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Abstract: Subunit vaccines conferring complete protection against leptospirosis are not currently
available. The interactions of factor H binding proteins (FHBPs) on pathogenic leptospires and host
factor H are crucial for immune evasion by inhibition of complement-mediated killing. The inhibition
of these interactions may be a potential strategy to clear leptospires in the host. This study aimed
to evaluate a multisubunit vaccine composed of four known leptospiral FHBPs: LigA domain 7–13
(LigAc), LenA, LcpA, and Lsa23, for its protective efficacy in hamsters. The mono and multisubunit
vaccines formulated with LMQ adjuvant, a combination of neutral liposome, monophosphoryl lipid
A, and Quillaja saponaria fraction 21, induced high and comparable specific antibody (IgG) production
against individual antigens. Hamsters immunized with the multisubunit vaccine showed 60%
survival following the challenge by 20× LD50 of Leptospira interrogans serovar Pomona. No significant
difference in survival rate and pathological findings of target organs was observed after vaccinations
with multisubunit or mono-LigAc vaccines. However, the multisubunit vaccine significantly reduced
leptospiral burden in surviving hamsters in comparison with the monosubunit vaccines. Therefore,
the multisubunit vaccine conferred partial protection and reduced renal colonization against virulence
Leptospira infection in hamsters. Our multisubunit formulation could represent a promising vaccine
against leptospirosis.
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1. Introduction

Leptospirosis is a worldwide zoonosis caused by pathogenic Leptospira spp. [1]. Currently available
killed whole-cell vaccines for leptospirosis are mostly used in animals, but their use in humans has been
limited because of short-term immunity, failure to cross-protect against a broad range of pathogenic
serovars, and several adverse effects [2]. To overcome these limitations, subunit vaccines containing
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various leptospiral outer membrane proteins (OMPs), such as OmpL1, LipL32, LipL41, LemA, OmpA,
OmpL37, and Loa22, have been tested [3–8]. So far, the C-terminal Ig-like domain 7–13 of LigA (LigAc)
is presently the most promising vaccine candidate [9–11]. However, none of subunit vaccines confers
sterilizing immunity.

After host entry, leptospires disseminate through bloodstream to target organs. In contrast
with saprophytic species, most pathogenic leptospires evade complement-mediated killing [12] by
interacting with factor H (FH) and C4b-binding protein (C4BP), the host complement negative regulators
of the alternative pathway, and the classical and lectin pathways, respectively [13–15]. Factor H binding
proteins (FHBPs) have been used as vaccine antigens against serogroup B meningococcal disease [16,17]
and anti-FHBP antibodies could prevent FH binding to the bacteria leading to complement-mediated
bacterial killing [18–20]. LigAc, LenA, LcpA, and Lsa23 are known conserved leptospiral FHBPs in
pathogenic species, especially L. interrogans, and expressed during infection [15,19,21–25]. Therefore,
we proposed that the combination of these FHBPs may enhance protection against leptospiral infection.

The present study aimed to determine the immunogenicity and protective efficacy of the
multisubunit vaccine comprising four known FHBPs; LigAc, LenA, LcpA, and Lsa23; in golden
Syrian hamsters, a widely accepted model of acute lethal leptospirosis. We showed the ability of this
multisubunit vaccine formulation to reduce renal colonization of Leptospira in comparison with the
monosubunit LigAc vaccine. In addition, our results support the idea of using a multisubunit vaccine
design as an effective strategy to induce sterilizing immunity against pathogenic Leptospira.

2. Materials and Methods

2.1. Ethics Statement

All procedures involving manipulations of BALB/c mice were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Faculty of Medicine, Chulalongkorn University,
Thailand (approved No. 015/2560). Mice were purchased from the National Laboratory Animal Center,
Mahidol University, Thailand. All procedures involving manipulations of golden Syrian hamsters
were approved by the IACUC of the Armed Forces Research Institute of Medical Sciences, Thailand
(approved No. ARAC 1/60). Outbred hamsters were purchased from the Northeast Laboratory
Animal Center, Khon Kaen University, Thailand. All procedures involving animals followed Thai
National Animals for Scientific Purposes Act, BE 2558 (AD 2015), and were conducted under licenses
issued by the Institute for Animals for Scientific Purpose Development and National Research Council
of Thailand.

2.2. Bacterial Strains and Culture Conditions

Low-passage virulent Leptospira interrogans serovar Pomona (directly isolated from hamsters
followed by < 5 in vitro passages) were used in all experiments [26]. Leptospires were cultured at 30 ◦C
in Ellinghausen–McCullough–Johnson–Harris (EMJH) medium (BD Difco™, MD, USA) supplemented
with 10% bovine serum albumin (BSA) [27]. Escherichia coli strains DH5α and BL21 (DE3) pLysS
(Novagen, Darmstadt, Germany) were grown at 37 ◦C in Luria–Bertani (LB) medium with the addition
of 100 µg/mL ampicillin and 30 µg/mL chloramphenicol when required.

2.3. LMQ Adjuvant Preparation

LMQ adjuvant, a combination of neutral liposome, monophosphoryl lipid A (MPL) and saponin
from Quillaja saponaria (QS21), was prepared by the Vaccine Formulation Laboratory [28]. Briefly,
neutral liposomes (2.5 mg/mL cholesterol and 10 mg/mL 1, 2-dioleoyl-sn-glycero-3-phosphocholine)
were prepared by lipid film-rehydration and downsized by extrusion. A solution of MPL from
Salmonella enterica serotype Minnesota (Sigma-Aldrich, St. Louis, MO, USA) and QS21 saponin were
mixed with the liposome suspension in a 1:3 (v/v) ratio. The final volume ratio of LMQ to immunogen
was 6:4.
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2.4. Production of Recombinant FHBPs

Polymerase chain reaction (PCR) products encoding each FHBP without predicted signal sequence
were amplified using genomic DNA of L. interrogans serovar Pomona as a template and the primers listed
in Supplementary Table S1. The DNA amplicons encoding for the C-terminal portion corresponding to
nucleotides 1892–3675 of LigA (NCBI reference sequence AE016823.1; locus_tag = LIC_10465), LcpA
(LIC_11947), and Lsa23 (LIC_11360) were cloned into pRSET C (Invitrogen™, Carlsbad, CA, USA)
at BamHI and HindIII sites, while LenA (LIC_12906) amplicon was cloned into pET-15b (Novagen)
at NdeI and XhoI sites. The recombinant plasmids were transformed into E. coli DH5α and verified
by DNA sequencing (Macrogen Inc., Seoul, South Korea). The expression of recombinant proteins
carrying the N-terminal 6× His tag was induced in E. coli BL21 (DE3) pLysS by addition of 1 mM
isopropyl β-d-1-thiogalactopyranoside (IPTG) in the bacterial culture for 4 h at 37 ◦C. The cell
pellets, subsequently resuspended in phosphate buffered saline (PBS) pH 7.4, were disrupted using a
high-pressure homogenizer (Constant System Ltd., Northants, UK). Inclusion bodies, isolated by low
speed centrifugation (3000× g for 30 min), were washed with washing buffer (0.5% Triton X-100, 1 M
urea in PBS) and subsequently solubilized with denaturing buffer (6 M urea, 5 mM dithiothreitol (DTT)
in PBS). The protein samples were purified by immobilized metal ion affinity chromatography using Ni
Sepharose columns (GE Healthcare, Buckinghamshire, UK) under denaturing conditions and refolded
by multistep dialysis using PBS or Tris buffers with the final buffers: LigAc in Tris buffer pH 8.0, LenA
and LcpA in PBS pH 7.4, and Lsa23 in Tris buffer pH 12.0; as previously described [10,21,22,29]. The
secondary structures of each refolded antigen were determined from their circular dichroism (CD)
spectra [30].

2.5. Western Blotting

The purified recombinant proteins were characterized by SDS-PAGE and transferred to
nitrocellulose membranes. Nonspecific binding sites on the membranes were blocked with 0.5%
(w/v) BSA in PBS plus 0.05% Tween 20 (blocking buffer) before incubating the membranes with
primary mouse anti-His tag monoclonal antibody (1:5000; KPL, MD, USA). Then, the membranes were
incubated with goat alkaline phosphatase (AP)-conjugated anti-mouse IgG secondary antibody (1:5000;
KPL). All incubations were performed for 1 h at room temperature. Anti-His tag immunoreactivity was
detected using a 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT) Phosphatase
Substrate System (KPL). The protein band intensity was measured using ImageJ software [31].

2.6. Mouse Immunization

Female BALB/c mice at 4–6 weeks old (n = 3 per group) were immunized subcutaneously three
times at two-week intervals with 100 µL total volume of various vaccine formulations listed in
Supplementary Table S2. The final volume ratios of LMQ and Freund’s (Sigma-Aldrich) adjuvants
to immunogen (5 µg or 20 µg of each protein) were 6:4 and 1:1, respectively. Complete Freund’s
adjuvant was used for the first immunization followed by incomplete adjuvant for the second and third
immunizations. One week after each immunization, blood samples were collected at the submandibular
venous plexus.

2.7. Hamster Immunization and Challenge with Leptospira

Female golden Syrian hamsters at 4–6 weeks old (n = 5 per group) were vaccinated subcutaneously
three times at two-week intervals with 250 µL total volume of various vaccine formulations including
the adjuvant control listed in Supplementary Table S3. The final volume ratio of LMQ adjuvant to
immunogen (20 µg of each protein) was 6:4. One week before challenge, approximately 100 µL of
blood samples were aseptically and carefully collected by cardiac puncture from hamsters under deep
anesthesia with isoflurane [32,33].
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The hamsters were challenged intraperitoneally with 20× LD50 (approximately 200 cells) [9,10] of
low-passage L. interrogans serovar Pomona, homologous to the heat-killed vaccine, two weeks after the
third immunization. The hamsters were weighed and monitored daily for end-point criteria, including
loss of appetite, gait or breathing difficulty, prostration, ruffled fur, convulsion, failure to respond to
stimuli or other moribund symptoms [9,34], and ≥20% weight loss. The hamsters that presented any
of the end-point criteria or survived up to four weeks after challenge were humanely killed with an
overdose of isoflurane and exsanguination. Then, blood and tissue samples were aseptically collected
for histopathology and bacterial burden analysis.

2.8. FHBP-Specific Antibodies Detection

Antibody titers were measured by enzyme-linked immunosorbent assay (ELISA) as previously
described [35] with some modifications. Each well of 96-well microtiter plates was coated with 100 µL
of each recombinant protein (5 µg/mL), lysate of heat-killed leptospires (1 × 108 cells/mL) or BSA
(5 µg/mL). Nonspecific binding sites in the wells were blocked with the same blocking buffer as used
in Western blotting and serial dilutions of individual sera (1:100–1:312,500) were incubated in the
wells. Then, the plates were incubated with goat anti-mouse or goat anti-hamster IgG conjugated with
horseradish peroxidase (HRP) (1:5000; KPL). The antigen/antibody complexes were detected using a
3,3′, 5,5′ tetramethylbenzidine (TMB) Substrate Reagent Set (BD Biosciences, Franklin Lakes, NJ, USA)
according to manufacturer’s instructions. Absorbance by the chromophore was measured at 450 nm
using Varioskan Flash Multimode Reader (Thermo Fisher Scientific, Vantaa, Finland) to calculate the
antibody titers.

The levels of IgG subclasses in hamsters were also determined. The wells were coated with
each recombinant protein, incubated, and resultant chromophore was detected as done for total IgG
described above. The coated plates were primarily incubated with hamster sera (1:100–1:312,500),
followed by mouse anti-hamster IgG1 or IgG2 conjugated with biotin (1:5000; BD Pharmingen,
Franklin Lakes, NJ, USA) before finally incubated with Streptavidin HRP (1:5000; BD Pharmingen).

2.9. Human FH Binding Assay

The wells of 96-well microtiter plates were coated with each recombinant protein, blocked,
incubated, and resultant chromophore was detected as done for the ELISA except that the coated plates
were incubated with 100 µL of purified human complement FH (10 µg/mL; Sigma-Aldrich). The bound
FH was incubated with mouse anti-human complement FH (1:5000; Thermo Scientific), followed by
goat anti-mouse IgG conjugated with HRP (1:5000; KPL) before detection of the chromophore.

2.10. Histopathology

Hamster tissue samples (lung, liver and kidney) were fixed in 10% formalin buffer and embedded
in paraffin. Subsequently, the samples were sectioned at 5 µm thickness and stained with hematoxylin
and eosin. Histopathology was conducted by a board-certified veterinary pathologist who was blinded
to experimental groups as described previously [36]. Pulmonary hemorrhage was graded as 0 (none),
1 (single focus), 2 (multivalent foci), or 3 (severe). Tubulointerstitial nephritis was assessed as 0
(normal), 1 (mild), 2 (moderate), or 3 (severe). Liver pathology was graded based on the average
number of inflammatory foci in 10 fields at 10×magnification as 0 (none), 1 (1–3), 2 (4–7), or 3 (>7).

2.11. Leptospira Detection in Hamsters

About half of kidney volume was sliced into small pieces and then pulverized by passing them
through 5 mL syringe and then inoculated into semisolid EMJH medium. Total DNA was extracted from
kidneys using High Pure PCR Template Preparation Kit (Roche, Mannheim, Germany) according to
manufacturer’s instructions for quantitative real-time PCR (qPCR) detection. The PCR was performed
using Power SYBR Green PCR Master Mix (Applied Biosystem, Foster, CA, USA) with specific primers
for leptospiral lipL32 [37] and QuantStudio 5 Real-Time PCR System (Applied Biosystem) according to
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manufacturer’s instructions. Leptospiral DNA standard curve was constructed from ten-fold serially
diluted DNA of L. interrogans serovar Pomona equivalent to 2 × 101 to 2 × 109 cells/mL.

2.12. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics for Windows (version 22,
Chulalongkorn University license). Survival and mortality for each group was examined using
Kaplan–Meier curves and their differences were tested using a log-rank test. The significance of
differences between antibody titers, histopathology score, and bacterial burdens were determined
using a Mann–Whitney U test.

3. Results

3.1. Preparation and Characterization of Recombinant FHBPs

Purified recombinant LigAc, LenA, LcpA, and Lsa23 proteins were detected at their expected
molecular masses of 66.3, 25.4, 23.6, and 25.3 kDa, respectively, by SDS-PAGE and immunoblotting
(Figure 1A,B). Their purities were more than 95% as determined by band intensities on SDS-PAGE
using ImageJ software. Although all four recombinant FHBPs were initially expressed as inclusion
bodies and needed to be purified under strong denaturing conditions, they were soluble after refolding
by stepwise dialysis. Their secondary structures demonstrated by CD spectra (Figure 1C) and the
ability to bind to human FH (Figure 1D) suggested that the purified recombinant FHBPs were properly
refolded and retained the FH binding activity before using as vaccine antigens.
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Figure 1. The recombinant factor H binding proteins (FHBPs: LigAc, LenA, LcpA, and Lsa23).
(A) Purified recombinant FHBPs were subjected to 12% SDS-PAGE under reducing conditions and
stained with Coomassie Brilliant Blue R-250; (B) The separated recombinant proteins were blotted
onto nitrocellulose membranes and detected with mouse anti-His tag monoclonal antibody (primary
antibody) and goat alkaline phosphatase-conjugated anti-mouse (secondary antibody) and its reaction
with the BCIP/NBT Phosphatase Substrate System. The positions of PageRuler Unstained Protein
Ladder (Thermo Fisher Scientific) are indicated to the left; (C) CD spectra of recombinant FHBPs
measured using a JASCO J-815-150S spectropolarimeter and analyzed with CDPro program. CD spectra
are represented as an average of more than five spectra from 190 to 260 nm; (D) Binding of recombinant
FHBPs to purified human FH. The results are shown as mean ± SD absorbance at 450 nm from three
independent human FH binding assays. * represents p < 0.05 and *** represents p < 0.001 (independent
two-sided Student t-tests). A whole cell lysate (WC) of leptospires was used as a positive control and
recombinant LipL32 and bovine serum albumin (BSA) were used as negative controls.

3.2. Immunogenicity of Mono or Multisubunit FHBP Vaccines in Mice

All formulations induced significantly higher specific antibody levels than the adjuvant control
containing the LMQ adjuvant mixed with PBS without vaccine antigens (of which the antibody level
was comparable to that of background in mice). The antibody titers against each FHBP reached a
maximum level after three immunizations and were comparable between the groups using LMQ and
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Freund’s adjuvants (Figure 2A). The combination of four FHBPs as the multisubunit vaccine did not
antagonize or enhance the immunogenicity of any individual antigen (Figure 2B).
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Figure 2. Antibody levels in mice immunized with various recombinant factor H binding protein
(FHBP) subunit vaccine formulations. The vaccines were formulated with either LMQ (a combination
of neutral liposome, monophosphoryl lipid A, and Quillaja saponaria fraction 21) or Freund’s adjuvants.
The antibody titers at one week after each immunization (imm) were measured by enzyme-linked
immunosorbent assay (ELISA). (A) Antibody titers after immunization with individual recombinant
proteins as mono-FHBP (LigAc, LenA, LcpA, and Lsa23) subunit vaccines. (B) Antibody titers after
immunization with pooled recombinant FHBPs as a multisubunit vaccine. The specific antibody titers
to tested antigens shown (as bars) were determined by subtracting the titers for nonspecific reactivity
to recombinant 6×His tag non-FHBP (recombinant LipL32) and BSA from the total titers. The results
are shown as mean ± SD.
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In addition, we used LcpA as a representative antigen to test two different doses (5 and 20 µg
per mouse) of antigen in combination with either of two different adjuvants (LMQ and Freund’s) to
compare the immunogenicity of different vaccine formulations. We found no significant difference of
antibody titers between the two doses after three immunizations (Supplementary Figure S1). Similarly,
LMQ adjuvant was as effective as Freund’s adjuvant in inducing antibody production.

3.3. Immunogenicity of Mono or Multisubunit FHBPs in Hamsters

After immunizing the hamsters three times, the antibody levels against each recombinant FHBP
were determined one week after the third immunization, which was one week before the challenge
(Figure 3). The high specific antibody titers to all immunogens were found in hamsters vaccinated with
both mono and multisubunit vaccines combined with LMQ (Figure 3A). These results demonstrated
that individual recombinant FHBP and the combination of four FHBPs at 20 µg of each antigen
were immunogenic in hamsters, consistent with the results obtained in mice. In addition, the IgG
subclasses in hamsters induced by each FHBP vaccine formulation were evaluated. LigAc formulation
induced comparable levels of IgG1 and IgG2, whereas LenA, LcpA, and Lsa23 formulations induced
significantly higher IgG2 than IgG1 (p < 0.05) (Figure 3B). The IgG subclass profiles induced by each
vaccine antigen were not significantly different between the mono and multisubunit vaccines. In
addition, there was no significant difference in the isotype levels between survivors and non-survivors
of each vaccine antigen (data not shown).

It should be noted that all hamsters were closely monitored after blood collection and showed
full recovery with no hamster death before challenge. No gross cardiac or mediastinal hematoma and
hemorrhage was observed in all hamsters when they were sacrificed.
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Figure 3. Antibody levels in hamsters immunized with monosubunit vaccines or vaccines containing
multiple subunits of recombinant factor H binding proteins (FHBPs). The vaccines were formulated
with LMQ (a combination of neutral liposome, monophosphoryl lipid A, and Quillaja saponaria fraction
21). The antibody titers at one week after the third immunization were measured by enzyme-linked
immunosorbent assay (ELISA). (A) Antibody titers after immunizations with individual recombinant
proteins as mono-FHBP vaccine or pooled recombinant FHBPs as a multisubunit vaccine; (B) Isotyping
of anti-LigAc, LenA, LcpA, and Lsa23 IgG subclasses. The specific antibody titers to tested antigens
shown (as bars) were determined by subtracting the titers for nonspecific reactivity to recombinant
6× His tag non-FHBP (recombinant LipL32) and BSA from the total titers. The results are shown as
mean ± SD. Mann–Whitney U test was used to compare antibody titer among vaccination groups;
* represents p < 0.05.

3.4. Protective Efficacy of Multisubunit FHBP Vaccine in Hamsters

Vaccinated hamsters were challenged with virulent leptospires to evaluate the protective efficacy
of the FHBP subunit vaccines (Figure 4 and Table 1). The immunization with monosubunit vaccine
containing LigAc, LenA, LcpA, and Lsa23 individually conferred 60%, 40%, 20%, and 20% survival,
respectively. The survival rate of hamsters immunized with the multisubunit vaccine (60%, p = 0.018)
was significantly higher than that of hamsters in the adjuvant control group (0%) but was not
significantly different from the group vaccinated with LigAc alone (60%, p = 0.850). As expected,
control hamsters vaccinated with killed whole cell vaccines showed 100% survival after challenge with
the homologous serovar, while all hamsters in the adjuvant control group died within two weeks.

3.5. Effect of Multisubunit FHBP Vaccine on Target Organ Invasion by Leptospira

Histopathological changes compatible with clinical features of leptospirosis indicated target
organ involvement in challenged hamsters. Pulmonary hemorrhages with small foci and mild liver
inflammation were observed in all groups but a high severity was found in non-survivors, especially in
the lungs of hamsters vaccinated with LenA and LcpA (Table 2 and Supplementary Figures S2 and S3).
Animals vaccinated with the killed whole cell vaccines exhibited no tubulointerstitial nephritis
contrasting with that of FHBP subunit vaccines which presented mild kidney injury (Supplementary
Figure S4). Although hamsters vaccinated with the LigAc monosubunit vaccine seemed to have lower
pathological scores than those received the multisubunit vaccine, there was no significant difference
between these two groups.
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Figure 4. Kaplan–Meier plot showing protection of vaccinated hamsters against challenge by live
Leptospira. The hamsters were immunized with the various vaccine formulations shown in Table S3.
Each vaccinated hamster was challenged intraperitoneally by 20× LD50 of low passage leptospires.
Their survival was monitored daily until the end point of 28 days. The percentage of hamster survival
was calculated as the number of survivors divided by the total number of animals challenged. Statistical
values of survival rate between adjuvant control group and other vaccination groups were analyzed by
log-rank test. Vaccination was with LMQ = phosphate buffered saline and LMQ (a combination of
neutral liposome, monophosphoryl lipid A, and Quillaja saponaria fraction 21); HK = Heat-killed whole
cell vaccine; LigAc, LenA, LcpA or Lsa23 = LigAc, LenA, LcpA, or Lsa23 mono recombinant factor
H binding protein (FHBP) and LMQ; 4Ags = multiple recombinant FHBPs (LigAc + LenA + LcpA +

Lsa23) and LMQ.

Table 1. Protection conferred by immunization with vaccines in hamsters.

Vaccine Formulation a % Protection b Endpoint Day Kidney Positive Detection c

Antigen Adjuvant Culture qPCR

PBS LMQ 0 7, 8, 9, 10, 11 0/5 5/5
Heat-killed
Leptospira Freund’s 100 ** 28, 28, 28, 28, 28 0/5 5/5

LigAc LMQ 60 ** 11, 11, 28, 28, 28 0/5 5/5
LenA LMQ 40 8, 8, 9, 28, 28 0/5 5/5
LcpA LMQ 20 7, 7, 8, 8, 28 0/5 5/5
Lsa23 LMQ 20 7, 7, 8, 10, 28 0/5 5/5

LigAc + LenA +
LcpA + Lsa23 LMQ 60 * 9, 10, 28, 28, 28 0/5 5/5

a PBS: phosphate buffered saline; LMQ: a combination of neutral liposome, monophosphoryl lipid A, and
Quillaja saponaria fraction 21. LigAc, LenA, LcpA, Lsa23: recombinant factor H binding protein subunit vaccines.
The final volume ratio of LMQ or Freund’s adjuvants to immunogen was 6:4 or 1:1, respectively. b % Protection was
calculated by the number of survivors/total challenged hamsters ×100 (n = 5/group). Statistical values of survival
rate between adjuvant control group and other vaccination groups were analyzed by log-rank test; * represents
p < 0.05 and ** represents p < 0.01. c Positive detection was evaluated in all hamsters by culture and/or real-time
PCR techniques. The results showed the number of positive detection/total challenged hamsters. The PCR negative
detection for leptospires was assigned in a sample whose threshold cycle value was greater than 40 cycles.
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Table 2. Pathology score conferred by immunization with vaccines in hamsters.

Vaccine Formulation a Mean Pathological Score b

Antigen Adjuvant Lung Liver Kidney
PBS LMQ 0.8 ± 1.1 1.0 ± 1.4 0.8 ± 0.5

Heat-killed Leptospira Freund’s 0.6 ± 0.6 1.0 ± 0.0 0.0 ± 0.0 *
LigAc LMQ 0.6 ± 0.9 0.4 ± 0.6 1.2 ± 0.8
LenA LMQ 1.4 ± 1.3 1.0 ± 0.7 0.4 ± 0.9
LcpA LMQ 2.0 ± 1.2 1.2 ± 0.4 0.4 ± 0.6
Lsa23 LMQ 1.2 ± 0.8 0.8 ± 0.5 1.0 ± 0.7

LigAc, LenA, LcpA, Lsa23 LMQ 1.2 ± 0.6 1.2 ± 0.6 1.0 ± 1.0
a PBS: phosphate buffer saline; LMQ: a combination of neutral liposome, monophosphoryl lipid A, and
Quillaja saponaria fraction 21. LigAc, LenA, LcpA, Lsa23: recombinant factor H binding protein subunit vaccines. The
final volume ratio of LMQ or Freund’s adjuvants to immunogen was 6:4 or 1:1, respectively. b The histopathological
scores were determined in all hamsters (n = 5/group) by a pathologist with blinding protocol. Statistical values of
pathological score between adjuvant control group and other vaccination groups were analyzed by Mann–Whitney
U-Test; * represents p < 0.05.

We detected Leptospira in the kidneys of surviving hamsters to provide evidence for sterilizing
immunity (Figure 5 and Table 1). In all hamsters that viable leptospires were not found in the kidneys
by culture, leptospiral DNA were detected by qPCR. Kidneys from hamsters immunized with the LigAc
vaccine had a significant higher leptospiral burden than those immunized with the heat-killed vaccines
(p < 0.05) (Figure 5). More importantly, the multisubunit vaccine significantly reduced leptospiral
load more than the LigAc vaccine (p < 0.05). There was no significant difference in leptospiral burden
in the kidneys of the multisubunit vaccinated and the heat-killed groups. Additionally, the analysis
using either only survivors or all hamsters came to a similar conclusion. These results indicate that the
combination of four FHBPs reduced renal colonization against leptospiral infection.
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Figure 5. Leptospiral load in kidneys of surviving hamsters immunized with mono-LigAc subunit
vaccine or vaccines containing multiple subunits of recombinant factor H binding proteins (FHBPs).
Total genomic DNA was extracted from kidneys and detected by qPCR. The cycle threshold of each
sample was compared with leptospiral DNA standard curve to calculate bacterial burden which is
expressed as bacterial DNA per milligram of tissue. The results are shown as mean of each vaccination
group; HK = Heat-killed whole cell vaccine; LigAc = LigAc mono recombinant factor H binding
protein (FHBP) and LMQ; 4Ags = multiple recombinant FHBPs (LigAc + LenA + LcpA + Lsa23) and
LMQ. Only the HK, LigAc, 4Ags groups with at least 3 survivors were used for statistical analysis.
Mann–Whitney U test was used to compare bacterial number among vaccination groups; * represents
p < 0.05.
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Pulmonary hemorrhage was graded as 0 (none), 1 (single focus), 2 (multivalent foci), or 3
(severe). Tubulointerstitial nephritis was assessed as 0 (normal), 1 (mild), 2 (moderate), or 3 (severe).
Liver pathology was graded based on the average number of inflammatory foci in 10 fields at 10×
magnification as 0 (none), 1 (1–3), 2 (4–7), or 3 (>7).

4. Discussion

Binding of FHBPs on pathogenic Leptospira to host FH is a crucial strategy for evasion of
complement-mediated killing to survive and establish the infection [12,15,19]. Antibodies against
FHBPs may inhibit FH binding to pathogenic leptospires and enhance the susceptibility to complement
lysis. Several leptospiral OMPs, such as LenA (or LfhA) [24], LcpA [15], and Lsa23 [19], have been
identified as FHBPs. A previous study showed that pathogenic L. interrogans became more susceptible
to complement killing after blocking with anti-Lsa23 inactivated serum [19]. We hypothesized
that multiple FHBPs including LigAc, LenA, LcpA, and Lsa23, in the multisubunit vaccine could
synergistically enhance the protective immune response against leptospirosis.

Any protein-based subunit vaccine needs to be formulated with adjuvants to drastically increase
the immunogenicity. In previous studies, Freund’s adjuvant was used with LigA and it was reported
to provide high survival of hamsters [9,38]. However, this adjuvant can induce adverse side effects
and currently poses ethical issues for both human and animal use. The widely used alum adjuvant
has been tested for leptospirosis vaccines with equivocal results [4,11,36,39]. Salmonella flagellin was
previously shown as the only adjuvant in the LigAc-based vaccine formulations that were able to
reduce leptospiral renal colonization in hamsters [11]. Several studies demonstrated the advantage
of liposome-based adjuvants in promoting an immune response to various pathogens [40–42] and
stimulating immune responses in populations that responded insufficiently to alum [43–45]. Therefore,
the present study used an adjuvant called LMQ [28], a combination of neutral liposomes, the toll-like
receptor 4 agonist MPL [46], and the Saponin QS-21 [47], to induce high antibody levels against each
antigen in the multisubunit vaccine.

Initially, we evaluated the immunogenicity of single and multiple antigens administered with
LMQ or Freund’s adjuvant in BALB/c mice. These adjuvants were able to induce comparable levels
of specific antibodies against each FHBP in mice immunized with either the mono or multisubunit
vaccine (Figure 2). After three immunizations, there was no difference in antibody titers between two
tested doses (5 and 20 µg) (Supplementary Figure S1). Therefore, hamsters (weighing four–five times
more than BALB/c mice) were immunized with 20 µg of each vaccine antigen with LMQ. As expected,
all recombinant FHBPs induced high antibody titers in hamsters (Figure 3).

Unlike previous reports [9,48,49], our separate studies in hamsters showed that 20%, but not 10%,
weight loss was correlated with dead outcome (Supplementary Figure S5). The hamsters with 10%
weight loss could later gain their weight and finally survived up to the end of the experiment. It is
possible that different Leptospira strains and the source of hamsters may affect the challenge outcome.
Therefore, we set 20% weight loss as one of the end point criteria before the challenge. However, in this
study, no hamsters met this endpoint criterion because all non-surviving hamsters died with moribund
symptoms before reaching 20% weight loss.

The vaccine formulations have a critical impact on their protective efficacy as shown in hamsters
immunized with various LigAc vaccine formulations using different doses and adjuvants [11,36,39,50].
In previous studies of the LigAc subunit vaccine against lethal leptospirosis in hamsters, the highest
protection (100% survival) was conferred by three immunizations with 100 µg of LigAc formulated with
Freund’s adjuvant [9,38] in comparison to the controls receiving PBS mixed with the same adjuvant
(0% survival). The survival of hamsters immunized with two doses of LigAc and Freund’s adjuvant
was 63% (20/10 µg) to 80–100% (80/40 µg) [10]. In the present study, we immunized the hamsters with
20 µg of each antigen because of the maximal concentration of antigens (1 mg/mL) and the limits to the
total volume that could be delivered subcutaneously. Moreover, as we aimed to observe any potential
synergistic effect of three FHBPs on LigAc vaccination, LigAc overdose up to 100 µg could mask these
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effects. Our vaccine formulation with 20 µg of LigAc administrated with LMQ conferred the partial
protective efficacy (60% survival) as comparable as reported by other groups [10,36]. The results
highlighted that LMQ could be a promising adjuvant for future development of effective leptospirosis
subunit vaccines.

The IgG subclass profiles in hamsters were determined to identify their correlation with protection
(Figure 3B). IgG3 was not included for detection because it is not expressed in all hamster strains and
has not yet been shown to correlate with Th1/Th2 profile [51]. Because the same LMQ adjuvant and
administration strategy were applied for all vaccine formulations, the IgG subclass profiles most likely
depends on the vaccine antigen preparations. Only LigAc formulation induced equal levels of IgG1
and IgG2 suggesting a balanced Th1/Th2 immune response. Significantly higher levels of IgG2 than
IgG1 observed in LenA and predominant IgG2 levels induced by LcpA and Lsa23 formulations indicate
mainly a Th1 response. However, survivors and non-survivors showed no significant difference of
IgG isotype levels for all vaccine formulations. Therefore, no predominant IgG isotype or Th immune
response was correlated with protective efficacy of each FHBP formulation in either the mono or
multisubunit vaccines. In some studies, IgG2 isotype or Th1 response has been observed to confer
protection against leptospirosis [34,52,53]. However, Th2 is conventionally believed to be responsible
for protection against extracellular pathogens including leptospires in spite of their transient tissue
invasion [54]. Further investigations are required to elucidate the role of isotype or Th response in
protection and the vaccine efficacy against pathogenic Leptospira spp.

The protective efficacy of the multisubunit FHBP vaccine adjuvanted with LMQ for survival
was not different from the partial rate that obtained from the mono-LigAc subunit vaccine (Figure 4),
therefore LigAc is most likely the key vaccine antigen of the multisubunit vaccine. However, renal
colonization of leptospires was significantly reduced in the surviving hamsters (Figure 5). Similar to
the previous study [9], the mono-LigAc subunit vaccine did not reduce renal colonization compared
to the adjuvant control (Figure 5). According to a good quality of all vaccine antigens as shown by
their integrity on SDS-PAGE (Figure 1A) and immunoblotting (Figure 1B), secondary structures by CD
spectrum analysis (Figure 1C), ability to bind FH (Figure 1D), and immunogenicity (Figure 3A), they
could involve in these positive effects together, but a prominent antigen is still unclear.

Although the multisubunit FHBP vaccine was unable to induce sterilizing immunity, it significantly
reduced renal colonization in survivors after challenge compared with the LigAc monosubunit vaccines
but was not different from the heat-killed group. It is possible that addition of three more FHBPs to
LigAc in the multisubunit vaccine might induce protective antibodies that conferred more complement
killing of leptospires resulting in reduced renal colonization. Moreover, these vaccine antigens are
actually multifunctional proteins, interacting with not only FH but also C4BP [15,19,22,55], host
extracellular matrix (ECM) proteins such as vitronectin [15], fibronectin and laminin [29,56], and
plasminogen [19,57,58]. Hence, the antibody production triggered by this multisubunit vaccine may
induce synergistic effect on protection. The synergistic effects against leptospirosis have previously
been reported for other antigens, such as the combination of OmpL1 and LipL41 [3], and three probable
OMPs of Lp1454, Lp1118, and MceII [59].

Previously only flagellin-based LigAc vaccines showed reduction of renal colonization which was
evaluated by culture and microscopic examination of leptospires in silver-stained tissue sections [11].
These methods might not be able to detect very low number of leptospires in the renal tissues resulting
in false negative results. In our study, we could not detect leptospires in the kidneys of survivors
by culture (Table 1). Therefore, more sensitive qPCR was used to determine leptospiral burden in
the kidneys in this study. Leptospiral DNA was detected by qPCR indicating leptospiral invasion in
the kidneys of all survivors (Table 1). Surprisingly, no cultures were grown from the kidneys of the
adjuvant controls. All hamsters in this group reached the endpoint criteria within 11 days (7–11 days)
after challenge (Table 1). It is possible that they were in the late leptospiremic phase, therefore only a
small number of leptospires had colonized the kidneys, which was too low to be detected by culture
but was able to detect by more sensitive qPCR. Alternatively, a previous study on LemA and Erp
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Y-like subunit vaccines also showed negative kidney cultures in all hamsters survived up to 30 days
post-challenge in spite of histopathological change [60]. The authors suggested that strong activation
of the immune system not only resulted in renal damage but also cleared viable Leptospira in the kidney.
Because qPCR could not differentiate live or dead bacteria, positive qPCR of the culture-negative kidney
tissue from the controls might be a result of dead leptospires. However, the degree of pathological
lesions in that study was more severe than that in our study. The discrepancy between pathological
scores of liver and kidney injuries was observed between the adjuvant control and the mono-LigAc
vaccine groups (Table 2). Previous studies showed distinct pathological changes of target organs in
acute and chronic leptospirosis in animal models [61]. The controls reached the endpoint criteria within
11 days post-challenge, whereas hamsters immunized with the LigAc vaccine reached the endpoint
criteria 11–28 days post-challenge. Therefore, the hamsters in each group were probably in different
phases of disease resulting in their distinct histopathological changes.

In this study, we aimed to test the vaccine efficacy of four recombinant FHBPs in combination
and individually, thus we do not know which one of three new FHBPs are responsible for enhanced
reduction of renal colonization, which is the limitation of this study. Further investigations using
different combinations of these subunit vaccines including all FHBPs, except LigAc, are required to
determine the crucial components. Chimeric vaccines containing fusion of protective FHBPs will be a
promising strategy to deliver the vaccine antigens as previously reported [49,52,53].

5. Conclusions

The multisubunit vaccine consisting of four leptospiral FHBPs; LigAc, LenA, LcpA, and Lsa23,
with LMQ adjuvant conferred partial protection against the lethal challenge with L. interrogans serovar
Pomona in hamsters. The survival protection was most likely elicited by the effect of LigAc. The
addition of three FHBPs to LigAc vaccine significantly reduced the leptospiral invasion in the kidneys.
This study may lead to the development of improved vaccines for leptospirosis in humans who cannot
be effectively immunized using available killed whole-cell vaccines because of their limitations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-393X/7/3/95/s1.
Figure S1: Antibody levels in mice immunized with mono-LcpA subunit vaccine formulated with different doses
and adjuvants, Figure S2: Lung histopathology showing small foci from hamsters vaccinated with various vaccine
formulations (Table S3), Figure S3: Liver histopathology showing mild inflammation in hamsters vaccinated
with various vaccine formulations (Table S3), Figure S4: Kidney histopathology showing sparse tubulointerstitial
nephritis from hamsters vaccinated with various vaccine formulations (Table S3), Figure S5: Weight of five
surviving hamsters after challenge with virulence L. interrogans serovar Pomona, Table S1: Oligonucleotides used
in this study, Table S2: Groups of mice immunized with various vaccine formulations containing recombinant
factor H binding protein subunits or controls, Table S3: Groups of hamsters immunized with various vaccine
formulations containing recombinant factor H binding protein subunits or controls.

Author Contributions: Conceptualization, T.T., C.B.-Q., T.P., A.J. and K.P.; Methodology, T.T., C.B.-Q., T.P., A.J.,
N.C., N.S., S.P. and K.P.; Validation, T.T., C.B.-Q. and K.P.; Formal Analysis, T.T. and K.P.; Investigation, T.T., N.S.,
P.K., S.P. and K.P.; Resources C.B.-Q., A.J., N.C., N.S., S.P. and K.P.; Writing–Original Draft Preparation, T.T. and
K.P.; Writing–Review & Editing, T.T., C.B.-Q., T.P., A.J., N.C. and K.P.; Visualization, T.T. and K.P.; Supervision,
C.B.-Q., T.P., A.J., N.S. and K.P.; Project Administration, T.T. and K.P.; Funding Acquisition, C.B.-Q., N.C. and K.P.

Funding: This work was supported by Faculty of Medicine, Chulalongkorn University, grant numbers P-13-01091;
the National Science and Technology Development Agency (NSTDA); the National Research Council of Thailand
and the Higher Education Research Promotion, grant “Government annual budget fiscal year 2015–2016”; the
Office of the Higher Education Commission, grant “the National Research University Project of Thailand”; the
Swiss State Secretariat for Education, Research and Innovation (SERI)the Seed Money Project (ETH Zurich)
“Establishing a collaboration between the Chulalongkorn Vaccine Research Center (Chula VRC), Thailand and
the Vaccine Formulation Laboratory (VFL), Switzerland, Barnier-Quer C. and Patarakul K.” and Chulalongkorn
University Graduate School, grant “Post-doctoral fellowship for Teerasit Techawiwattanaboon”.

Acknowledgments: We would like to thank Kiat Ruxrungtham, the mentor of Chula Vaccine Research Center for
his advice and encouragement. We would like to acknowledge Ben Adler, Monash University, Australia for kindly
provided Leptospira interrogans serovar Pomona, which were maintained at the Melioidosis Research Center, Khon
Kaen University, Thailand. We are grateful to Assistant Robin James Storer, Office of Research Affairs, Faculty of
Medicine, Chulalongkorn University, for his assistance on English editing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2076-393X/7/3/95/s1


Vaccines 2019, 7, 95 15 of 18

References

1. Adler, B.; de la Pena Moctezuma, A. Leptospira and leptospirosis. Vet. Microbiol. 2010, 140, 287–296. [CrossRef]
[PubMed]

2. Adler, B. Vaccines Against Leptospirosis. In Leptospira and Leptospirosis; Adler, B., Ed.; Springer:
Berlin/Heidelberg, Germany, 2015; pp. 251–272.

3. Haake, D.A.; Mazel, M.K.; McCoy, A.M.; Milward, F.; Chao, G.; Matsunaga, J.; Wagar, E.A. Leptospiral outer
membrane proteins OmpL1 and LipL41 exhibit synergistic immunoprotection. Infect. Immun. 1999, 67,
6572–6582. [PubMed]

4. Palaniappan, R.U.; McDonough, S.P.; Divers, T.J.; Chen, C.S.; Pan, M.J.; Matsumoto, M.; Chang, Y.F.
Immunoprotection of recombinant leptospiral immunoglobulin-like protein A against Leptospira interrogans
serovar Pomona infection. Infect. Immun. 2006, 74, 1745–1750. [CrossRef] [PubMed]

5. Yan, W.; Faisal, S.M.; McDonough, S.P.; Chang, C.F.; Pan, M.J.; Akey, B.; Chang, Y.F. Identification and
characterization of OmpA-like proteins as novel vaccine candidates for Leptospirosis. Vaccine 2010, 28,
2277–2283. [CrossRef] [PubMed]

6. Hartwig, D.D.; Forster, K.M.; Oliveira, T.L.; Amaral, M.; McBride, A.J.; Dellagostin, O.A. A prime-boost
strategy using the novel vaccine candidate, LemA, protects hamsters against leptospirosis. Clin. Vaccine
Immunol. 2013, 20, 747–752. [CrossRef] [PubMed]

7. Umthong, S.; Buaklin, A.; Jacquet, A.; Sangjun, N.; Kerdkaew, R.; Patarakul, K.; Palaga, T. Immunogenicity
of a DNA and Recombinant Protein Vaccine Combining LipL32 and Loa22 for Leptospirosis Using Chitosan
as a Delivery System. J. Microbiol. Biotechnol. 2015, 25, 526–536. [CrossRef] [PubMed]

8. Oliveira, T.L.; Grassmann, A.A.; Schuch, R.A.; Seixas Neto, A.C.; Mendonca, M.; Hartwig, D.D.; McBride, A.J.;
Dellagostin, O.A. Evaluation of the Leptospira interrogans Outer Membrane Protein OmpL37 as a Vaccine
Candidate. PLoS ONE 2015, 10, e0142821. [CrossRef] [PubMed]

9. Coutinho, M.L.; Choy, H.A.; Kelley, M.M.; Matsunaga, J.; Babbitt, J.T.; Lewis, M.S.; Aleixo, J.A.; Haake, D.A.
A LigA three-domain region protects hamsters from lethal infection by Leptospira interrogans. PLoS Negl.
Trop. Dis. 2011, 5, e1422. [CrossRef]

10. Silva, E.F.; Medeiros, M.A.; McBride, A.J.; Matsunaga, J.; Esteves, G.S.; Ramos, J.G.; Santos, C.S.; Croda, J.;
Homma, A.; Dellagostin, O.A.; et al. The terminal portion of leptospiral immunoglobulin-like protein LigA
confers protective immunity against lethal infection in the hamster model of leptospirosis. Vaccine 2007, 25,
6277–6286. [CrossRef]

11. Monaris, D.; Sbrogio-Almeida, M.E.; Dib, C.C.; Canhamero, T.A.; Souza, G.O.; Vasconcellos, S.A.; Ferreira, L.C.;
Abreu, P.A. Protective Immunity and Reduced Renal Colonization Induced by Vaccines Containing
Recombinant Leptospira interrogans Outer Membrane Proteins and Flagellin Adjuvant. Clin. Vaccine
Immunol. 2015, 22, 965–973. [CrossRef]

12. Johnson, R.C.; Muschel, L.H. Antileptospiral Activity of Normal Serum. J. Bacteriol. 1965, 89, 1625–1626.
[PubMed]

13. Meri, T.; Murgia, R.; Stefanel, P.; Meri, S.; Cinco, M. Regulation of complement activation at the C3-level by
serum resistant leptospires. Microb. Pathog. 2005, 39, 139–147. [CrossRef] [PubMed]

14. Barbosa, A.S.; Abreu, P.A.; Vasconcellos, S.A.; Morais, Z.M.; Goncales, A.P.; Silva, A.S.; Daha, M.R.; Isaac, L.
Immune evasion of Leptospira species by acquisition of human complement regulator C4BP. Infect. Immun.
2009, 77, 1137–1143. [CrossRef] [PubMed]

15. Da Silva, L.B.; Miragaia Ldos, S.; Breda, L.C.; Abe, C.M.; Schmidt, M.C.; Moro, A.M.; Monaris, D.; Conde, J.N.;
Jozsi, M.; Isaac, L.; et al. Pathogenic Leptospira species acquire factor H and vitronectin via the surface protein
LcpA. Infect. Immun. 2015, 83, 888–897. [CrossRef] [PubMed]

16. Granoff, D.M. Commentary: European Medicines Agency recommends approval of a broadly protective
vaccine against serogroup B meningococcal disease. Pediatr. Infect. Dis. J. 2013, 32, 372–373. [CrossRef]
[PubMed]

17. Perez, J.L.; Absalon, J.; Beeslaar, J.; Balmer, P.; Jansen, K.U.; Jones, T.R.; Harris, S.; York, L.J.; Jiang, Q.;
Radley, D.; et al. From research to licensure and beyond: Clinical development of MenB-FHbp, a broadly
protective meningococcal B vaccine. Expert Rev. Vaccines 2018, 17, 461–477. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.vetmic.2009.03.012
http://www.ncbi.nlm.nih.gov/pubmed/19345023
http://www.ncbi.nlm.nih.gov/pubmed/10569777
http://dx.doi.org/10.1128/IAI.74.3.1745-1750.2006
http://www.ncbi.nlm.nih.gov/pubmed/16495547
http://dx.doi.org/10.1016/j.vaccine.2009.12.071
http://www.ncbi.nlm.nih.gov/pubmed/20064477
http://dx.doi.org/10.1128/CVI.00034-13
http://www.ncbi.nlm.nih.gov/pubmed/23515012
http://dx.doi.org/10.4014/jmb.1408.08007
http://www.ncbi.nlm.nih.gov/pubmed/25348693
http://dx.doi.org/10.1371/journal.pone.0142821
http://www.ncbi.nlm.nih.gov/pubmed/26588685
http://dx.doi.org/10.1371/journal.pntd.0001422
http://dx.doi.org/10.1016/j.vaccine.2007.05.053
http://dx.doi.org/10.1128/CVI.00285-15
http://www.ncbi.nlm.nih.gov/pubmed/14291607
http://dx.doi.org/10.1016/j.micpath.2005.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16169184
http://dx.doi.org/10.1128/IAI.01310-08
http://www.ncbi.nlm.nih.gov/pubmed/19114549
http://dx.doi.org/10.1128/IAI.02844-14
http://www.ncbi.nlm.nih.gov/pubmed/25534939
http://dx.doi.org/10.1097/INF.0b013e318282942f
http://www.ncbi.nlm.nih.gov/pubmed/23263177
http://dx.doi.org/10.1080/14760584.2018.1483726
http://www.ncbi.nlm.nih.gov/pubmed/29883226


Vaccines 2019, 7, 95 16 of 18

18. Beernink, P.T.; Shaughnessy, J.; Braga, E.M.; Liu, Q.; Rice, P.A.; Ram, S.; Granoff, D.M. A meningococcal
factor H binding protein mutant that eliminates factor H binding enhances protective antibody responses to
vaccination. J. Immunol. 2011, 186, 3606–3614. [CrossRef] [PubMed]

19. Siqueira, G.H.; Atzingen, M.V.; de Souza, G.O.; Vasconcellos, S.A.; Nascimento, A.L. Leptospira interrogans
Lsa23 protein recruits plasminogen, factor H and C4BP from normal human serum and mediates C3b and
C4b degradation. Microbiology 2016, 162, 295–308. [CrossRef] [PubMed]

20. Choy, H.A. Multiple activities of LigB potentiate virulence of Leptospira interrogans: Inhibition of alternative
and classical pathways of complement. PLoS ONE 2012, 7, e41566. [CrossRef]

21. Siqueira, G.H.; Atzingen, M.V.; Alves, I.J.; de Morais, Z.M.; Vasconcellos, S.A.; Nascimento, A.L.
Characterization of three novel adhesins of Leptospira interrogans. Am. J. Trop. Med. Hyg. 2013, 89,
1103–1116. [CrossRef]

22. Barbosa, A.S.; Monaris, D.; Silva, L.B.; Morais, Z.M.; Vasconcellos, S.A.; Cianciarullo, A.M.; Isaac, L.;
Abreu, P.A. Functional characterization of LcpA, a surface-exposed protein of Leptospira spp. that binds the
human complement regulator C4BP. Infect. Immun. 2010, 78, 3207–3216. [CrossRef] [PubMed]

23. Matsunaga, J.; Barocchi, M.A.; Croda, J.; Young, T.A.; Sanchez, Y.; Siqueira, I.; Bolin, C.A.; Reis, M.G.;
Riley, L.W.; Haake, D.A.; et al. Pathogenic Leptospira species express surface-exposed proteins belonging to
the bacterial immunoglobulin superfamily. Mol. Microbiol. 2003, 49, 929–945. [CrossRef] [PubMed]

24. Verma, A.; Hellwage, J.; Artiushin, S.; Zipfel, P.F.; Kraiczy, P.; Timoney, J.F.; Stevenson, B. LfhA, a novel factor
H-binding protein of Leptospira interrogans. Infect. Immun. 2006, 74, 2659–2666. [CrossRef] [PubMed]

25. Castiblanco-Valencia, M.M.; Fraga, T.R.; Silva, L.B.; Monaris, D.; Abreu, P.A.; Strobel, S.; Jozsi, M.; Isaac, L.;
Barbosa, A.S. Leptospiral immunoglobulin-like proteins interact with human complement regulators factor
H, FHL-1, FHR-1, and C4BP. J. Infect. Dis. 2012, 205, 995–1004. [CrossRef] [PubMed]

26. Srikram, A.; Zhang, K.; Bartpho, T.; Lo, M.; Hoke, D.E.; Sermswan, R.W.; Adler, B.; Murray, G.L.
Cross-protective immunity against leptospirosis elicited by a live, attenuated lipopolysaccharide mutant.
J. Infect. Dis. 2011, 203, 870–879. [CrossRef]

27. Zuerner, R.L. Laboratory maintenance of pathogenic Leptospira. Curr. Protoc. Microbiol. 2005, 1. [CrossRef]
28. Li, Y.; Leneghan, D.B.; Miura, K.; Nikolaeva, D.; Brian, I.J.; Dicks, M.D.; Fyfe, A.J.; Zakutansky, S.E.;

de Cassan, S.; Long, C.A.; et al. Enhancing immunogenicity and transmission-blocking activity of malaria
vaccines by fusing Pfs25 to IMX313 multimerization technology. Sci. Rep. 2016, 6, 18848. [CrossRef]
[PubMed]

29. Stevenson, B.; Choy, H.A.; Pinne, M.; Rotondi, M.L.; Miller, M.C.; Demoll, E.; Kraiczy, P.; Cooley, A.E.;
Creamer, T.P.; Suchard, M.A.; et al. Leptospira interrogans endostatin-like outer membrane proteins bind host
fibronectin, laminin and regulators of complement. PLoS ONE 2007, 2, e1188. [CrossRef]

30. Tanyaratsrisakul, S.; Malainual, N.; Jirapongsananuruk, O.; Smith, W.A.; Thomas, W.R.; Piboonpocanun, S.
Structural and IgE binding analyses of recombinant Der p 2 expressed from the hosts Escherichia coli and
Pichia pastoris. Int. Arch. Allergy Immunol. 2010, 151, 190–198. [CrossRef]

31. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods
2012, 9, 671–675. [CrossRef]

32. Atzingen, M.V.; Goncales, A.P.; de Morais, Z.M.; Araujo, E.R.; De Brito, T.; Vasconcellos, S.A.; Nascimento, A.L.
Characterization of leptospiral proteins that afford partial protection in hamsters against lethal challenge
with Leptospira interrogans. J. Med. Microbiol. 2010, 59, 1005–1015. [CrossRef]

33. National Center for the Replacement Refinement and Reduction of Animals in Research. Cardiac Puncture
with Recovery. Available online: https://www.nc3rs.org.uk/hamster-cardiac-puncture-recovery-surgical
(accessed on 24 May 2019).

34. Conrad, N.L.; Cruz McBride, F.W.; Souza, J.D.; Silveira, M.M.; Felix, S.; Mendonca, K.S.; Santos, C.S.;
Athanazio, D.A.; Medeiros, M.A.; Reis, M.G.; et al. LigB subunit vaccine confers sterile immunity against
challenge in the hamster model of leptospirosis. PLoS Negl. Trop. Dis. 2017, 11, e0005441. [CrossRef]

35. Buaklin, A.; Palaga, T.; Hannaman, D.; Kerdkaew, R.; Patarakul, K.; Jacquet, A. Optimization of the
immunogenicity of a DNA vaccine encoding a bacterial outer membrane lipoprotein. Mol. Biotechnol. 2014,
56, 903–910. [CrossRef]

36. Faisal, S.M.; Yan, W.; McDonough, S.P.; Chang, Y.F. Leptospira immunoglobulin-like protein A variable
region (LigAvar) incorporated in liposomes and PLGA microspheres produces a robust immune response
correlating to protective immunity. Vaccine 2009, 27, 378–387. [CrossRef] [PubMed]

http://dx.doi.org/10.4049/jimmunol.1003470
http://www.ncbi.nlm.nih.gov/pubmed/21325619
http://dx.doi.org/10.1099/mic.0.000217
http://www.ncbi.nlm.nih.gov/pubmed/26614523
http://dx.doi.org/10.1371/journal.pone.0041566
http://dx.doi.org/10.4269/ajtmh.13-0205
http://dx.doi.org/10.1128/IAI.00279-10
http://www.ncbi.nlm.nih.gov/pubmed/20404075
http://dx.doi.org/10.1046/j.1365-2958.2003.03619.x
http://www.ncbi.nlm.nih.gov/pubmed/12890019
http://dx.doi.org/10.1128/IAI.74.5.2659-2666.2006
http://www.ncbi.nlm.nih.gov/pubmed/16622202
http://dx.doi.org/10.1093/infdis/jir875
http://www.ncbi.nlm.nih.gov/pubmed/22291192
http://dx.doi.org/10.1093/infdis/jiq127
http://dx.doi.org/10.1002/9780471729259.mc12e01s00
http://dx.doi.org/10.1038/srep18848
http://www.ncbi.nlm.nih.gov/pubmed/26743316
http://dx.doi.org/10.1371/journal.pone.0001188
http://dx.doi.org/10.1159/000242356
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1099/jmm.0.021485-0
https://www.nc3rs.org.uk/hamster-cardiac-puncture-recovery-surgical
http://dx.doi.org/10.1371/journal.pntd.0005441
http://dx.doi.org/10.1007/s12033-014-9769-6
http://dx.doi.org/10.1016/j.vaccine.2008.10.089
http://www.ncbi.nlm.nih.gov/pubmed/19022317


Vaccines 2019, 7, 95 17 of 18

37. Stoddard, R.A.; Gee, J.E.; Wilkins, P.P.; McCaustland, K.; Hoffmaster, A.R. Detection of pathogenic Leptospira
spp. through TaqMan polymerase chain reaction targeting the LipL32 gene. Diagn. Microbiol. Infect. Dis.
2009, 64, 247–255. [CrossRef]

38. Evangelista, K.V.; Lourdault, K.; Matsunaga, J.; Haake, D.A. Immunoprotective properties of recombinant
LigA and LigB in a hamster model of acute leptospirosis. PLoS ONE 2017, 12, e0180004. [CrossRef] [PubMed]

39. Lucas, D.S.; Cullen, P.A.; Lo, M.; Srikram, A.; Sermswan, R.W.; Adler, B. Recombinant LipL32 and LigA from
Leptospira are unable to stimulate protective immunity against leptospirosis in the hamster model. Vaccine
2011, 29, 3413–3418. [CrossRef]

40. Garcon, N.; Chomez, P.; Van Mechelen, M. GlaxoSmithKline Adjuvant Systems in vaccines: Concepts,
achievements and perspectives. Expert Rev. Vaccines 2007, 6, 723–739. [CrossRef] [PubMed]

41. Seder, R.A.; Hill, A.V. Vaccines against intracellular infections requiring cellular immunity. Nature 2000, 406,
793–798. [CrossRef] [PubMed]

42. Berzofsky, J.A.; Ahlers, J.D.; Janik, J.; Morris, J.; Oh, S.; Terabe, M.; Belyakov, I.M. Progress on new vaccine
strategies against chronic viral infections. J. Clin. Investig. 2004, 114, 450–462. [CrossRef]

43. Chlibek, R.; Bayas, J.M.; Collins, H.; de la Pinta, M.L.; Ledent, E.; Mols, J.F.; Heineman, T.C. Safety and
immunogenicity of an AS01-adjuvanted varicella-zoster virus subunit candidate vaccine against herpes
zoster in adults >=50 years of age. J. Infect. Dis. 2013, 208, 1953–1961. [CrossRef]

44. Chlibek, R.; Smetana, J.; Pauksens, K.; Rombo, L.; Van den Hoek, J.A.; Richardus, J.H.; Plassmann, G.;
Schwarz, T.F.; Ledent, E.; Heineman, T.C. Safety and immunogenicity of three different formulations of
an adjuvanted varicella-zoster virus subunit candidate vaccine in older adults: A phase II, randomized,
controlled study. Vaccine 2014, 32, 1745–1753. [CrossRef] [PubMed]

45. Leroux-Roels, I.; Devaster, J.M.; Leroux-Roels, G.; Verlant, V.; Henckaerts, I.; Moris, P.; Hermand, P.; Van
Belle, P.; Poolman, J.T.; Vandepapeliere, P.; et al. Adjuvant system AS02V enhances humoral and cellular
immune responses to pneumococcal protein PhtD vaccine in healthy young and older adults: Randomised,
controlled trials. Vaccine 2015, 33, 577–584. [CrossRef] [PubMed]

46. Baldridge, J.R.; McGowan, P.; Evans, J.T.; Cluff, C.; Mossman, S.; Johnson, D.; Persing, D. Taking a Toll on
human disease: Toll-like receptor 4 agonists as vaccine adjuvants and monotherapeutic agents. Expert Opin.
Biol. Ther. 2004, 4, 1129–1138. [CrossRef] [PubMed]

47. Kashala, O.; Amador, R.; Valero, M.V.; Moreno, A.; Barbosa, A.; Nickel, B.; Daubenberger, C.A.; Guzman, F.;
Pluschke, G.; Patarroyo, M.E. Safety, tolerability and immunogenicity of new formulations of the
Plasmodium falciparum malaria peptide vaccine SPf66 combined with the immunological adjuvant QS-21.
Vaccine 2002, 20, 2263–2277. [CrossRef]

48. Lourdault, K.; Wang, L.C.; Vieira, A.; Matsunaga, J.; Melo, R.; Lewis, M.S.; Haake, D.A.; Gomes-Solecki, M.
Oral immunization with Escherichia coli expressing a lipidated form of LigA protects hamsters against
challenge with Leptospira interrogans serovar Copenhageni. Infect. Immun. 2014, 82, 893–902. [CrossRef]

49. Oliveira, T.L.; Rizzi, C.; da Cunha, C.E.P.; Dorneles, J.; Seixas Neto, A.C.P.; Amaral, M.G.; Hartwig, D.D.;
Dellagostin, O.A. Recombinant BCG strains expressing chimeric proteins derived from Leptospira protect
hamsters against leptospirosis. Vaccine 2019, 37, 776–782. [CrossRef] [PubMed]

50. Bacelo, K.L.; Hartwig, D.D.; Seixas, F.K.; Schuch, R.; Moreira Ada, S.; Amaral, M.; Collares, T.;
Vendrusculo, C.T.; McBride, A.J.; Dellagostin, O.A. Xanthan gum as an adjuvant in a subunit vaccine
preparation against leptospirosis. BioMed Res. Int. 2014, 2014, 636491. [CrossRef] [PubMed]

51. Coe, J.E.; Schell, R.F.; Ross, M.J. Immune response in the hamster: Definition of a novel IgG not expressed in
all hamster strains. Immunology 1995, 86, 141–148. [PubMed]

52. Fernandes, L.G.; Teixeira, A.F.; Filho, A.F.; Souza, G.O.; Vasconcellos, S.A.; Heinemann, M.B.; Romero, E.C.;
Nascimento, A.L. Immune response and protective profile elicited by a multi-epitope chimeric protein
derived from Leptospira interrogans. Int. J. Infect. Dis. 2017, 57, 61–69. [CrossRef]

53. Da Cunha, C.E.P.; Bettin, E.B.; Bakry, A.; Seixas Neto, A.C.P.; Amaral, M.G.; Dellagostin, O.A. Evaluation of
different strategies to promote a protective immune response against leptospirosis using a recombinant LigA
and LigB chimera. Vaccine 2019, 37, 1844–1852. [CrossRef]

54. Wunder, E.A., Jr.; Figueira, C.P.; Santos, G.R.; Lourdault, K.; Matthias, M.A.; Vinetz, J.M.; Ramos, E.;
Haake, D.A.; Picardeau, M.; Dos Reis, M.G.; et al. Real-Time PCR Reveals Rapid Dissemination of
Leptospira interrogans after Intraperitoneal and Conjunctival Inoculation of Hamsters. Infect. Immun. 2016, 84,
2105–2115. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.diagmicrobio.2009.03.014
http://dx.doi.org/10.1371/journal.pone.0180004
http://www.ncbi.nlm.nih.gov/pubmed/28704385
http://dx.doi.org/10.1016/j.vaccine.2011.02.084
http://dx.doi.org/10.1586/14760584.6.5.723
http://www.ncbi.nlm.nih.gov/pubmed/17931153
http://dx.doi.org/10.1038/35021239
http://www.ncbi.nlm.nih.gov/pubmed/10963610
http://dx.doi.org/10.1172/JCI200422674
http://dx.doi.org/10.1093/infdis/jit365
http://dx.doi.org/10.1016/j.vaccine.2014.01.019
http://www.ncbi.nlm.nih.gov/pubmed/24508036
http://dx.doi.org/10.1016/j.vaccine.2013.10.052
http://www.ncbi.nlm.nih.gov/pubmed/24176494
http://dx.doi.org/10.1517/14712598.4.7.1129
http://www.ncbi.nlm.nih.gov/pubmed/15268679
http://dx.doi.org/10.1016/S0264-410X(02)00115-9
http://dx.doi.org/10.1128/IAI.01533-13
http://dx.doi.org/10.1016/j.vaccine.2018.12.050
http://www.ncbi.nlm.nih.gov/pubmed/30630695
http://dx.doi.org/10.1155/2014/636491
http://www.ncbi.nlm.nih.gov/pubmed/24895594
http://www.ncbi.nlm.nih.gov/pubmed/7590875
http://dx.doi.org/10.1016/j.ijid.2017.01.032
http://dx.doi.org/10.1016/j.vaccine.2019.02.010
http://dx.doi.org/10.1128/IAI.00094-16
http://www.ncbi.nlm.nih.gov/pubmed/27141082


Vaccines 2019, 7, 95 18 of 18

55. Breda, L.C.; Hsieh, C.L.; Castiblanco Valencia, M.M.; da Silva, L.B.; Barbosa, A.S.; Blom, A.M.; Chang, Y.F.;
Isaac, L. Fine Mapping of the Interaction between C4b-Binding Protein and Outer Membrane Proteins LigA
and LigB of Pathogenic Leptospira interrogans. PLoS Negl. Trop. Dis. 2015, 9, e0004192.

56. Choy, H.A.; Kelley, M.M.; Chen, T.L.; Moller, A.K.; Matsunaga, J.; Haake, D.A. Physiological osmotic
induction of Leptospira interrogans adhesion: LigA and LigB bind extracellular matrix proteins and fibrinogen.
Infect. Immun. 2007, 75, 2441–2450. [CrossRef] [PubMed]

57. Verma, A.; Brissette, C.A.; Bowman, A.A.; Shah, S.T.; Zipfel, P.F.; Stevenson, B. Leptospiral endostatin-like
protein A is a bacterial cell surface receptor for human plasminogen. Infect. Immun. 2010, 78, 2053–2059.
[CrossRef] [PubMed]

58. Castiblanco-Valencia, M.M.; Fraga, T.R.; Pagotto, A.H.; Serrano, S.M.; Abreu, P.A.; Barbosa, A.S.;
Isaac, L. Plasmin cleaves fibrinogen and the human complement proteins C3b and C5 in the presence
of Leptospira interrogans proteins: A new role of LigA and LigB in invasion and complement immune evasion.
Immunobiology 2016, 221, 679–689. [CrossRef] [PubMed]

59. Chang, Y.F.; Chen, C.S.; Palaniappan, R.U.; He, H.; McDonough, S.P.; Barr, S.C.; Yan, W.; Faisal, S.M.; Pan, M.J.;
Chang, C.F. Immunogenicity of the recombinant leptospiral putative outer membrane proteins as vaccine
candidates. Vaccine 2007, 25, 8190–8197. [CrossRef] [PubMed]

60. Oliveira, T.L.; Schuch, R.A.; Inda, G.R.; Roloff, B.C.; Neto, A.; Amaral, M.; Dellagostin, O.A.; Hartwig, D.D.
LemA and Erp Y-like recombinant proteins from Leptospira interrogans protect hamsters from challenge using
AddaVax as adjuvant. Vaccine 2018, 36, 2574–2580. [CrossRef]

61. Zuerner, R.L.; Alt, D.P.; Palmer, M.V. Development of chronic and acute golden Syrian hamster infection
models with Leptospira borgpetersenii serovar Hardjo. Vet. Pathol. 2012, 49, 403–411. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/IAI.01635-06
http://www.ncbi.nlm.nih.gov/pubmed/17296754
http://dx.doi.org/10.1128/IAI.01282-09
http://www.ncbi.nlm.nih.gov/pubmed/20160016
http://dx.doi.org/10.1016/j.imbio.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26822552
http://dx.doi.org/10.1016/j.vaccine.2007.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17936448
http://dx.doi.org/10.1016/j.vaccine.2018.03.078
http://dx.doi.org/10.1177/0300985811409252
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Bacterial Strains and Culture Conditions 
	LMQ Adjuvant Preparation 
	Production of Recombinant FHBPs 
	Western Blotting 
	Mouse Immunization 
	Hamster Immunization and Challenge with Leptospira 
	FHBP-Specific Antibodies Detection 
	Human FH Binding Assay 
	Histopathology 
	Leptospira Detection in Hamsters 
	Statistical Analysis 

	Results 
	Preparation and Characterization of Recombinant FHBPs 
	Immunogenicity of Mono or Multisubunit FHBP Vaccines in Mice 
	Immunogenicity of Mono or Multisubunit FHBPs in Hamsters 
	Protective Efficacy of Multisubunit FHBP Vaccine in Hamsters 
	Effect of Multisubunit FHBP Vaccine on Target Organ Invasion by Leptospira 

	Discussion 
	Conclusions 
	References

