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Human vaccination against leptospirosis has been relatively unsuccessful in clinical
applications despite an expressive amount of vaccine candidates has been tested over
years of research. Pathogenic Leptospira encompass a great number of serovars, most of
which do not cross-react, and there has been a lack of genetic tools for many years.
These obstacles have hampered the understanding of the bacteria’s biology and,
consequently, the identification of an effective antigen. Thus far, many approaches have
been used in an attempt to find a cost-effective and broad-spectrum protective antigen(s)
against the disease. In this extensive review, we discuss several strategies that have been
used to develop an effective vaccine against leptospirosis, starting with Leptospira-
inactivated bacterin, proteins identified in the genome sequences of pathogenic
Leptospira, including reverse vaccinology, plasmid DNA, live vaccines, chimeric multi-
epitope, and toll- and nod-like receptors agonists. This overview should be able to guide
scientists working in the field to select potential antigens and to choose the appropriate
formulation to administer the candidates.
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INTRODUCTION

Leptospirosis is a worldwide emerging zoonotic disease caused by pathogenic species of the genus
Leptospira. Pathogenic leptospires colonize the proximal renal tubules of reservoir hosts that keep
shedding live bacteria into the urine, contaminating the ecosystem. Humans are accidental and
terminal hosts in the transmission of leptospirosis. They are infected directly through contact with
urine or indirectly via contaminated soil or water (1). The symptoms of the disease are non-specific
and flu-like: fever, chills, headache, nausea, vomiting, cough and diarrhea. Patients may evolve to
severe conditions such as Weil’s syndrome, which has a mortality rate of up to 50%, or severe
pulmonary hemorrhage syndrome (SPHS), where fatality rate can be superior to 70% (2). These
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syndromes are characterized by systemic complications,
comprising jaundice, meningitis, pulmonary hemorrhage,
hepatic and renal dysfunction, and cardiovascular collapse (1, 3).

After years of research, we still do not have a universal vaccine
for leptospirosis. It has been considered a great challenge, since
Leptospira was shown to be a quite complex pathogen.
Nonetheless, it is an important goal to be achieved, since
inactivated whole cells, also called bacterins, are the only
vaccines commercially available, primarily for veterinary use.
One of the main drawbacks of these vaccines is that the
immunity elicited is mainly serovar dependent and based on
lipopolysaccharide antigens. There are more than 300 classified
serovars (4, 5). Epidemiologic studies are constantly necessary to
verify serogroup prevalence. Moreover, inactivated vaccines do
not promote long-term protection, where booster doses are
necessary annually, and some side effects have been reported.

Some countries, including France, Cuba, China and Japan,
have bacterin-like vaccines currently licensed for use in people in
a high-risk occupation in contact with contaminated water or
animals (6, 7). The first anti-leptospirosis vaccine was used in
Japan in 1919 (8). A monovalent inactivated vaccine, Spirolept®,
consisting of L. interrogans serogroup Icterohaemorrhagiae, the
prevalent serogroup in France, has been available for specific
groups since 1979. A clinical trial evaluating the administration
route (subcutaneous or intramuscular) showed that a local
reaction after vaccinations was more frequent with the
subcutaneous route. The safety and immunogenicity of the
vaccine were suitable for both cases. The importance of
boosting this vaccine was demonstrated by monitoring
antibody levels after a second booster injection 30 months after
primary schedule vaccination (9).

Vax-Spiral®was developed by Institute Finlay –Cuba, registered
in 1998, and is composed of 50 – 80 x 106 cells of serogroup
Canicola serovar Canicola, serogroup Icterohaemorrhagiae serovar
Copenhageni and serogroup Pomona serovar Mozdok adsorbed to
alum. The phase III clinical trial showed vaccine efficacy of 78.1%
and no serious adverse effects (10).

According to Xu and Ye (2018), leptospirosis incidence in China
has been decreasing due to improvements in sanitation and
vaccination of high-risk populations. However, leptospirosis
remains endemic with localized outbreaks. As China is a huge
country with a great variety of geographic and climatic conditions,
the existing serovars are more diverse and epidemiological studies
are challenging. Currently, a polyvalent inactivated vaccine
composed of serogroups Icterohaemorrhagiae serovar Lai,
Grippotyphosa serovar Linhai, Autumnalis serovar Autumnalis,
Canicola serovar Canicola, Pomona serovar Pomona, Australis
serovar Australis and Hebdomadis serovar Hebdomadis, in which
the leptospires are grown in protein-free synthetic media, is
available. This vaccine covers more than 80% of circulating
serogroups and is recommended for high-risk populations during
annual epidemic periods (7).

Besides the drawbacks of the inactivated whole-cell vaccines,
such as the lack of immunological memory, reactogenicity issues
and protection conferred primarily against the serovars included
in the formulation, they are the only available option for humans.
Frontiers in Immunology | www.frontiersin.org 2
For animals, protection and sterilizing immunity are ideal, since
these animals may have chronical and asymptomatic disease,
shedding live leptospires. In the case of humans, which have mild
or severe cases of the disease, protection would be the main goal.
WHOLE-GENOME SEQUENCING AND
REVERSE VACCINOLOGY

The advent of whole-genome sequencing has had an impressive
impact on the microbial field. Genome sequences associated with
bioinformatics tools has opened a new window of opportunities
to search for antigen candidates against leptospirosis. Reverse
vaccinology is a strategy based on the knowledge of the
organism ’s genome, high-throughput bioinformatics
techniques and data analysis processes that allow the search for
potential vaccine antigens. It is a strategy alternative to
conventional vaccinology, which involves organism cultivation
and antigen isolation and testing, one by one, until the finding
and characterization of good vaccine candidates (11). Although,
many vaccines were developed by using conventional methods,
its use has been increasingly limited, especially for those
pathogens that show a huge antigenic diversity. Reverse
vaccinology allows finding vaccine candidates quickly and
efficiently. One of the main advantages is the identification of
proteins independently of their amount and the avoidance of
growing the microorganism in vitro (12–14). The successful
development of 4CMenB (Bexsero®, GSK) shows the feasibility
of reverse vaccinology use. It was the first commercially
approved human vaccine based on this approach. The vaccine
is composed of Neisseria adhesin type A (NadA), neisserial
heparin-binding antigen (NHBA), variant 1 of factor H
binding protein (fHbp) protein, and the outer membrane
vesicle (OMV) of N. meningitidis strain NZ98/254, a New
Zealand outbreak strain (15, 16). The prediction of potential
antigens in silico based on bioinformatics has narrowed down the
universe to be studied.

Although Leptospira were identified about 100 years ago in
Japan and Europe (4), leptospiral genome sequencing was only
launched in the early years of the 21st century and since then has
made a remarkable contribution to the knowledge of bacterial
biology, providing new insights into leptospirosis virulence and
pathogenicity. Up to now, 30 new Leptospira species were
identified and a new classification have been proposed as
shown by Vincent et al. (5). In 2003, the L. interrogans serovar
Lai whole-genome sequence was published and 4.7 mega base
pairs were determined, distributed in two chromosomes (17).
Among those, only 44% coding sequences (CDS) had their
function assigned, whereas 41% had no function or similarity
identified when compared to other sequences present in
GenBank, including the spirochetes Treponema pallidum and
Borrelia burgdorferi. One year later, L. interrogans serovar
Copenhageni, strain Fiocruz L1-130, isolated from an outbreak
in Brazil, had its genome sequenced. It was composed of 4.6
mega base pairs distributed in two chromosomes like serovar Lai,
where 3,728 CDS were described, of which 1,972 had their
January 2022 | Volume 12 | Article 760291
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function identified and 1,756 were hypothetical. Several surface
proteins were identified and new ones were found as well (18, 19).
Genome sequencing of L. borgpetersenii was completed like
previously reported, adding more data to pathogenicity studies
(20). Whole-genome sequencing of L. biflexa was reported in 2008
and provided new inputs into comparative studies between
saprophytic and pathogenic strains (21). The major difference
found was the lack of genes encoding virulence factors such as
the Lig proteins and a putative factor H binding protein (LfhA).

Since genome sequencing, many studies have been performed
to evaluate the role of these hypothetical proteins, and valuable
data about their potential functionality have been obtained
(22–25). Outer membrane proteins play an important role in
the virulence mechanisms of pathogens, by acting as adhesins,
targets for bactericidal antibodies and receptors for various host
molecules (26). In recent years, the reverse vaccinology applied
to the genome of Leptospira identified putative antigens that
were studied using different approaches, which will be discussed
along with this review, attempting to find the best way to
fight leptospirosis.

Recombinant proteins rLipL21, rLipL32 and rLipL41 were
expressed using E. coli Bl21 (DE3) hosts, and all proteins were
recognized by serum from leptospirosis patients. Hamster lethal
challenge with L interrogans serovar Lai strain Lai or L.
borgpetersenii serovar Ballum strain Pishu was performed in
animals immunized with each recombinant protein or with co-
administered proteins. Animals immunized with co-
administration of rLipL21 + rLipL32 + rLipL41 demonstrated
the highest survival rate (91.7%). According to Luo et al., these
rLipLs could be considered a potential multiple subunit vaccine
candidates for use in China (27).

Lsa46 and Lsa77, proteins with OmpA-like domains, have
been identified in the genome sequences of L. interrogans. The
recombinant proteins bind to PLG and plasma fibronectin dose-
dependently, and they are immunogenic, eliciting Th1 and
Th2 response and capable of reacting with antibodies found
in both phases of leptospirosis, onset and convalescent phases
(28). When Lsa46 and Lsa77 immunoprotective activity was
evaluated in a hamster model of leptospirosis, they induced
higher titers of IgG compared to bacterin. In lethal challenge
assays, the average survival ratio from two independent
experiments was 50% and 44%, respectively for Lsa77 and
Lsa46. No statistical difference was found between the
immunized groups and PBS control group, when the
experiments were analyzed together. In any case, no protein
was able to promote renal clearance of Leptospira. Nevertheless,
when the animals were inoculated with the combination of Lsa46
and Lsa77, protection improved (29). In a recent study, immune
protection by Lsa25.6, Lsa16, Lsa14, Lsa19, Lsa24.9, LipL46,
rLIC11711 and rLIC13259 adsorbed on Alhydrogel was
analyzed. It is known that these proteins are characterized as
conserved immunogenic surface proteins and interact with
several host components. A high production of IgG was
demonstrated in hamsters immunized with all eight antigens,
and antibody induction was higher after the first booster, with a
partial survival rate of 25 to 42% being observed. In that study,
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although there was a reduced survival percentage with rLIC11711
and rLIC13259, some bacterial renal clearance was seen,
suggesting that both proteins merit further investigation (30).

Leptospiral immunoglobulin-like proteins (Ligs) were first
obtained from a DNA genomic library of pathogenic Leptospira,
L. interrogans serovar Pomona, back in 2002 (31). There are
three classes of surface-exposed Ligs, namely LigA, LigB and
LigC. The Lig sequences are found only in pathogenic Leptospira
spp. It has been reported that Lig A and Lig B expression is
associated with virulence (32). LigA (aa 68-1224) and LigB (aa
68-1191) proteins both confer a high level of protection, but they
are unable to promote sterilizing immunity (33). More recently, a
recombinant LigB fragment rLigB (131–645), expressed in E. coli
B21 (DE3), was evaluated as a subunit vaccine and conferred
significant protection of 80-100% in a lethal challenge in a
hamster model, in seven independent experiments. In
surviving vaccinated hamsters, the subunit fragment rLigB
(131–645) conferred sterilizing immunity (77.8-100%) as
attested by bacterial isolation in renal culture and qPCR.
Animals immunized with rLigB (131–645) were able to induce
IgG antibody significantly, however when compared with
bacterin group these levels were three times lower. When IgG
subclasses were evaluated, bacterin group induced an almost
exclusive IgG2 response, while the rLigB group produced a
mixed IgG1 and IgG2 response. Although vaccinated groups
have produced a substantial amount of antibodies, the authors
were unable to correlate it to protection (34).
DNA VACCINES

DNA vaccines are considered a recent approach in vaccine
development aiming to achieve a more effective response.
DNA vaccination methods provide prolonged expression of the
heterologous protein in the animal host and, consequently, long-
term exposure to the antigen. It presents a number of advantages
over other approaches, such as inexpensive scale-up, improved
stability and the possibility to encode more than one gene in a
single vaccine (35–37). Moreover, when used in prime-boost
strategies to induce a broad and high-level immunity, eliciting
both cellular and humoral responses. On the other hand, the
drawbacks of DNA vaccines are the lower immunogenicity
demonstrated so far in human clinical trials and the
development of tolerance in response to long-term exposure to
the pathogenic antigen (35, 37, 38). Antigens that have already
been or are being studied for the development of a novel
Leptospira DNA vaccine include proteins highly conserved in
pathogenic Leptospira, but not found in saprophytic strains, and
for this reason have been largely studied as interesting
vaccine candidates.

LipL32, also known as hemolysis-associated protein 1 (Hap1),
is the most abundant protein in pathogenic Leptospira and is
absent in saprophytic species. It was extensively tested as a
potential antigen against leptospirosis, as it is highly
immunogenic in animal models (39–41). LipL32 was the first
vaccine against Leptospira that was delivered using plasmid DNA
January 2022 | Volume 12 | Article 760291
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(39, 42). That construct, containing the hap1 gene from L.
interrogans, in the mammalian expression vector pCDNA3.1,
conferred protection against lethal challenge by L. interrogans
serovar Canicola in gerbils, producing a 60% survival rate,
compared to a 35% survival rate in the control group (39).

Another DNA vaccine using the plasmid pTarget/lipL32
construct was evaluated, comparing it to a recombinant
subunit vaccine and a live recombinant BCG vaccine (see
below). The three vaccine constructs were able to induce a
significant humoral immune response producing antibodies
able to recognize the native protein in the intact membrane of
L. interrogans (43).

The use of a DNA vaccine with the ompL1 gene was evaluated
in Golden Syrian hamsters. The vaccine was found to be well
tolerated by the immunized animals and to confer partial
protection against heterologous Leptospira lethal challenge, and
furthermore, it delayed time of death and reduced morbidity
and/or the numbers of Leptospira in the tissues (44).

An interesting study by Feng et al. (2009) reported humoral
and cell immune responses using a prime-boost strategy. In this
study, the authors compared the immunization in Balb/c mice
with recombinant LipL32 apart or associated with LipL41 and
OmpL1 (LipL32-41-OmpL1) by using a DNA and subunit
vaccine. Mice immunized with the DNA vaccine containing
LipL32-41-OmpL1 or only LipL32 showed an increase in cell-
mediated immunity with higher levels of IL-2 and INF-g than
those immunized with homologous proteins, as expected for
DNA vaccines. Moreover, the prime boost strategy stimulated
more antibodies than a DNA vaccine and showed greater
production of cytokines (45).

Another surface-exposed protein of Leptospira, OmpL37,
displays higher adhesion affinity to elastin tissue compared to
other OMPs, and it is believed to play an important role during
infection because of its presence in different pathogenic serovars
(26, 46, 47). The cited study evaluated the protective immune
response of OmpL37-DNA vaccine by using a prime-boost
strategies. No induction of protective immune response was
found in the group that received the DNA vaccine only.
Although a significant IgG response has been observed in
prime-boost strategy (48).

LigA and LigB proteins share an almost identical N-terminus
sequence referred to as LigBrep and a variable C-terminus
portion referred to as LigAni and LigBni (35). One study using
both the conserved portion of LigA (LigAcon, amino acids 32 to
626) and the variable portion (LigAvar, amino acids 631 to 1225)
from L. interrogans serovar Pomona demonstrated that the LigA
DNA vaccine significantly increased antibody titers after booster
and protected hamsters against lethal challenges, showing 100%
survival across three different experiments, compared to the
controls with an average survival rate of 62.5% (49).
Additionally, it reduced histopathological lesions in vital
organs and significantly increased the proliferation of
lymphocytes and activation of Th1 and Th2 response after
stimulation with the antigens, with no significant differences
between LigAcon and LigAvar. In another study, five truncated
forms of LigA and LigB from L. interrogans serovar Canicola
Frontiers in Immunology | www.frontiersin.org 4
were tested for their protective potential as DNA vaccines. The
ligBrep construct showed the best results with a 62.5% survival
rate in a hamster challenge using L. interrogans serovar
Copenhageni strain Spool, while the other constructs showed
no survival. Additionally, LigBrep induced an IgG response and
conferred sterilizing immunity in the surviving hamsters (42).
More recently, a recombinant Lig chimera consisting of LigAni
and LigBrep was evaluated as a subunit and as a DNA vaccine,
and conferred 100% protection in hamsters, but sterilizing
immunity was not achieved (50).

LemA is a putative lipoprotein that has similarities with
orthologous proteins described in other pathogenic Leptospira,
therefore being potentially able to stimulate a cross-protective
response (51, 52). LemA from L. interrogans serovar
Copenhageni was tested as subunit, DNA and prime-boost
vaccines using a hamster model; this antigen induced different
levels of protection, being significant against mortality. An
efficacy rate of 62.5% and 87.5% was observed for the DNA
and prime-boost strategies, respectively. However, the DNA
vaccine did not elicit an antibody response in hamsters, which
suggests the involvement of a cellular immune response (51). A
more recent study by the same group demonstrated that an
rLemA-based DNA vaccine using nanoparticles as carriers was
successful in transfecting CHO cells and inducing an IgG
response in hamsters. Hamsters were immunized with one of
two constructs with different antigen carriers, halloysite clay
nanotubes (HCN) and amine-functionalized multi-walled
carbon nanotubes (NH2-MWCNTs), and there was 66.7 and
83.3% survival against lethal challenge, respectively (52).

Since the pioneer study of (39) using a DNA construct
encoding LipL32 antigen, progress has been made in the field
of DNA vaccines against leptospirosis in animal models, proving
it to be a practical approach.
LIVE VACCINES

The live vaccine approach is based on the use an attenuated auto-
replicating microorganism with immunostimulating properties,
such as bacillus Calmette-Guerin (BCG) (43, 53) or Adenovirus
(54), as a vector for delivering foreign antigens from a pathogen.

Seixas and colleagues used several approaches to screen
LipL32 for immune protective activity, i.e., in pTarget as DNA
vaccine, in pAE as recombinant protein expressed in E. coli and
as in live recombinant BCG (rBCG). These constructs were used
to immunize mice, and evaluation of their humoral immune
response showed the highest antibody titer with rLipL32, while a
steady rise in antibodies was detected with LipL32 rBCG (43).
Although not evaluated, it is anticipated that rBCG triggers a
potent cellular response against heterologous antigens (55).
Growth inhibition of Leptospira was observed in vitro in the
presence of anti-LipL32 monoclonal antibodies, stressing the
immunogenic capacity of LipL32. Seixas and coworkers further
studied the capacity of rBCG expressing LipL32 as antigen
against leptospirosis (53). The results showed that animals
immunized with different constructs of rBCG/LipL32 promoted
January 2022 | Volume 12 | Article 760291
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seroconversion of total anti-LipL32, with higher titer compared
to wild-type BCG, used as control. The protective effect of
immunization with rBCG/LipL32 in a leptospirosis hamster
model resulted in inconsistent data, varying from 55.88 to
11.76% animal survival, depending on the rBCG construct
used, contrasting with 100% survival of animals inoculated
with killed whole-leptospires (bacterin). However, histopathological
analyses did not show clinical signs of the disease in animals
vaccinated with rBCG/LipL32 or bacterin. Furthermore, the
authors did not detect bacteria in the lungs and kidneys of
these hamsters. The data contrast with the severe pathological
signs observed in animals vaccinated with wild-type BCG. These
authors highlighted the potential of LipL32 as an antigen against
leptospirosis and the importance of rBCG for the delivery of live
vaccine. In another study, Oliveira and co-workers (2019) used
rBCG combined with a multi-epitope protein approach aimed at
finding a system to elicit a protective immune response and
prevent renal colonization. They generated two chimeric
antigens, one having LipL32, LemA and LigA 11-13 (Q1), and
the other LigA 11-13 and LiBrep (Q2). The expression of both
chimeric proteins in rBCG under the control of five different
mycobacterial promoters was evaluated by Western blotting for
protein expression. The immune protection elicited by rBCG
expressing Q1 conferred 80 to 100% survival; no bacteria were
detected in renal cultures and qPCR data of the cultures were
negative. On the other hand, rBCG expressing Q2, resulted in 20
to 60% survivors; the number of bacteria found in renal culture
was inconsistent, with sample cultures varying from 2 to 6 out of
10, and qPCR data were positive (56). Another research group
extending the above-described results used different recombinant
chimera constructs to transform BCG, P1 (lipL32), P2 (ligAni),
P3 (lemA:ligAni) and P4 (lipL32:lemA) (57). The rBCG
expressing these four groups plus wild-type BCG Pasteur
control group, was used to vaccinate 10 hamsters, and their
results showed that all 4 groups conferred immune protection
and prevented renal colonization against challenge with virulent
L. interrogans. These combined methodologies, rBCG and
chimeric multi-epitope proteins, seem to be a very encouraging
alternative for the controlling of leptospirosis.

An attenuated transposon mutant of L. interrogans serovar
Manilae, named M1352, which is defective in lipopolysaccharide
biosynthesis, was used as live vaccine to immunize hamsters
followed by challenge with the homologous serovar Manilae and
other serologically unrelated serovars, e.g., Pomona (58). As a
positive control, heat-killed (HK) Manilae bacteria were used.
The live M1352 vaccine conferred protection against challenge
with homologous and heterologous strains (cross-protection),
with higher survival for the live (M1352) compared to killed
vaccine. Interesting results were obtained when the authors used
immunoblotting from two-dimensional gel electrophoresis
aiming to identify proteins from the serum of hamsters
inoculated with either killed and or live vaccines. The
experiment was conducted with gel electrophoresis of
preparations of serovars Manilae and Pomona. Proteins were
transferred to a membrane that was probed with antiserum from
5 hamsters of each vaccinated group. Antibodies present in
Frontiers in Immunology | www.frontiersin.org 5
serum of animals immunized with either live or killed vaccine
recognized LipL32 and LipL41. Other proteins reacted with both
Pomona and Manilae only from hamsters inoculated with the
live vaccine. The authors of this study concluded that these
antigens are potential vaccine candidates. They are LA3961
(hypothetical protein), Loa22 (OmpA family protein), and
LA2372 (general secretory protein G). These data were further
extended to four additional leptospiral serovars, aiming to
expand cross-protection promoted by M1352 (59). The live
attenuated M1352 was able to confer protection against four
leptospiral serovars, namely Grippotyphosa, Australis, Canicola
and Autumnalis. Strong and significant protection, in terms
of animal survival, was observed against the serovars
Grippotyphosa (up to 100%), Canicola (62.5–90%) and
Australis (75%), with all data compared to the EMJH-
vaccinated group. The virulence of serovar Autumnalis strains
was inconsistent, but protection was observed with two strains
tested, although less marked than for the other serovars tested.
The live vaccine elicited no significant protection against renal
colonization not even with homologous bacterins, corroborating
the previous findings with M1352, which promoted significant
but incomplete protection against renal colonization for a
homologous challenge, and insignificant protection against the
heterologous serovar Pomona (58). The data obtained thus far
with different antigens are inconsistent in promoting animal
survival or conferring sterilizing immunity, an important point
to prevent transmission between animal hosts. Hence,
preventing renal colonization remains a great challenge in the
development of vaccines against leptospirosis.

Another work using live attenuated leptospiral vaccine
characterized a motility-deficient mutant lacking the
expression of a flagellar coil protein, FcpA. Wunder and
colleagues showed that these L. interrogans L1-130 mutants
lose their capacity to generate translational motility and to
penetrate mucous membranes, resulting in loss of kidney
colonization and hamster lethality. These investigators
evaluated whether the fcpA- motility-deficient mutant had the
capacity to act as a live attenuated vaccine. Despite having an
attenuation phenotype, the mutant strain inoculated in hamsters
or in mice produced a transient bacteremia, which was sufficient
to promote strong anti-Leptospira antibodies (60). Similar to the
work by Srikram et al. (58) with attenuated transposon mutant of
L. interrogans serovar Manilae, these are protein antibodies and
not agglutinating antibodies. These antibodies are correlates of
fcpA-attenuated vaccine and are responsible for mediating cross-
protective immunity. Using proteome from the sera of hamsters
or mice inoculated with fcpA-mutant-attenuated vaccine,
identified 154 proteins, which represent important targets that
can be used for the development of vaccines against and/or
diagnostics for leptospirosis.

Vernel-Pauillac and colleagues studied over 6 months
the antibody immune response of mice infected with
three pathogenic serovars, Manilae, Copenhageni and
Icterohaemorrhagiae, attenuated mutants or heat-killed bacteria.
Anti-Leptospira IgGs including, IgA, IgM, IgG and 4 subclasses
were assessed, and their cross-reactivity among serovars
January 2022 | Volume 12 | Article 760291
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evaluated. The level of protection of these immunized animals
was evaluated after L. interrogans challenge. Pre-inoculated mice
challenged with high doses of homologous bacteria showed
response boosting of all antibodies and were protected against
leptospirosis. Interestingly, the pre-inoculation of mice with the
attenuated M895 Manilae LPS mutant or heat-killed bacterin
prevented renal colonization 2 months after the challenge. The
authors also showed that in mice the type of immune response
post-L. interrogans challenge was dependent on the serovar and
virulence of the strains used (61). Although there is criticism of
the animal model since mice are resistant to leptospirosis, in
contrast to humans which are susceptible to developing a life-
threatening disease, the mouse model would be interesting for a
better understanding of host immunity against Leptospira and to
study mechanisms associated with long-term protection of the
disease and the dependence on serovar. Albeit there is a lack of
reagents directed to hamster, it will be important to extend these
studies to this leptospirosis animal model.
MULTI-EPITOPE VACCINES

One of the strategies studied includes the multi-epitope vaccines.
The rational of this approach is based on epitopes of proteins
previously studied, presenting either partial or full immune
protective activity and eliciting partial or no sterilizing
protection in the hamster model of leptospirosis.

In 2008, Lin et al. reported the construction of a recombinant
multi-epitope protein of Leptospira (r-LMP) that could detect
anti-leptospirosis antibodies in patient sera. Using phage display
and immunity reaction, immunodominant epitopes of the outer
membrane proteins OmpL1, LipL21 and LipL32 were selected.
Based on the generated sequences, five major immunodominant
epitopes were identified and used to construct a synthetic gene,
called recombinant lmp. The gene was cloned and the protein
expressed using Escherichia coli as the host expression system.
The purified recombinant multi-epitope protein was recognized
by antigens in leptospirosis serum samples, even when the
microagglutination test (MAT) was negative; that is, the serum
was not yet converted (62). In a subsequent work, this research
group using this recombinant chimeric multi-epitope vaccine,
consisting of four repeats of six T- and B-cell combined epitopes
of the same proteins, OmpL1, LipL32, and LipL21, named r4R,
tested the capacity of this protein to elicit a protective immune
response in guinea pigs. The data presented was very promising,
showing increased survival and reduced renal colonization,
compared to the control PBS group, against the lethal
challenge with virulent Leptospira (63).

In another work, the designed chimeric protein was based on
the amino acid sequences of previously studied outer membrane
proteins, namely LigA, Mce, Lsa45, OmpL1 and LipL41. The
amino acid sequences chosen were: 852 to 1107 of LigA, 131 to
207 of Mce, 190 to 250 of Lsa45, 153 to 221 of OmpL1 and 213 to
276 of LipL41. The selected amino acid regions were based on
experimental work using an animal model (64–68). The amino
acids of different proteins were linked with the flexible peptide
Frontiers in Immunology | www.frontiersin.org 6
(GGGGSGGGGSGGGGS), allowing independent folding of each
region. This multi-epitope sequence was cloned and the chimeric
protein expressed in E. coli. The multi-epitope chimeric protein
(rChi) was able to confer partial immune protection in
leptospirosis hamster challenge when administered with either
Alhydrogel or Bordetella pertussis monophosphoryl lipid A
(MPLA) adjuvants. Noteworthy was the high reactivity of the
chimeric protein observed with serum samples of experimentally
infected hamster when compared to the normal hamster serum
samples. High reactivity was observed when the rChi protein was
tested with human leptospirosis serum samples in the
convalescent phase of disease (MAT-positive), while only a few
samples were reactive at the onset of the disease (MAT-negative)
(69). More studies are needed with the rChi protein to
understand the type of immune response that is promoted in
hamsters, as well as, if leptospiral renal colonization could
be prevented.

The work reported by Validi and colleagues used
bioinformatics to design the multi-epitope vaccine. The
predicted T cell and IFN gamma epitopes of the antigens
LipL32, LigA, Leptospira antigen of 42 kDa (LAg42), hemolysin
SphH and heat-shock protein 58 (HSP58) (54, 64, 70–74) were
linked using EAAAK, GPGPG, AAY and HEYGAEALERAG. To
improve the immune response, they incorporated the construct
heparin-binding hemagglutinin (HBHA), as an adjuvant. A multi-
epitope vaccine construct of 490 amino acids was generated and
several physico-chemical properties among others were evaluated
by using immunoinformatics analyses, as described in the
literature (75, 76) and the following webservers, http://www.
imtech.res.in/raghava/propred/, http://tools.iedb.org/. These
analyses strongly suggest that this vaccine is a competent
antigen for immune response against leptospirosis, the authors
also discuss the use of this multi-epitope vaccine for prophylactic
or therapeutic uses. Although an interesting approach,
experimental studies are needed before this in silico
methodology can be validated, including the immune protective
assay in animal models.

Da Cunha and colleagues evaluated the immunoprotective
activity of a chimeric fusion of LigA non-identical fragment
(LigAni) and LigB repetitive fragment (LigBrep), generating a
final construct named Lig chimero (LC). Among other
formulations evaluated, hamsters immunized with LC elicited a
high humoral response and the survival rate in a lethal challenge
with L. interrogans strain Fiocruz L1-130 was the same as that
observed with bacterin as vaccine (100%). When rLC was
adsorbed to Montanide, a higher titer of IgG2/3 than IgG1 was
detected, indicating a polarized Th1 response. In contrast,
administration of rLC with alum demonstrated a mixed Th1
and Th2 response and elicited the same protection as the first
preparation. Although both preparations resulted in complete
survival of hamsters, they were not able to produce sterilizing
immunity (50).

As an alternative to this approach, Garba and collaborators
(2018) described an in silico design of multi-epitope DNA
vaccine composed of the immunogenic epitopes of LipL32 and
LipL41. Five antigenic epitopes, 2 of LipL32 and 3 of LipL41 were
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predicted by bioinformatics and linked together with the help of
a GGGGS spacer between them. To stimulate the immune
capacity of the multi-epitope chimeric gene construct, a CpG
motif was added at both the 5′ and 3′ end of the gene. This multi-
epitope DNA vaccine, administered in hamsters as a plasmid
DNA vaccine, showed partial protection against lethal
leptospires, induced both agglutinating and neutralizing
antibodies, as confirmed by MAT and in vitro growth
inhibition assays, and was capable of reducing renal
colonization. Renal histopathological lesions were further
analyzed and mild to moderate pathologies were found, in
contrast to severe lesions observed in the control group (77).
The immunogenic multi-epitope DNA vaccines represent an
interesting approach, as epitopes from several immunogenic
leptospiral proteins could be tested to develop a novel vaccine
against leptospirosis.
USE OF TOLL-LIKE AND NOD-LIKE
RECEPTOR AGONISTS AS A NOVEL
VACCINE STRATEGY

Toll-like receptors (TLRs) and nod-like receptors (NLRs) are
pattern recognition receptors (PRRs), which recognize pathogen-
associated molecular patterns (PAMPs) leading to activation of
innate immunity, and they can promote the activation of
antigen-specific adaptive immunity (78, 79). The idea of using
TLR and NLR agonists as vaccine targets to prevent leptospirosis
emerged from studies that show the differential involvement of
leptospires between hosts with the TLR2, TLR4, TLR5 and NOD
receptors, which could explain the cases of susceptibility and
resistance to the disease (80–84). First, it was observed that the
co-injection of a TLR2 agonist (Pam3CSK) with virulent
leptospires increased survival rate and reduced the bacterial
burden in the kidneys, liver and lungs of hamsters when
compared to control animals. The injection of Pam3CSK4 6 h
after infection also improved survival, but it was inferior when
compared to co-injection, suggesting that an early activation of
TLR2 could be necessary for protection (85). Along the same
line, LPS from E. coli, a very well-characterized TLR4 agonist,
when administered 24 h before infection followed by 3 days post-
infection, produced 100% survival. Untreated hamsters died in
the first days after infection, while the administration of a single
dose of LPS 24 h post-infection generated about 50% survival,
reinforcing the notion that an early inflammatory response is
important to control leptospirosis (86). An interesting
observation in those studies was that while Pam3CSK4 showed
a tendency to reduce the bacterial burden in organs; this was not
observed after using LPS. Moreover, histopathological analysis
revealed a more exacerbated inflammatory profile for LPS
treatment than for Pam3CSK4.

In another study performed with b-glucans, similar survival
data were obtained. This glucose polymer found in the wall of
yeast cells is known to activate innate immunity through
interaction or regulation of several receptors, including TLR
receptors. All hamsters that received a high concentration of b-
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glucan one day before and after infection survived the challenge
with virulent leptospires and showed a decrease in bacterial
burden and milder histopathological signs (87, 88). Both
animals treated with b-glucan and LPS showed an increased
expression of TLR2 in the kidneys 2 days post-infection, strongly
suggesting that early TLR2 activation could be responsible for the
survival observed. The response profile obtained in hamsters
treated with b-glucans was similar to infection developed by
mice, a resistant animal model of leptospirosis. These resistant
animals begin to express TLR2 from 6 h post-infection reaching a
peak at 24 h, while hamsters show late expression. TLR4
expression is not induced in either animal model at early
infection (85). However, animals that received LPS showed
substantial TLR4 expression 2 days after infection. Perhaps, it could
explain why animals that received LPS were not able to eliminate
leptospires and showed an exacerbated inflammatory response.

A new approach of prophylactic strategy has been highlighted
after an observation that Lactobacillus plantarum treatment of
C3H/Hej mice was able to minimize leptospirosis severity after
sub-lethal challenge (89). Lactobacillus plantarum known to have
immunomodulatory and probiotic properties (90, 91), when
administered orally in a total of 30 doses before infection,
regulates the inflammatory response and reduces the renal
damage caused by the disease. Despite this treatment showing
a tendency to reduce the number of Leptospira in blood and
urine, did not prevent renal colonization, possibly because this
response was not specific as observed in a secondary immune
response. In many studies of the gastrointestinal tract, the
administration of probiotic bacteria promotes a decrease in
inflammatory response via strain-specific interactions with
TLRs and NLRs (92–95). Nevertheless, the idea of using PRR
agonists as a novel vaccine strategy to fight leptospirosis seems to
be quite valuable and deserves to be further investigated.

In the case of a lethal mouse pneumovirus infection, it has
been shown that Lactobacillus plantarum administered directly
to the respiratory tract is able to protect mice against infection by
mediating Lactobacillus plantarum engagement with TLR2 and
NOD2 receptors (96–98). The involvement of these two ligands
in the modulation of the virus-induced inflammatory process
was confirmed later by using a bi-functional NOD2-TLR2 ligand,
named CL429 (98). Interestingly, the administration of CL429
ligand in mice some days before infection with L. interrogans
MFLum1 strain promoted reduction of leptospirosis signs
similar to those observed with the Lactobacillus plantarum
administration. The response obtained in CL429-treated mice
was associated with an innate immune memory response, since
ex vivo data showed an increase in pro-inflammatory mediators
and nitric oxide production by peritoneal macrophages, bone
marrow-derived macrophages and splenic cells after stimulation
with leptospires. The bactericidal activity of cells from CL429-
treated mice was also confirmed, as well as the cytokine
production independent of adaptive immune cells. Interestingly,
although the profile of innate immune memory cells was
sustained for 3 months, in vivo data show that animals were
able to control the kidney load only in the first 15 days post-
infection (99). As these experiments were performed in mice, it is
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still unclear if the same response profile will be observed in a
hamster model and if the animals could survive a lethal challenge.
Nevertheless, the idea of using PRR agonists as a novel vaccine
strategy to fight leptospirosis seems to be quite promising and
deserves to be investigated in depth.
FUTURE PERSPECTIVES

The post-genomics era enabled the development of the so-called
“second-generation vaccines”. To overcome the drawbacks of
leptospirosis bacterin vaccines, the elucidation of the Leptospira
genome (17, 100) was a turning point for the new generation
vaccines. In this regard, the study of recombinant subunit
vaccines appeared to be a very stimulating and promising
prospect (101). Despite all the remarkable advances achieved
within these studies, at the moment they have been shown to
elicit only partial protection against Leptospira challenge (102,
103), and the majority of them fail to prevent renal colonization.
The future of subunit vaccines against leptospirosis should focus
not only on the discovery of new antigens but on the use of
multicomponent antigens, and also on the use of adjuvants that
could direct to humoral and cellular immune response pathways.

The biotechnological advances in the vaccine field, the
emerging development of nucleic acid vaccines – called the
“third-generation DNA and RNA vaccines”– was made
possible owing to the elucidation of several genomes (104,
105). These third-generation vaccine approaches aim to
vaccinate a patient with genetic material that encodes the
target antigen. As discussed earlier, a considerable number of
DNA vaccines against leptospirosis have been tested in recent
years, yet mRNA vaccines against leptospirosis have not
been tested.

mRNA vaccines have been considered as a promising new era
in vaccinology (105). They have the advantages of simplicity and
convenience that are shared with DNA vaccines, but they lack
the disadvantages of the difficulty of controlling prolonged
expression through integration in the host genome, thereby
inducing immunological tolerance against target genes (38).
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Moreover, exogenous single-stranded mRNA is an innate
immune stimulant acting as a strong PAMP recognized by
pattern receptors on the cell surface and elicit robust B and T
cell responses (106).

Until recently, mRNA vaccines have been studied in cancer
treatment (107) and against some viruses such as chikungunya
(108) and zika (109). During 2020, with the proof of efficacy of
mRNA vaccines against SARS-CoV-2 Covid-19 pandemic
produced by BioNTech and Pfizer (110) and Moderna (111),
the future for developing this kind of vaccine has become more
than a promise but a reality. Therefore, the use of mRNA
vaccines targeting multicomponent antigens and the use of
adjuvants may be a very attractive approach to achieve an
efficient vaccine against Leptospira infection.
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47. Matsui M, Soupé ME, Becam J, Goarant C. Differential In Vivo Gene
Expression of Major Leptospira Proteins in Resistant or Susceptible
Animal Models. Appl Environ Microbiol (2012) 78(17):6372–6. doi:
10.1128/AEM.00911-12
January 2022 | Volume 12 | Article 760291

https://doi.org/10.1126/scitranslmed.aaw2888
https://doi.org/10.1016/j.immuni.2010.09.017
https://doi.org/10.1016/j.immuni.2010.09.017
https://doi.org/10.1016/j.vaccine.2012.01.033
https://doi.org/10.1080/14760584.2018.1547637
https://doi.org/10.1038/nature01597
https://doi.org/10.1038/nature01597
https://doi.org/10.1590/S0100-879X2004000400003
https://doi.org/10.1128/JB.186.7.2164-2172.2004
https://doi.org/10.1073/pnas.0603979103
https://doi.org/10.1073/pnas.0603979103
https://doi.org/10.1371/journal.pone.0001607
https://doi.org/10.1371/journal.pone.0001607
https://doi.org/10.1016/j.vetimm.2015.12.004
https://doi.org/10.1016/j.vetimm.2015.12.004
https://doi.org/10.1016/j.ijmm.2018.12.005
https://doi.org/10.1016/j.ijmm.2018.12.005
https://doi.org/10.1080/21505594.2019.1650613
https://doi.org/10.1016/j.micres.2020.126470
https://doi.org/10.1371/journal.pone.0006071
https://doi.org/10.1016/j.vaccine.2009.09.089
https://doi.org/10.1371/journal.pone.0122762
https://doi.org/10.1155/2018/1813745
https://doi.org/10.3389/fimmu.2020.568694
https://doi.org/10.1128/IAI.70.11.5924-5930.2002
https://doi.org/10.1046/j.1365-2958.2003.03619.x
https://doi.org/10.1016/j.vaccine.2003.10.007
https://doi.org/10.1016/j.vaccine.2003.10.007
https://doi.org/10.1371/journal.pntd.0005441
https://doi.org/10.1016/j.vaccine.2017.08.067
https://doi.org/10.3390/pharmaceutics6030378
https://doi.org/10.4103/ijmr.IJMR_1022_16
https://doi.org/10.4103/ijmr.IJMR_1022_16
https://doi.org/10.4161/hv.25893
https://doi.org/10.1128/IAI.73.7.4062-4069.2005
https://doi.org/10.1111/j.1745-7270.2005.00094.x
https://doi.org/10.1128/IAI.69.8.4958-4968.2001
https://doi.org/10.1128/CVI.00601-12
https://doi.org/10.1128/CVI.00601-12
https://doi.org/10.1139/w06-138
https://doi.org/10.1590/S0100-879X2009005000013
https://doi.org/10.1371/journal.pntd.0000815
https://doi.org/10.1371/journal.pntd.0000815
https://doi.org/10.1128/AEM.00911-12
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Barazzone et al. Revisiting Vaccines Against Pathogenic Leptospira
48. Oliveira TL, Grassmann AA, Schuch RA, Seixas Neto AC, Mendonça M,
Hartwig DD, et al. Evaluation of the Leptospira Interrogans Outer
Membrane Protein OmpL37 as a Vaccine Candidate. PLoS One (2015) 10
(11):e0142821. doi: 10.1371/journal.pone.0142821

49. Faisal SM, Yan W, Chen CS, Palaniappan RU, McDonough SP, Chang YF.
Evaluation of Protective Immunity of Leptospira Immunoglobulin Like
Protein A (LigA) DNA Vaccine Against Challenge in Hamsters. Vaccine
(2008) 26(2):277–87. doi: 10.1016/j.vaccine.2007.10.029

50. da Cunha CEP, Bettin EB, Bakry A, Neto A, Amaral MG, Dellagostin OA.
Evaluation of Different Strategies to Promote a Protective Immune Response
Against Leptospirosis Using a Recombinant LigA and LigB Chimera.
Vaccine (2019) 37(13):1844–52. doi: 10.1016/j.vaccine.2019.02.010

51. Hartwig DD, Forster KM, Oliveira TL, Amaral M, McBride AJ, Dellagostin
OA. A Prime-Boost Strategy Using the Novel Vaccine Candidate, LemA,
Protects Hamsters Against Leptospirosis. Clin Vaccine Immunol (2013) 20
(5):747–52. doi: 10.1128/CVI.00034-13

52. Oliveira TL, Bacelo KL, Forster KM, Ilha V, Rodrigues OE, Hartwig DD.
DNA Nanovaccines Prepared Using LemA Antigen Protect Golden Syrian
Hamsters Against Leptospira Lethal Infection. Mem Inst Oswaldo Cruz
(2020) 115:e190396. doi: 10.1590/0074-02760190396

53. Seixas FK, da Silva EF, Hartwig DD, Cerqueira GM, Amaral M, Fagundes
MQ, et al. Recombinant Mycobacterium Bovis BCG Expressing the LipL32
Antigen of Leptospira Interrogans Protects Hamsters From Challenge.
Vaccine (2007) 26(1):88–95. doi: 10.1016/j.vaccine.2007.10.052

54. Branger C, Sonrier C, Chatrenet B, Klonjkowski B, Ruvoen-Clouet N, Aubert
A, et al. Identification of the Hemolysis-Associated Protein 1 as a Cross-
Protective Immunogen of Leptospira Interrogans by Adenovirus-Mediated
Vaccination. Infect Immun (2001) 69(11):6831–8. doi: 10.1128/
IAI.69.11.6831-6838.2001

55. Teo SS, Shingadia D. BCG Vaccine. In: AJ Pollard, editor. Adv Exp Med Biol.
Boston, MA: Springer (2005). p. 117–34. 568. 2005/08/19.

56. Oliveira TL, Rizzi C, da Cunha CEP, Dorneles J, Seixas Neto ACP, Amaral
MG, et al. Recombinant BCG Strains Expressing Chimeric Proteins Derived
From Leptospira Protect Hamsters Against Leptospirosis. Vaccine (2019) 37
(6):776–82. doi: 10.1016/j.vaccine.2018.12.050

57. Dorneles J, Madruga AB, Seixas Neto ACP, Rizzi C, Bettin EB, Hecktheuer
AS, et al. Protection Against Leptospirosis Conferred by Mycobacterium
Bovis BCG Expressing Antigens From Leptospira Interrogans. Vaccine
(2020) 38(51):8136–44. doi: 10.1016/j.vaccine.2020.10.086

58. Srikram A, Zhang K, Bartpho T, Lo M, Hoke DE, Sermswan RW, et al.
Cross-Protective Immunity Against Leptospirosis Elicited by a Live,
Attenuated Lipopolysaccharide Mutant. J Infect Dis (2011) 203(6):870–9.
doi: 10.1093/infdis/jiq127

59. Murray GL, Simawaranon T, Kaewraemruaen C, Adler B, Sermswan RW.
Heterologous Protection Elicited by a Live, Attenuated, Leptospira Vaccine.
Vet Microbiol (2018) 223:47–50. doi: 10.1016/j.vetmic.2018.07.018

60. Wunder EA, Adhikarla H, Hamond C, Owers Bonner KA, Liang L,
Rodrigues CB, et al. A Live Attenuated-Vaccine Model Confers Cross-
Protective Immunity Against Different Species of the Leptospira Genus. Elife
(2021) 10:1–20. doi: 10.7554/eLife.64166

61. Vernel-Pauillac F, Murray GL, Adler B, Boneca IG, Werts C. Anti-Leptospira
Immunoglobulin Profiling in Mice Reveals Strain Specific IgG and Persistent
IgM Responses Associated With Virulence and Renal Colonization. PLoS
Negl Trop Dis (2021) 15(3):e0008970. doi: 10.1371/journal.pntd.0008970

62. Lin X, Chen Y, Yan J. Recombinant Multiepitope Protein for Diagnosis of
Leptospirosis. Clin Vaccine Immunol (2008) 15(11):1711–4. doi: 10.1128/
CVI.00189-08

63. Lin X, Xiao G, Luo D, Kong L, Chen X, Sun D, et al. Chimeric Epitope
Vaccine Against Leptospira Interrogans Infection and Induced Specific
Immunity in Guinea Pigs. BMC Microbiol (2016) 16(1):241. doi: 10.1186/
s12866-016-0852-y

64. Silva EF, Medeiros MA, McBride AJ, Matsunaga J, Esteves GS, Ramos JG,
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(33):6277–86. doi: 10.1016/
j.vaccine.2007.05.053

65. Coutinho ML, Choy HA, Kelley MM, Matsunaga J, Babbitt JT, Lewis MS,
et al. A LigA Three-Domain Region Protects Hamsters From Lethal
Frontiers in Immunology | www.frontiersin.org 10
Infection by Leptospira Interrogans. PLoS Negl Trop Dis (2011) 5(12):
e1422. doi: 10.1371/journal.pntd.0001422

66. Haake DA, Mazel MK, Mccoy AM, Milward F, Chao G, Matsunaga J, et al.
Leptospiral Outer Membrane Proteins OmpL1 and LipL41 Exhibit
Synergistic Immunoprotection. Infect Immun (1999) 67:6572–82. doi:
10.1128/IAI.67.12.6572-6582.1999

67. Zhang Y, Lou XL, Yang HL, Guo XK, Zhang XY, He L, et al. Establishment
of a Leptospirosis Model in Guinea Pigs Using an Epicutaneous Inoculations
Route. BMC Infect Dis (2012) 12(20):1–10. doi: 10.1186/1471-2334-12-20

68. Fernandes LG, Vieira ML, Alves IJ, de Morais ZM, Vasconcellos SA, Romero
EC, et al. Functional and Immunological Evaluation of Two Novel Proteins
of Leptospira Spp. Microbiology (2014) 160(Pt 1):149–64. doi: 10.1099/
mic.0.072074-0

69. Fernandes LGV, Teixeira AF, Filho AFS, Souza GO, Vasconcellos SA,
Heinemann MB, et al. Immune Response and Protective Profile Elicited
by a Multi-Epitope Chimeric Protein Derived From Leptospira Interrogans.
Int J Inf Dis (2017) 57:61–9. doi: 10.1016/j.ijid.2017.01.032

70. Validi M, Karkhah A, Prajapati VK, Nouri HR. Immuno-Informatics Based
Approaches to Design a Novel Multi Epitope-Based Vaccine for Immune
Response Reinforcement Against Leptospirosis. Mol Immunol (2018)
104:128–38. doi: 10.1016/j.molimm.2018.11.005

71. Koizumi N, Watanabe H. Molecular Cloning and Characterization of a
Novel Leptospiral Lipoprotein With OmpA Domain. FEMS Microbiol Lett
(2003) 226(2):215–9. doi: 10.1016/S0378-1097(03)00619-0

72. Palaniappan RU, McDonough SP, Divers TJ, Chen CS, Pan MJ, Matsumoto
M, et al. Immunoprotection of Recombinant Leptospiral Immunoglobulin-
Like Protein A Against Leptospira Interrogans Serovar Pomona Infection.
Infect Immun (2006) 74(3):1745–50. doi: 10.1128/IAI.74.3.1745-1750.2006

73. Lee SH, Kim S, Park SC, Kim MJ. Cytotoxic Activities of Leptospira
Interrogans Hemolysin SphH as a Pore-Forming Protein on Mammalian
Cells. Infect Immun (2002) 70(1):315–22. doi: 10.1128/IAI.70.1.315-322.2002

74. Flannery B, Costa D, Carvalho FP, Guerreiro H, Matsunaga J, Da Silva ED,
et al. Evaluation of Recombinant Leptospira Antigen-Based Enzyme-Linked
Immunosorbent Assays for the Serodiagnosis of Leptospirosis. J Clin
Microbiol (2001) 39(9):3303–10. doi: 10.1128/JCM.39.9.3303-3310.2001

75. Bhasin M, Raghava GP. Prediction of CTL Epitopes Using QM, SVM and
ANN Techniques. Vaccine (2004) 22(23-24):3195–204. doi: 10.1016/
j.vaccine.2004.02.005

76. Dhanda SK, Gupta S, Vir P, Raghava GP. Prediction of IL4 Inducing
Peptides. Clin Dev Immunol (2013) 2013:263952. doi: 10.1155/2013/263952

77. Garba B, Bahaman AR, Zakaria Z, Bejo SK, Mutalib AR, Bande F, et al.
Antigenic Potential of a Recombinant Polyvalent DNA Vaccine Against
Pathogenic Leptospiral Infection. Microb Pathog (2018) 124:136–44. doi:
10.1016/j.micpath.2018.08.028

78. Takeda K, Akira S. Toll-Like Receptors. Curr Protoc Immunol (2015) 109
(1):14.2.1–.2.0. doi: 10.1002/0471142735.im1412s109

79. Kim YK, Shin JS, Nahm MH. NOD-Like Receptors in Infection, Immunity,
and Diseases. Yonsei Med J (2016) 57(1):5–14. doi: 10.3349/ymj.2016.57.1.5

80. Werts C, Tapping RI, Mathison JC, Chuang TH, Kravchenko V, Girons IS,
et al. Leptospiral Lipopolysaccharide Activates Cells Through a TLR2-
Dependent Mechanism. Nat Immunol (2001) 2(4):346–52. doi: 10.1038/
86354

81. Nahori MA, Fournie-Amazouz E, Que-Gewirth NS, Balloy V, Chignard M,
Raetz CRH, et al. Differential TLR Recognition of Leptospiral Lipid A and
Lipopolysaccharide in Murine and Human Cells. J Immunol (2005) 175
(9):6022–31. doi: 10.4049/jimmunol.175.9.6022

82. Chassin C, Picardeau M, Goujon JM, Bourhy P, Quellard N, Darche S, et al.
TLR4- and TLR2-Mediated B Cell Responses Control the Clearance of the
Bacterial Pathogen, Leptospira Interrogans. J Immunol (2009) 183(4):2669–
77. doi: 10.4049/jimmunol.0900506

83. Holzapfel M, Bonhomme D, Cagliero J, Vernel-Pauillac F, Fanton d’Andon
M, Bortolussi S, et al. Escape of TLR5 Recognition by Leptospira Spp.: A
Rationale for Atypical Endoflagella. Front Immunol (2020) 11:2007. doi:
10.3389/fimmu.2020.02007

84. Ratet G, Santecchia I, Fanton d’Andon M, Vernel-Pauillac F, Wheeler R,
Lenormand P, et al. LipL21 Lipoprotein Binding to Peptidoglycan Enables
Leptospira Interrogans to Escape NOD1 and NOD2 Recognition. PLoS
Pathog (2017) 13(12):e1006725. doi: 10.1371/journal.ppat.1006725
January 2022 | Volume 12 | Article 760291

https://doi.org/10.1371/journal.pone.0142821
https://doi.org/10.1016/j.vaccine.2007.10.029
https://doi.org/10.1016/j.vaccine.2019.02.010
https://doi.org/10.1128/CVI.00034-13
https://doi.org/10.1590/0074-02760190396
https://doi.org/10.1016/j.vaccine.2007.10.052
https://doi.org/10.1128/IAI.69.11.6831-6838.2001
https://doi.org/10.1128/IAI.69.11.6831-6838.2001
https://doi.org/10.1016/j.vaccine.2018.12.050
https://doi.org/10.1016/j.vaccine.2020.10.086
https://doi.org/10.1093/infdis/jiq127
https://doi.org/10.1016/j.vetmic.2018.07.018
https://doi.org/10.7554/eLife.64166
https://doi.org/10.1371/journal.pntd.0008970
https://doi.org/10.1128/CVI.00189-08
https://doi.org/10.1128/CVI.00189-08
https://doi.org/10.1186/s12866-016-0852-y
https://doi.org/10.1186/s12866-016-0852-y
https://doi.org/10.1016/j.vaccine.2007.05.053
https://doi.org/10.1016/j.vaccine.2007.05.053
https://doi.org/10.1371/journal.pntd.0001422
https://doi.org/10.1128/IAI.67.12.6572-6582.1999
https://doi.org/10.1186/1471-2334-12-20
https://doi.org/10.1099/mic.0.072074-0
https://doi.org/10.1099/mic.0.072074-0
https://doi.org/10.1016/j.ijid.2017.01.032
https://doi.org/10.1016/j.molimm.2018.11.005
https://doi.org/10.1016/S0378-1097(03)00619-0
https://doi.org/10.1128/IAI.74.3.1745-1750.2006
https://doi.org/10.1128/IAI.70.1.315-322.2002
https://doi.org/10.1128/JCM.39.9.3303-3310.2001
https://doi.org/10.1016/j.vaccine.2004.02.005
https://doi.org/10.1016/j.vaccine.2004.02.005
https://doi.org/10.1155/2013/263952
https://doi.org/10.1016/j.micpath.2018.08.028
https://doi.org/10.1002/0471142735.im1412s109
https://doi.org/10.3349/ymj.2016.57.1.5
https://doi.org/10.1038/86354
https://doi.org/10.1038/86354
https://doi.org/10.4049/jimmunol.175.9.6022
https://doi.org/10.4049/jimmunol.0900506
https://doi.org/10.3389/fimmu.2020.02007
https://doi.org/10.1371/journal.ppat.1006725
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Barazzone et al. Revisiting Vaccines Against Pathogenic Leptospira
85. Zhang W, Zhang N, Xie X, Guo J, Jin X, Xue F, et al. Toll-Like Receptor 2
Agonist Pam3CSK4 Alleviates the Pathology of Leptospirosis in Hamster.
Infect Immun (2016) 84(12):3350–7. doi: 10.1128/IAI.00708-16

86. Zhang W, Xie X, Wang J, Song N, Lv T, Wu D, et al. Increased Inflammation
With Crude E. Coli LPS Protects Against Acute Leptospirosis in Hamsters.
Emerg Microbes Infect (2020) 9(1):140–7. doi: 10.1080/22221751.
2019.1710435

87. Wang J, Jin Z, Zhang W, Xie X, Song N, Lv T, et al. The Preventable Efficacy
of Beta-Glucan Against Leptospirosis. PLoS Negl Trop Dis (2019) 13(11):
e0007789. doi: 10.1371/journal.pntd.0007789

88. Goodridge HS, Wolf AJ, Underhill DM. Beta-Glucan Recognition by the
Innate Immune System. Immunol Rev (2009) 230(1):38–50. doi: 10.1111/
j.1600-065X.2009.00793.x

89. Potula HH, Richer L, Werts C, Gomes-Solecki M. Pre-Treatment With
Lactobacillus Plantarum Prevents Severe Pathogenesis in Mice Infected
With Leptospira Interrogans and May Be Associated With Recruitment of
Myeloid Cells. PLoS Negl Trop Dis (2017) 11(8):16. doi: 10.1371/journal.
pntd.0005870

90. Liu YW, Liong MT, Tsai YC. New Perspectives of Lactobacillus plantarum as
a Probiotic: The Gut-Heart-Brain Axis. J Microbiol (2018) 56(9):601–13. doi:
10.1007/s12275-018-8079-2

91. dos Santos TF, Melo TA, Almeida ME, Rezende RP, Romano CC.
Immunomodulatory Effects of Lactobacillus plantarum Lp62 on Intestinal
Epithelial and Mononuclear Cells. BioMed Res Int (2016) 2016:8404156. doi:
10.1155/2016/8404156

92. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R.
Recognition of Commensal Microflora by Toll-Like Receptors Is Required
for Intestinal Homeostasis. Cell (2004) 118(2):229–41. doi: 10.1016/
j.cell.2004.07.002

93. Koizumi S, Wakita D, Sato T, Mitamura R, Izumo T, Shibata H, et al.
Essential Role of Toll-Like Receptors for Dendritic Cell and NK1.1(+) Cell-
Dependent Activation of Type 1 Immunity by Lactobacillus pentosus Strain
S-Pt84. Immunol Lett (2008) 120(1-2):14–9. doi: 10.1016/j.imlet.2008.06.003

94. Liu Y, Fatheree NY, Mangalat N, Rhoads JM. Lactobacillus reuteri Strains
Reduce Incidence and Severity of Experimental Necrotizing Enterocolitis via
Modulation of TLR4 and NF-kB Signaling in the Intestine. Am J Physiol
Gastrointest Liver Physiol (2012) 302(6):G608–17. doi: 10.1152/
ajpgi.00266.2011

95. Wu Q, Liu MC, Yang J, Wang JF, Zhu YH. Lactobacillus Rhamnosus GR-1
Ameliorates Escherichia coli-Induced Inflammation and Cell Damage via
Attenuation of ASC-Independent NLRP3 Inflammasome Activation. Appl
Environ Microbiol (2016) 82(4):1173–82. doi: 10.1128/AEM.03044-15

96. Gabryszewski SJ, Bachar O, Dyer KD, Percopo CM, Killoran KE,
Domachowske JB, et al. Lactobacillus-Mediated Priming of the
Respiratory Mucosa Protects Against Lethal Pneumovirus Infection.
J Immunol (2011) 186(2):1151–61. doi: 10.4049/jimmunol.1001751

97. Garcia-Crespo KE, Chan CC, Gabryszewski SJ, Percopo CM, Rigaux P, Dyer
KD, et al. Lactobacillus Priming of the Respiratory Tract: Heterologous
Immunity and Protection Against Lethal Pneumovirus Infection. Antiviral
Res (2013) 97(3):270–9. doi: 10.1016/j.antiviral.2012.12.022

98. Rice TA, Brenner TA, Percopo CM, Ma M, Keicher JD, Domachowske JB,
et al. Signaling via Pattern Recognition Receptors NOD2 and TLR2
Contributes to Immunomodulatory Control of Lethal Pneumovirus
Infection.Antiviral Res (2016) 132:131–40. doi: 10.1016/j.antiviral.2016.06.002

99. Santecchia I, Vernel-Pauillac F, Rasid O, Quintin J, Gomes-Solecki M,
Boneca IG, et al. Innate Immune Memory Through TLR2 and NOD2
Contributes to the Control of Leptospira Interrogans Infection. PLoS
Pathog (2019) 15(5):26. doi: 10.1371/journal.ppat.1007811
Frontiers in Immunology | www.frontiersin.org 11
100. Nascimento AL, Ko AI, Martins EA, Monteiro-Vitorello CB, Ho PL, Haake
DA, et al. Comparative Genomics of Two Leptospira Interrogans Serovars
Reveals Novel Insights Into Physiology and Pathogenesis. J Bacteriol (2004)
186(7):2164–72. doi: 10.1128/JB.186.7.2164-2172.2004
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