.) Copenhageni
strain (st.) Fiocruz L1-130 (WDCM1012) was cultivated
at 30 °C in Ellinghausen-McCullough-Johnson-Harris
(EMJH) medium supplemented with Leptospira EMJH
enrichment (Difco, BD, Sdo Paulo, SP, Brazil).

In silico structure predictions and epitope selection

Three proteins (LIC10896, LIC10964, and LIC12374)
from L. interrogans sv. Copenhageni st. Fiocruz L1-130
(Taxid:267,671), previously identified as leptospiral TonB-
Dependent receptors, were selected for evaluation in this
study. Three-dimensional (3D) structures were predicted
by threading using the I-TASSER server (Yang and Zhang
2015). Models with the highest C-score were selected for
epitope prediction. The 3D protein structures were visu-
alized using USCF Chimera 1.12 (Pettersen et al. 2004).
Sequences for the CD4 + T cell epitopes, with high affinity
to 14 different human major histocompatibility complex
class II (MHC-II) alleles, were predicted using NetMHCII
2.2 (Nielsen and Lund 2009) at the default settings. For
linear (continuous) B cell epitope prediction, amino acid
sequences were analyzed using BepiPred 1.0 (Larsen et al.
2006). Only T cell epitopes with a strong binding affin-
ity (IC50 <50 nM) and amino acid residues with a score
higher than 0.35 in the B cell epitope analysis were consid-
ered. Epitopes were manually mapped onto the predicted
3D models of each fb-OMP in USCF Chimera 1.12. These
models were aligned with their best structural template
obtained from the Orientations of Proteins in Membranes
(OPM) database (Lomize et al. 2012). All surface-exposed
fragments containing B and T CD4 + cell epitopes were
used for antigen construction. Orthologs for each L. inter-
rogans TBDR were identified by BlastP (NCBI) in 10
pathogenic (P1 clade) Leptospira spp. proteomes (Online
Resource 1, Table S1). Protein sequences with >70% iden-
tity and 40% query coverage were considered orthologs.
Identity between the L. interrogans polypeptides and their
orthologs was determined after multiple sequence align-
ments (MSA) using MUSCLE (EMBL-EBI) (Edgar et al.
2004).

Recombinant protein expression and purification

Selected surface-exposed fragments were assembled in
silico using Vector NTI Advance® 11.5 (Invitrogen) with-
out linkers, to construct the fusion proteins rTBDRchi,
rLIC10896c¢chi, rLIC10964chi, and rLIC12374chi (Online
Resource 2). E. coli codon optimized coding sequences
(CDS) for each fusion protein were synthesized by Epoch
Life Science (Texas, USA) and cloned into E. coli expres-
sion vector pAE (Ramos et al. 2004) using BamHI and Hin-
dIlI restriction sites. Recombinant plasmids were used to
transform E. coli BL21 (DE3) C41 strain (Invitrogen, Sao
Paulo, SP, Brazil) by heat shock. When cultures reached
mid-log phase (0.6-0.8 absorbance at ODg,), expression
was induced by adding 0.5 mM IPTG (isopropyl-p-D-
thiogalactopyranoside) and incubated at 37 °C with agi-
tation. After 4 h, cells were harvested by centrifugation
(7,000 % g, 15 min, 4 °C). Pellets were washed in phos-
phate-buffered saline (PBS) and resuspended in lysis buffer
(20 mM sodium phosphate, 0.5 M NaCl, and 20 mM Imida-
zole, pH 8.0) before sonication with six 30-s pulses on ice.
After lysis, insoluble proteins were harvested by centrifu-
gation (10,000 x g, 1 h, 4 °C) and resuspended in denatur-
ing binding buffer (8 M urea, 20 mM sodium phosphate,
0.5 M NaCl, and 20 mM Imidazole, pH 8,0) and incubated
under constant agitation for 16 h. After a final centrifugation
(10,000%x g, 1 h, 4 °C), recombinant proteins were purified
using the AKTA Start automated chromatography system
(GE Healthcare). Briefly, the supernatant was applied to a
nickel-charged HisTrap FF column (GE Healthcare, Séo
Paulo, SP, Brazil), and after washing with 20 column vol-
umes, recombinant fusion proteins were eluted over a total
of 20 ml using a 0-100% gradient of elution buffer (§ M
urea, 20 mM sodium phosphate, 0.5 M NaCl, and 0.5 M Imi-
dazole, pH 8,0). Purified proteins were then dialyzed against
PBS at 4 °C for 24 h and stored at -80 °C or 4 °C.

Production of anti-rTBDRchi hyperimmune sera

Four-week-old female Wistar rats (Rattus norvegicus) were
injected intraperitoneally with 50 pg rTBDRchi emulsified
in complete Freund adjuvant for the first dose and incom-
plete Freund adjuvant for the remaining two doses. Two
weeks after the second boost, animals were euthanized by
exsanguination, and hyperimmune sera were obtained by
centrifugation (3,500 X g, 15 min, 4 °C) and stored at -20 °C.

Construction of recombinant M. bovis BCG
and expression analysis

Using pAE/rfTBDRchi as template, the rTBDRchi CDS
was amplified by PCR using primers described in Online
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Resource 1 (Table S2). The PCR product was digested
using Xbal and Pstl restriction enzymes (New England
BioLabs) and cloned into the BCG expression vector
pUP500/PpAN (Oliveira et al. 2019b), previously digested
with Spel e Pstl (New England BioLabs), generating
pUP500/PpAN:rTBDRchi plasmid. Recombinant pUP500/
PpAN:rTBDRchi was transformed into M. bovis BCG Pas-
teur cells by electroporation, as previously described (Parish
and Stoker 1995). Cells were plated onto 7H10 agar (Difco,
BD, Sio Paulo, SP, Brazil) containing 25 pg.ml~! of kana-
mycin and incubated at 37 °C for 21 days. Resistant colo-
nies were inoculated in selective Middlebrook 7H9 broth
(Difco) and cultivated at 37 °C to evaluate recombinant
expression by immunoblot. Briefly, whole-cell lysates were
prepared from rBCG:TBDRchi grown to mid-logarithmic
phase at 37 °C (ODg,;,=0.8), when cells were collected
by centrifugation (4,000 X g, 15 min) and resuspended in
Tris—HCI (pH 8), adjusting the cell density to 10’ CFU.ml™".
rBCG:TBDRchi whole-cell lysates were separated in 12%
polyacrylamide gels and transferred to nitrocellulose mem-
branes (Hybond ECL, GE Healthcare, IL, USA). Membranes
were incubated overnight with rat anti-rTBDRchi sera at
1:100 dilution, followed by anti-rat HRP-conjugated second-
ary antibodies (Sigma Aldrich, MO, USA) diluted 1:5,000.
Immunoblots were developed using Pierce ECL Western
Blotting Substrate (Thermo-Fisher, IL, USA).

Vaccination and challenge of hamsters

rBCG:TBDRchi and BCG Pasteur (negative control) strains
were cultivated in vitro and collected by centrifugation
(4,000 g, 15 min). Cells were resuspended in PBS, adjust-
ing concentration to 107 cells/ml (considering 1 ODy, _
1 x 10® cells/ml) and immediately used. Male Syrian ham-
sters (Mesocricetus auratus), 4—6 weeks old, were subcu-
taneously inoculated with 10° cells of BCG Pasteur (n=13
per experiment) or recombinant BCG:TBDRchi (n=10 per
experiment). An additional control group (n=4 per experi-
ment) was immunized (intramuscular) with a leptospiral
whole-cell bacterin (10% heat-inactivated leptospires in
100 pl PBS). Two doses of each formulation were adminis-
tered 21 days apart. Thirty days after the second boost, ham-
sters were infected intraperitoneally with 10° leptospires (L.
interrogans sv. Copenhageni st. Fiocruz L1-130), equivalent
to five times the average 50% endpoint dose (ED50), as pre-
viously determined (Oliveira et al. 2019a). Hamsters were
monitored daily for clinical signs of acute leptospirosis for
30 days after challenge. Criteria for humane euthanasia (CO,
narcosis) was established as previously described (Coutinho
et al. 2011) and includes the following: > 10% weight loss,
prostration, bristling, apathy, and lack of appetite. Blood
samples were collected one day before the first immuniza-
tion (day zero) and before challenge (day 51). A total of two
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independent experiments were performed. All animal proce-
dures were conducted according to the rules and regulations
of the Animal Experimentation Ethics Committee at UFPel.

Analysis of the leptospiral burden in hamster
kidneys post-challenge

At the end of the experiment, kidneys were collected asep-
tically in order to evaluate the leptospiral burden post-
challenge. Kidney samples were macerated in 10 ml EMJH
medium supplemented with 10% Leptospira enrichment
supplement. After 1 h at 30 °C, 500 ul of the macerate was
inoculated into 10 ml of fresh EMJH and incubated at 30 °C
for up to 8 weeks. Cultures were monitored weekly by dark-
field microscopy. DNA extraction from kidney samples,
followed by qPCR, was performed as previously described
(Dorneles et al. 2020). Briefly, DNA was extracted from
approximately 40 mg of kidney tissue using SV Genomic
DNA Purification Kit (Promega, Brazil) and quantified
using Qubit 2.0 fluorometer (Thermo Fisher). Quantita-
tive real-time PCR (qPCR) detection of leptospiral DNA
was performed in a LightCycler 96 system (Roche, Basel,
Switzerland), using 200 ng of total DNA, 0.4 uM of each
primer specific to /ipL32 (Online Resource 1, Table S2), and
SYBR Green PCR Master Mix (Applied Biosystems, Sao
Paulo, SP, Brazil). Reactions were performed in triplicate
as previously described (Dorneles et al. 2020). A standard
curve was generated from 10° to 10 copies of lipL32 and
samples were considered negative when their gPCR quanti-
tation cycle (Cq) was higher than that obtained for the lowest
concentration of 10 copies. Absolute quantification analysis
using LightCycler 96 software (Roche) was performed to
determine the number of leptospire genome equivalents per
reaction and thereafter converted to copies per pg of total
DNA.

Evaluation of the humoral immune response

Humoral immune response elicited after vaccination was
evaluated by indirect ELISA (enzyme-linked immunosorb-
ent assay), as previously described (da Cunha et al. 2019).
First, 96 well microtiter plates (Polysorp, Nunc, Sdo Paulo,
Brazil) were coated with 1 ug of purified rTBDRchi per well
at 4 °C overnight, in 0.1 M carbonate-bicarbonate buffer, pH
9.6. Plates were washed three times with PBS-0.05% Tween
20 (PBST) and then blocked with 200 ul of 5% non-fat dry
milk in PBS-T, for 1 h at 37 °C. Hamsters’ sera were diluted
1:50 in PBST and evaluated in triplicate. After incubation
for 1 h at 37 °C, plates were washed and HRP-conjugated
anti-Syrian hamster IgG (Sigma Aldrich, MO, USA) was
added at 1:5,000 dilution for 1 h at 37 °C. After a final
wash, reactions were developed using o-phenylenediamine
dihydrochloride (Sigma-Aldrich, MO, USA) and hydrogen
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peroxide and stopped after 15 min with 4 N H,SO,. Absorb-
ance was read at 492 nm wavelength in a microplate reader
(Mindray MR-96A, Sao Paulo, Brazil).

Immunoblots were performed as previously described,
with small changes (Groshong et al. 2021). Briefly, samples
containing 1 pg of each recombinant protein (rTBDRchi,
rLIC10896, rLIC10964, and rLIC12374) or L. interrogans
st. Fiocruz L1-130 whole-cell lysate (10%/1ane) were ana-
lyzed by SDS-PAGE and transferred to nitrocellulose mem-
branes (GE Healthcare, IL, USA) at 20 V for 25 min using a
semi-dry transfer (Bio-Rad). Membranes were blocked for
1 h at room temperature with 5% non-fat dried milk diluted
in PBS-T and probed overnight at 4 °C with a pool of ham-
ster sera obtained after immunization, at a 1:200 dilution in
blocking buffer. After washing 5 times with PBS-T, mem-
branes were incubated for 1 h at RT with an HRP-conjugated
goat anti-hamster IgG antibody (Sigma Aldrich, MO, USA)
diluted in blocking buffer (1:6,000). Following six washes
with PBS-T, immunoblots were developed using the Pierce
ECL Western Blotting Substrate (Thermo-Fisher, IL, USA)
detection reagent, and results were visualized using C-Digit
Blot Scanner (LI-COR, NE, USA).

Statistical analysis

Significant protection against lethal leptospirosis was evalu-
ated using Fisher’s exact test (two-tailed). Comparison of
humoral immune response elicited by different experimental
groups was performed using analysis of variance (one way-
ANOVA with Tukey multiple comparison). For all analyses,
p values <0.05 were considered significant. Graphical rep-
resentations and statistical analysis were performed using
GraphPad Prism 8.

Results

Structural modeling, sequence analysis, and design
of rTBDRchi

Our group previously described leptospiral TonB-dependent
receptor (TBDR) orthologs based on a reverse and struc-
tural vaccinology approach (Grassmann et al. 2017a). In this
study, we selected the three TBDRs for evaluation as vaccine
candidates against leptospirosis, LIC10896, LIC10964, and
LIC12374, for which important nutrient transport functions
were previously suggested (Nascimento et al. 2004; Louvel
et al. 2006). The 3D models were generated using the stand-
ard threading assembly method by I-TASSER. All retrieved
models with the best confidence score (C-score) were identi-
fied as structural analogs to TonB-dependent receptors with
resolved structures, deposited on the Protein Data Bank
(PDB) (Online Resource 1, Table S3). The I-TASSER server

was also used to perform structural alignments between the
leptospiral queries and their PDB templates using the TM-
align program, with reported values varying from O to 1,
where 1 indicates a perfect superposition of two structures
(Zhang and Skolnick 2005). Predicted structures for the
leptospiral TBDRs LIC10896, LIC10964, and LIC12374
presented TM-Align values varying from 0.724 to 0.842
(Online Resource 1, Figure S1).

Next, we analyzed each of the selected leptospiral pro-
teins in order to predict T CD4 + and linear B cell epitopes
along their sequences. Several T CD4 + and linear B cell
epitopes were identified along the full-length leptospiral
TBDR sequences (Online Resource 3). Membrane-embed
templates for each generated model were obtained from
the Orientations of Proteins in Membranes (OPM) data-
base (Lomize et al. 2012), and structural alignments were
performed to identify the predicted surface-exposed frag-
ments (Online Resource 1, Figure S1). Each identified T
CD4 + and linear B cell epitope was mapped onto 3D
structures allowing the selection of all predicted surface-
exposed regions containing antigenic determinants. The
three TBDRs analyzed contained nine surface-exposed loops
with T and B cell epitopes (Fig. 1a). Antigenic loops were
selected and combined to construct a 41 kDa recombinant
protein, named rTBDRchi (Fig. 1b). Five fragments were
selected from LIC10896 and two fragments from LIC10964
and LIC12374 (Fig. 1, Table 1). In silico approaches for
the T CD4 + cell epitope prediction focused on the iden-
tification of core binding regions composed of nine resi-
dues (9-mer), which largely determined binding affinity and
specificity for human leukocyte antigens (HLA) presentation
(Sanchez-trincado et al. 2017). A total of 24 strong binder
9-mers (IC50 <50 nM) were identified in the exposed loops.
Thirteen different HLA alleles (out of 14 alleles analyzed)
were predicted to bind to the rTBDRchi epitopes (Online
Resource 1, Table S4). rTBDRchi also included promiscu-
ous T cell epitopes, with predicted binding to several HLAs,
from all selected leptospiral TBDRs.

rTBDRchi fragments are conserved
among pathogenic Leptospira spp.

The selected fragments were evaluated for amino acid con-
servation between L. interrogans and the orthologs from ten
additional pathogenic (P1 clade) Leptospira spp. (Vincent
et al. 2019). By performing a MSA, all sequences showed
high conservation levels with identities varying from 73.7 to
100% for different rTBDRchi fragments (Online Resource
4). We were not able to identify a LIC10896 ortholog in L.
kmetyi, although fragments from LIC10964 and LIC12374
from L. interrogans were highly conserved (84.21-93.10%)
with their orthologs in L. kmetyi. As expected, due to
their close phylogenetic relationship, L. kirschneri and L.
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Fig. 1 Epitope mapping of a
leptospiral TBDRs and in silico
construction of rTBDRchi. a LIC10896 LIC10964 LIC12374
CD4+T cell epitopes and linear
B cell epitopes were identified
by NetMHCII and BepiPred
servers, respectively. Epitopes
were mapped on 3D struc-

tures generated by I-TASSER.
Surface-exposed fragments
containing identified epitopes
(colored) were used to construct
the recombinant fusion protein.
b Nine identified fragments
were selected to construct a

41 kDa recombinant fusion
protein (rTBDRchi). rTBDRchi
contains 11 CD4+ T cell (black
dashes) and 10 linear B cell
(blue dashes) epitopes through-
out its sequence

| LIC10896 i LIC10964 LIC12374

rTBDRchi

361 aa

41 kDa
Table 1 Sequences of the .

P Fragment Sequence
selected fragments predicted S— rasten .
to contain surface-exposed LIC10896 3 YNRSYNYREEANARFQASNPISIYLKDSNMLRPL LKI-
regions and B and T cell YGEEVLWGNNLNLAYEPKIGQQFFIKTLYSVQSDKIVREGDG-
epitopes. P.rotein sequences ANYIDNENFKSTNLNEI
Xéelj;ﬂn;gf ;(())riig:ifi)zfiin 4 WSQGGTDLANGYRRLGNNPDGTR
of linear B cell (bold) and S REIAQRNFTGSDRDVIYPIPGEVIYNPLAYANGNRKIYER
T CD4 +cell (underlined) 6 SWNGFNTSYGCKTNSEEERLILIVRANICDAT
epitopes, respectively. All 9 DSKIYGLISTGQVDPLSTYAAYSPTTLNRPLQGQSD
surface-exposed loops LIC10964 3 DLLDNPNENPGATVSQKLLHEKSHFHSEFIFSAGNLELDESYQR
containing identified epitopes
were selected to compose the 8 IQNFIYAASIAQIDLDSGLPKYEYKQGN
fusion protein and are listed LIC12374 2 DQNFSYKNDHGTVVLNTLDDTIDRRKNAS
6 FPSEEPWYRRQDPLSGDIK

noguchii showed the highest conservation with the L. inte-  BCG-vectored rTBDRchi protects hamsters against L.
rogans TBDRs, with 7/9 fragments presenting more than  interrogans challenge
95% identity.

The rTBDRchi CDS was synthesized and cloned into
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pUPS00/P,y vectors (Oliveira et al. 2019b), allowing its
heterologous expression in M. bovis BCG, as demonstrated
by immunoblot (Online Resource 1, Figure S2). Subcutane-
ous immunization of hamsters with 10 live rBCG:TBDRchi
mycobacteria elicited 100% protection against homologous
L. interrogans challenge in two independent experiments
(20/20 animals, p <0.001) with animals surviving for
30 days post-challenge (Table 2, Fig. 2). In contrast, all ani-
mals inoculated with wild-type BCG Pasteur (26/26) devel-
oped endpoint criteria, with clinical signs and weight-loss
observed for all animals 13—15 days post-challenge (Fig. 2).
Leptospira burden in kidneys was evaluated by culture and
lipL32 qPCR using tissues from animals immunized with
rBCG-TBDRchi or from the control groups (Table 2). Cul-
tures from macerated kidneys from the negative control
group (BCG Pasteur) were positive for leptospires follow-
ing two weeks of incubation. No growth was detected after
8 weeks in the cultures from the rBCG:TBDRchi and bacte-
rin groups. Similarly, /ipL32 qPCR analysis was negative for
leptospiral DNA in the kidneys of animals vaccinated with
recombinant BCG (Table 2). The leptospiral burden in the
negative control group ranged from 1.08 x 10! to 6.97 x 10*
genome equivalents per ug of total extracted DNA, with an
average of 5.03 X 103 (Table 2, Online Resource 1 Table S5).

rBCG:TBDRchi elicits a humoral immune response
in hamsters

The immunogenicity of rBCG:TBDRchi was evaluated by
indirect ELISA using rTBDRchi as the antigen. Hamsters
vaccinated with rBCG:TBDRchi produced a significant anti-
rTBDRchi IgG response (p <0.05), detected 30 days after
the second dose (Fig. 3a), demonstrating the potential of
rBCG:TBDRchi to promote a humoral immune response. In
contrast, hamsters injected with BCG-Pasteur were negative
for rTBDRchi IgG in the same ELISA. The presence of anti-
bodies against each leptospiral TBDR in immunized ham-
sters was assessed by Western blotting (WB). Sera obtained

Table 2 Protection against lethal leptospirosis elicited by immuni-
zation with rBCG:TBDRchi. Syrian hamsters were immunized with
10% cells of BCG Pasteur wild-type or recombinant BCG:TBDRchi.
Thirty days after the second dose, animals were injected intraperito-
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Fig.2 Protection against lethal leptospirosis elicited by immuniza-
tion with tBCG:TBDRchi. a Survival data from vaccinated hamster
after challenge with an endpoint dose of L. interrogans sv. Copenha-
geni st. Fiocruz L1-130 in two independent experiments. All animals
that were immunized subcutaneously with 10° recombinant BCG
(rBCG:TBDRchi, n=10) or 10’ leptospires (bacterin, n=4) survived
(p<0.001). Animals from the negative control group (BCG Pas-
teur, n=13 per experiment) reached endpoint criteria for euthanasia
between days 12—15 post-infection

from hamsters after immunization with rBCG:TBDRchi
(1:200) detected two proteins in L. interrogans lysates, with
apparent molecular weight of ~ 100 and ~ 85 kDa, likely cor-
responding to LIC10896 (99 kDa) and LIC10964 (87 kDa)
(Fig. 3b).

Discussion

Predicted surface-exposed fragments from three leptospi-
ral TonB-dependent receptors were used in this work to
construct the chimeric protein rTBDRchi. L. interrogans
proteins LIC10896, LIC10964, and LIC12374 are putative
TBDRs homologs (Nascimento et al. 2004; Louvel et al.
2006; Grassmann et al. 2017b). These observations were
further supported in the current study; the 3D models of
LIC10896, LIC10964, and LIC12374 presented high simi-
larity to previously described TBDRs from other bacteria

neally with 5 X median endpoint dose (ED50) of L. interrogans sero-
var Copenhageni st. Fiocruz L1-130. Data from two independent
experiments are presented

Vaccine % Protection® p Value® Leptospires in kidneys®

% Positive Culture % Positive gPCR
rBCG:TBDRchi 100 (20/20) <0.001 0 (0/20) 0 (0/20)
BCG Pasteur 0 (0/26) ns 100 (26/26) 100 (26/26)
Bacterin 100 (8/8) <0.001 0 (0/8) 0 (0/8)

In parenthesis: survivors/total hamsters from two independent experiments

®p Values were calculated by Fisher’s exact test (two-tailed) for each experiment

‘In parenthesis: number of positive kidneys/total samples
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Fig.3 IgG antibody response in hamsters immunized with ance + standard deviation. Significant differences were determined by

rBCG:TBDRchi evaluated by ELISA and immunoblot. a ELISA
plates were coated with 1 pg of rTBDRchi. Sera from hamsters
immunized with BCG Pasteur (negative control) and rBCG:TBDRchi
collected at day O (pre-immune) and 51 (pre-challenge) were evalu-
ated at 1:50 dilution, in triplicate, with an anti-hamster IgG used
as secondary antibody. Results are presented as mean absorb-

(Online Resource 1, Table S3). Among the three structural
models, LIC12374 is the model with the highest RMSD
when aligned to its closest structural analog in PDB, the
cobalamin transporter BtuB from E. coli (Chimento et al.
2003). Previously reported as a leptospiral FecA ortholog,
LIC10896 was modeled with high structural similarity to the
FpvA pyoverdine-Fe transporter from Pseudomonas aerugi-
nosa (Cobessi et al. 2005). Similarly, LIC10964 was previ-
ously associated with hemin metabolism in Leptospira spp.,
and our 3D model was highly similar to the N. meningitidis
zinc transporter, ZnuD (Calmettes et al. 2015). Identification
of specific functions for TBDRs through structural model-
ling is difficult and should be determined experimentally.
Independently of the specific substrate for a TBDR, the
22 transmembrane P-strand barrel conformation is highly
conserved among known TBDR structures, supporting our
approach for the identification of surface-exposed regions.
While LIC10896 and LIC12374 have orthologs con-
served in all pathogenic and saprophyte species, LIC10964
is present only in pathogenic species, as previously noted
(Grassmann et al. 2017a). Host-adapted leptospires, cul-
tivated within dialysis membrane chambers (DMCs),
expressed higher levels of LIC10964 compared to those
cultivated in vitro (Caimano et al. 2014), suggesting a poten-
tial role during infection, in agreement with its predicted
function as hemin transporter. The high level of sequence
conservation of TBDRs across pathogenic leptospires makes
this class of proteins an attractive target for development of

@ Springer

one-way ANOVA, followed by Tukey multiple comparison. Asterisk
indicates a significance difference (p <0.05) to other groups. b Immu-
noblot with rTBDRchi, recombinant TBDR proteins and Leptospira
lysate using sera obtained from hamsters after immunization with
rBCG:TBDRchi (1:200). Humoral immune response was primarily
direct against two of the leptospiral TBDRs, LIC10896 and LIC10964

cross-protective leptospirosis vaccines. In agreement with
this notion, the TBDR TbpA from Haemophilus parasuis
was able to induce a cross-protective immune response
against three different serovars in a guinea pig model of
Glasser’s disease, with protection varying between 60 and
80% (Huang et al. 2013). Similarly, hyperimmune sera gen-
erated in mice and guinea pigs against N. meningitidis outer
membrane vesicles overexpressing the TBDR ZnuD pre-
sented a neutralizing effect on 14 different N. meningitidis
strains in vitro (Hubert et al. 2013). Although we did not
evaluate rBCG:TBDRchi in a heterologous challenge, all of
the epitopes in the recombinant vaccine antigen were highly
conserved in other pathogenic Leptospira spp. (Online
Resource 3), enhancing the possibility of heterologous pro-
tection after immunization, a requisite for a universal lepto-
spiral vaccine (Grassmann et al. 2017b).

Multi-epitope constructs based on different proteins
have been reported for leptospirosis diagnosis and vaccine
development. Lin et al. (2016) evaluated a recombinant
protein containing four repeats of T and B cell epitopes in
the leptospiral proteins OmpL1, LipL.32, and LipL21. That
chimeric protein also stimulated significant protection
(4/5) in a guinea pig model of leptospirosis and induced a
cross-reactive antibody response against various L. inter-
rogans serogroups. Fernandes et al. (2017) designed a
chimeric protein based on sequences from five leptospi-
ral proteins; however, this construction failed to induce
significant protection in hamsters, where 50% survived,
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despite the presence of epitopes from LigA, a well-known
protective antigen (Yan et al. 2009; Coutinho et al. 2011).
To the best of our knowledge, this study pioneered the use
of protein structural information on leptospiral fb-OMPs
to construct a recombinant molecule for use in an experi-
mental vaccine against leptospirosis. In the current study,
the humoral response generated by rBCG:TBDRchi
was predominantly directed against two (LIC10896 and
LIC10964) of the three proteins used in the antigen con-
struction (Fig. 3b). However, this does not rule out addi-
tional antibodies against LIC12374 that were below the
limit of detection for the Western blot and might have con-
tributed to the protection observed, given the presumable
importance of LIC12374 epitopes in rTBDRchi. Different
antigen presentation strategies for the selected epitopes
should be assessed in the future, towards the induction
of strong antibody responses against all epitopes in rTB-
DRchi. Our approach for designing rTBDRchi antigen
proved to be successful, given the protection we observed
in the hamster model of acute leptospirosis.

Recombinant BCG vaccines have been shown to elicit
both cellular and humoral immunity (Oliveira et al. 2017).
In the current study, immunization with rBGG:TBDRchi
induced a robust humoral immune responses against
highly conserved surface-exposed epitopes from leptospi-
ral TBDRs, as demonstrated by ELISA and Western blot.
In contrast, in our previous study, we were unable to detect
significant levels of antibodies by ELISA, in sera from ani-
mals immunized with a chimeric antigen containing frag-
ments from the leptospiral lipoproteins LipL.32, LigAni,
and LemA (Oliveira et al. 2019a; Dorneles et al. 2020).
The rationale of using epitope-rich fragments may have
contributed to the induction of humoral response obtained
by rBGG:TBDRchi. As an extracellular bacterium, clear-
ance of leptospires by the immune system seems to be
related to bacterial opsonization followed by phagocytosis
(Gomes-Solecki et al. 2017; Santecchia et al. 2020). Dif-
ferent studies have shown that opsonization is a require-
ment for efficient bactericidal activity of macrophages
in leptospirosis (Johnson and Muschel 1966; Banfi et al.
1982; Wang et al. 1984; Santecchia et al. 2020). Studies
on phagocytosis without opsonization showed that patho-
genic leptospires have several mechanisms to survive and
escape killing by phagocytic cells (Zhang et al. 2012;
Hu et al. 2013; Zhao et al. 2013; Toma et al. 2014). It is
accepted that opsonization with immune serum enhances
Leptospira uptake and killing by human macrophages;
the role of phagocytic cells during infection was recently
reviewed (Santecchia et al. 2020). These observations sup-
port the importance of the humoral response promoted by
rBCG:TBDRchi immunization in the clearance of virulent
leptospires during early stages of infection.

The apparent absence of leptospires in the kidneys of
rBCG:TBDRchi-immunized hamsters agrees with previ-
ous studies using BCG vectorized vaccines against lep-
tospirosis (Oliveira et al. 2019a; Dorneles et al. 2020).
In contrast, several subunit vaccines against leptospirosis
have failed to induce sterilizing immunity (Felix et al.
2020). It is believed that a robust and effective cell-medi-
ated response may contribute to limit the initial tissue
colonization by Leptospira spp. and contribute towards
bacterial clearance (Zuerner 2015; Santecchia et al. 2019).
A BCG-induced trained immunity has been shown to
decrease host susceptibility against different pathogens
(Covian et al. 2019). Trained immunity is a proposed term
to describe the enhancement of a non-specific immune
response generated against unrelated infections after previ-
ous exposure to microbial fragments (Netea et al. 2011).
This phenomenon has been observed after inoculation
of mycobacterial components such as muramyl dipep-
tide, complete Freund’s adjuvant, and live BCG (Netea
et al. 2011; Kleinnijenhuis et al. 2012). BCG vaccination
increases IFN-y production and other monocyte-derived
cytokines, such as tumor necrosis factors (TNF) and IL-1f,
through an NOD2 pathway (Kleinnijenhuis et al. 2012).
Interestingly, the effects of trained immunity on leptospi-
rosis were previously described using CL429, a TLR2,
and NOD?2 pathway synthetic agonist (Santecchia et al.
2019). CL429-trained macrophages produced significantly
more pro-inflammatory cytokines in response to patho-
genic Leptospira than naive macrophages, independently
of B and T cells. The same trained macrophages also pro-
duced increased amounts of nitric oxide (Santecchia et al.
2019), a potent antimicrobial compound previously related
to leptospiral clearance (Prétre et al. 2011). Unfortunately,
the lack of immunological reagents to characterize cellu-
lar immunity in the hamster model for acute leptospirosis
limited in-depth analyses of cellular responses elicited by
rBCG:TBDRchi immunization.

In conclusion, using a structural vaccinology approach,
we designed a chimeric antigen that included predicted
surface-exposed B and T cell epitopes from L. interrogans
TBDRs. We used a BCG delivery system targeting robust
immune response, resulting in production of a humoral
immune response specific to the selected epitopes in lepto-
spires. This vaccine formulation induced a protective and
sterilizing immune response in the hamster model of lethal
leptospirosis following a homologous challenge with L.
interrogans.
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