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The major antigenic component of pathogenic Leptospira spp. is lipopolysaccharide (LPS). However, due to
the specificity of the immune response generated towards LPS and the diversity in leptospiral LPS carbo-
hydrate structure, current commercial vaccines stimulate protection only against homologous or closely
related serovars. Vaccines that confer heterologous protection would enhance protection in vaccinated
animals and reduce transmission to humans. Several studies have investigated the potential of various
leptospiral outer membrane proteins to stimulate protective immunity against pathogenic Leptospira

ﬁegg;rds: species. These include the surface-exposed lipoproteins LipL32 and LigA. However, consistent protec-
Ligh tion from infection has proved difficult to reproduce. In this study we assessed the protective capacity
Leptospira spp. of recombinant LipL32, the six carboxy-terminal unique Ig-like repeat domains of LigA (LigANI) and a
Immunity LipL32-LigANI fusion protein in hamsters against infection with Leptospira interrogans serovar Mani-

lae. Despite all of the proteins eliciting antibody responses, none of the hamsters was protected against

infection.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Leptospirosis is an emerging global zoonosis, resulting in a
systemic infection with high mortality rates in tropical and devel-
oping countries. Leptospira is a member of the Spirochaetacae
family, a group of helical, gram-negative organisms. Over 230
serovars of pathogenic Leptospira have currently been identified.
The lipopolysaccharide (LPS) of Leptospira is the principle antigen
to which agglutinating, opsonic antibodies bind [1]. Antigeni-
cally related serovars of Leptospira are grouped into serogroups
depending on the similarity of the carbohydrate component
of the LPS of each strain [2]. Due to the specificity of the
immune response generated towards LPS and the diversity in
leptospiral LPS carbohydrate structure, current commercial vac-
cines stimulate protection only against homologous or closely
related serovars [3,4]. Vaccines that confer heterologous protec-
tion would enhance protection in vaccinated animals and reduce
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transmission to humans. However, this goal has so far eluded
researchers.

Several potential vaccine candidates have been identified. Many
of these target antigens lie in the leptospiral outer membrane (OM).
The OM of pathogenic Leptospira spp. contains a number of com-
ponents including LPS, lipoproteins (including LipL32, LipL21 and
LipL41 [5]), the leptospiral immunoglobulin-like proteins LigA and
B, porins such as OmpL1 [6], and phospholipids. The OM proteins
are highly conserved across the pathogenic species [7]. Therefore,
these proteins have been the focus for development of novel vac-
cines for heterologous protection.

LipL32 is the major OM protein of pathogenic Leptospira spp.
[8]. It is expressed in vivo and is highly immunogenic; over 95%
of patients with leptospirosis produced antibodies against LipL32
[9]. Due to its antigenic properties, LipL32 has been a major candi-
date antigen in a number of vaccine trials and has been shown to
confer partial protection against infection in some animal models
[7,10], while other trials have shown no protection (reviewed in
[11]). LipL32 binds to extracellular matrix (ECM) proteins [12-14].
However, recent studies have shown that a LipL32 mutant retains
ECM-binding capabilities in vitro and virulence in hamsters [15],
suggesting redundancy in ECM-binding capability. The antibody
dominant epitopes of LipL32 have been identified [13,16] and
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Table 1

Primer sequences used in this study.
Primer name Sequence 5'-3’ Serovar
LipL32 5’ for gateway plasmid GGGG ACA AGT TTG AAA AAA GCA GGC TCT GGT GCT TTC GGT GGT CTG CCA AGC Manilae
LipL32 3’ for gateway plasmid GGG GAC CGC TTT GTA CAA GAA AGC TGG GTT CTT AGT CGC GTC AGA AGC AGC TTT Manilae
Inverse PCR primers for LipL32A155-200 Primer 1 GTA AGA GGT CTT TAC AGA Hardjo
Inverse PCR primers for LipL32A155-200 Primer 2 TTT GGC GAT TTG GTC AGG Hardjo
Inverse PCR primers for LipL32A155-200 Internal Primer GTA AGA GGT CTT TAC AGA ATT TCT Hardjo
5’ LigANI for gateway plasmid GGGG ACA AGT TTG AAA AAA GCA GGC TCT AAT ACG AAT ATT CTT AGC GTT TCC Manilae
3’ LigANI for gateway plasmid GGG GAC CGC TTT GTA CAA GAA AGC TGG GTT TGG CTC CGT TTT AAT AAGA GGC TAA Manilae
5'LigANI EcoRI for LipL32 A 155-200-LigANI fusion protein GCA GAA ATT CTC TAA TAC GAA TAT TCT TAG CGT TTC CAA C Manilae
3'LipL32EcoRI for LipL32 A155-200-LigANI fusion protein TGC GAA TTC CTT AGT CGC GTC AGA AGC AGC TTT Hardjo

have been shown to comprise two regions spanning amino acids
155-177 and 181-204 [16]. Hauk et al. [13] constructed three
truncations of mature LipL32: N-terminal truncation (amino acids
21-92), an intermediate protein fragment (amino acids 93-184)
and a C-terminal truncation (amino acids 185-272). The recom-
binant proteins were screened using serum samples from patients
with confirmed leptospirosis. Both the intermediate and C-terminal
truncations were recognised by the serum [13]. An additional study
identified the specific amino acids in the immunodominant region
through the screening of a synthetic peptide library against serum
samples from leptospirosis patients [16]. Therefore, in the present
study a truncated form of LipL32 (LipL32 A155-200) was included
to determine the immunogenicity of LipL32 when the immun-
odominant epitopes are absent.

An alternative protein vaccine candidate is the leptospiral
immunoglobulin-like protein A (LigA). LigA is a 130kDa sur-
face exposed lipoprotein expressed during infection and is highly
immunogenic [17]. LigA is not expressed under normal in vitro
growth conditions and requires the medium to be adjusted to
physiological osmolarity to induce expression [17,18]. LigA binds
ECM proteins and fibrinogen [19], and therefore may be involved
in cellular adhesion and colonization. The six carboxy-terminal
unique Ig-like repeat domains of the LigA (LigANI) may con-
tribute to tissue specificity during infection [20]. Vaccination
with LigANI was shown to protect hamsters from leptospirosis
[21].

To assess the protective capacity of LigANI and LipL32 in the
hamster model, we cloned and expressed variations of recombinant
LigANI and LipL32 in Escherichia coli. These recombinant proteins
included PBS-soluble mature LipL32 (minus the signal peptide),
truncated LipL32 (LipL32 A155-200), the six C-terminal repeats
of LigA (LigANI) based on the findings of Silva et al. [21] and a
hybrid protein comprising truncated LipL32 (LipL32 A155-200)
fused with LigANI. Immunity to leptospirosis is predominantly
antibody mediated in a number of species, including humans and
hamsters [11], therefore Alhydrogel was selected as the adjuvant
for this study, as it stimulates a strong antibody response [22]. These
proteins were then assessed for their capacity to protect hamsters
from infection with Leptospira.

2. Methods
2.1. Bacterial strains and growth conditions

Leptospira interrogans serovar Manilae (L495), L. interrogans
serovar Copenhageni (Fio Cruz L1-130), and Leptospira borg-
petersenii serovar Hardjo subtype Hardjobovis (L550) were grown
in EMJH medium [23] at 30°C to a density of 4 x 108/mL. To induce
LigA expression in serovar Copenhageni, NaCl was added to a final
concentration of 0.15 M then all cultures were incubated at 30 °C for
an additional 20 h before harvest. E. coli BL-21Codon Plus (Strata-
gene) was grown at 37 °C in Luria-Bertani medium supplemented
with 100 pg/wL ampicillin (LB Amp190),

2.2. Expression and purification of recombinant proteins

The target genes were amplified from leptospiral genomic DNA
by PCR using Taq DNA polymerase. The PCR products were then
cloned into the gateway cloning vector pDonrZeo (Invitrogen).
PCR products for LipL32 and LigA were amplified from L. interro-
gans serovar Manilae (L495). The sequence identiy of L. interrogans
serovar Manilae (L495) and L. interrogans serovar Copenhageni
(Fio Cruz L1-130) LigANI is 97%. The PCR product for LipL32
A155-200 was amplified from L. borgpetersenii. The sequence
identity between L. interrogans and L. borgpetersenii LipL32 is
98%. Primer sequences are shown in Table 1. All plasmids were
sequenced to confirm orientation and absence of PCR-derived infi-
delities.

Plasmids were introduced by transformation using the heat
shock method into E. coli BL21-CodonPlus cells made competent
with calcium chloride [24]. To induce expression of recombinant
proteins, cells were grown overnightin LB Amp'% at 37 °C. For large
scale production of protein, 500 mL fresh LB Amp!%® were inoc-
ulated with 10mL of overnight culture and incubated for 90 min
at 37 °C with shaking at 150 rpm. 1 mM IPTG (final concentration)
was then added and the cultures were incubated for a further
4h (at 37°C with shaking at 150 rpm). Cultures were harvested
by centrifugation 10,000 x g for 15 min and the pellets stored at
-20°C.

The E. coli cell pellets were resuspended in 10 mL of lysis buffer
(100 mM NaH,POg4, 10 mM Tris-HCl, 8 M urea, pH 8) and sonicated
on ice four times for 30 s. The resultant whole cell lysate (WCL) was
centrifuged at 10,000 x g for 15 min at room temperature and the
supernatant added to 2 mL of the Ni-NTA Superflow™ resin slurry
(1 mL bed volume) (Qiagen); samples were agitated at room tem-
perature for 1 h. After incubation, the contents were transferred to
a 10 mL column, allowing the resin to settle prior to collection. The
resin was washed three times with wash buffer (100 mM NaH,POy4,
10 mM Tris-HCl, 8 M urea, pH 6.3); proteins were then eluted using
elution buffer (100 mM NaH,PO4 10mM Tris-HCl, 8 M urea, pH
4.5).

2.3. PBS dialysis of recombinant LipL32 for solubility

Purified recombinant LipL32 was dialysed against PBS (2 mL
sample to 4L PBS) at room temperature for 12h, after which
the buffer was refreshed and samples were left stirring at
room temperature for an additional 4h. The sample was
then removed from the dialysis tubing and centrifuged for
15 min at 14,000 x g at room temperature. Protein concentration
was measured using a Nanodrop ND-1000 UV-Vis spectropho-
tometer (Nanodrop Technologies, DE, USA). Proteins or WCL
were analyzed by SDS-PAGE using a 12.4% Tris-glycine gel
(200V, 55min) and visualised by Coomassie Blue (Biorad) stain-
ing.
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Fig. 1. Schematic representation of proteins used in this study. (A) Mature length LipL32 (amino acids 20-272); the immunodominant region is denoted by the grey bar
(amino acids 155-200). (B) Truncated LipL32 (LipL32 A155-200). (C) Truncated LigA (LigANI) (amino acids 625-1224). (D) LipL32 A155-200-LigANI fusion protein. The

C-terminal hexahistidine tag (6 x His) is indicated.

2.4. Immunisation of hamsters with recombinant proteins

Groups of 10 hamsters aged 4 weeks were vaccinated with either
PBS, 8 M urea, formalin-killed whole serovar Manilae (L495), solu-
ble LipL32, LipL32 A155-200, LigANI or LipL32A155-200-LigANI.
Samples for vaccination were prepared by mixing 30 wL Alhydro-
gel, with 120 pL of PBS, 8 M urea, WCL or recombinant protein
(at a concentration of 30 jug/120 pL). A booster vaccination was
administered after 2 weeks; hamsters were then challenged 2
weeks later via intraperitoneal injection with 2 x 103 virulent L.
interrogans serovar Manilae and monitored for two weeks. The
lethal dose for strain L495 is approximately 10 leptospires [25].
100 L of blood were collected from each animal before immuni-
sation and challenge. Animals were euthanised if they appeared
moribund, kidneys were harvested upon death and inoculated
into EMJH to check for colonisation. Animal experiments were
approved by the Animal Ethics Committee, Khon Kaen University,
Thailand.

2.5. Immunoblotting

Proteins or WCL were separated by SDS-PAGE then trans-
ferred onto Immobilon-PVDF membranes (Millipore). Membranes
were blocked overnight at 4°C in 5% skim milk-TBS-0.05% Tween
20 buffer. The membranes were incubated with the appropri-
ate pooled sera from vaccinated hamsters. Sera were diluted
1/250 in skim milk-TBS-0.05% Tween 20 buffer. Bound anti-
bodies were detected using horseradish peroxidase-conjugated
goat anti-hamster IgG (ab7146, Abcam), diluted 1/2500 in skim
milk-TBS-0.05% Tween 20 buffer.

Immunoblots were developed using the ECL Western blot detec-
tion system (GE healthcare) and visualised with a Fuji LAS 3000
digital imager.

2.6. Statistical analysis

The Fisher exact test was used to evaluate significant differences
between hamster groups immunised with the various recombinant
proteins in this study. All P values were two-sided and a P value of
<0.05 was considered statistically significant.

3. Results

3.1. Expression, purification and immunogenicity of recombinant
proteins

All recombinant proteins (Fig. 1) were highly expressed in E. coli
and purified by metal affinity chromatography to >95% purity
(Fig. 2).

Hamsters were immunised with formalin-killed L495 (control),
PBS (control), 8 M urea (control), soluble LipL32, LipL32 A155-200,
LigANI and LipL32 A155-200-LigAN], 30 g in Alhydrogel on day
0 and day 14. Serum was collected from all hamsters on day 28
before they were challenged with 2 x 103 cells of serovar Manilae
(L495). Sera from hamsters vaccinated with either PBS or 8 M urea
alone did not recognise any of the recombinant proteins (data not
shown). Sera from hamsters immunised with the individual recom-
binant proteins were able to recognise their corresponding purified
proteins (Fig. 3). Importantly, sera from hamsters immunised with
either soluble LipL32 or LipL32 A155-200recognised LipL32 in lep-
tospiral WCL (Fig. 4, lanes 1 and 2). Sera from hamsters immunised
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Fig. 2. Coomassie Blue staining of purified recombinant proteins. Lane 1: sol-
uble LipL32, lane 2: LipL32 A155-200, lane 3: LigAN1, and lane 4: LipL32
A155-200-LigAN1. The positions of standard molecular mass markers (kDa) are
shown on the left of each lane.
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Fig. 3. Detection of recombinant proteins with sera from hamsters immunised
with the corresponding proteins. Lane 1: LipL32 detected with sera from ham-
sters vaccinated with soluble LipL32, lane 2: LipL32 A155-200 detected with sera
from hamsters vaccinated with LipL32 A155-200, lane 3: LigANI detected with
sera from hamsters vaccinated with LigANI, and lane 4: LipL32 A155-200-LigANI
detected with sera from hamsters vaccinated with LipL32 A155-200-LigANI. The
positions of standard molecular mass markers (kDa) are shown on the left of
each lane.

with LigANI reacted with intact LigA (Fig. 4, lane 3), while sera from
hamsters immunised with the LipL32 A155-200-LigANI fusion
protein recognised both LigA and LipL32 present in leptospiral WCL
(Fig. 4, lane 4).

3.2. Vaccinated hamsters are not protected against leptospiral
infection

Hamsters were challenged on day 28 with virulent serovar
Manilae (L495), and monitored for signs of illness over 12 days.
Hamsters vaccinated with formalin-killed L495 were completely
protected from acute infection compared with those receiving PBS
(P=0.0007) or 8 M urea (P=5.4 x 10-%) (Table 2). In contrast, none
of the hamsters immunised with any of the recombinant protein
constructs were protected (P>0.47) (Table 2). After 12 days, the
surviving hamsters were killed and one kidney from each animal
was cultured in EMJH medium. Leptospires were cultured from all
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Fig. 4. Western blot of L. interrogans serovar Copenhageni (Fio Cruz L1-130) WCL
(saltinduced for LigA expression) detected with sera from hamsters vaccinated with
soluble LipL32 (lane 1), LipL32 A155-200 (lane 2), LigANI (lane 3) etc. Lane 1: sera
from hamsters vaccinated with soluble LipL32, lane 2: sera from hamsters vacci-
nated with LipL32 A155-200, lane 3: sera from hamsters vaccinated with LigANI,
and lane 4: sera from hamsters vaccinated with LipL32 A155-200-LigANI. The posi-
tions of standard molecular mass markers (kDa) are shown on the left. Sera from
hamsters vaccinated with either PBS or 8 M urea did not recognise any proteins
in leptospiral WCL (data not shown). Bands corresponding to leptospiral LigA and
LipL32 are indicated on the right.

Table 2
Survival of hamsters following immunisation with recombinant proteins or control
preparations and challenge with 2 x 103 serovar Manilae.

Antigen Survivors Pvalue’
PBS 2/10 -

8 M urea 0/10 0.474
Formalin-killed serovar Manilae 10/10 0.0007
Soluble LipL32 0/10 0.474
LipL32 A155-200 0/10 0.474
LigANI 0/10 0.474
LipL32 A155-200-LigANI 2/10 1.0

" Compared with PBS control.

survivors except for the 10 control hamsters vaccinated with killed
leptospires.

4. Discussion

Each of the recombinant antigens elicited an antibody response
against the homologous recombinant protein (Fig. 3) and against
the corresponding protein in leptospiral WCL (Fig. 4). However,
none of the immunised hamsters was protected when chal-
lenged with virulent L. interrogans, whereas the killed bactrin
elicited 100% protection. Hamsters were challenged via the rec-
ommended intraperitoneal route of infection [26]. Serovar Manilae
was selected for challenge as it causes systemic, lethal infection in
hamsters. Notably, a recent study demonstrated that hamsters vac-
cinated with a live attenuated derivative of serovar Manilae (L495)
produced antibodies against both LipL32 and LigA, indicating that
LigA is expressed during in vivo growth of Manilae in hamsters
[27]. The dose of 30 g protein per vaccination was selected
based on previous studies demonstrating protective immunity
using similar amounts of protein and similar vaccination strategies
[21,28].

These results highlight a recurring issue with LipL32 as a
potential protective antigen. Despite being a highly immunogenic
protein, LipL32 appears to stimulate protective immunity against
leptospires only under very specific conditions. Hamsters vacci-
nated with recombinant LipL32 expressed in the live attenuated
Mycobacterium bovis strain BCG were protected from leptospirosis
[10]. However, further analysis of the data indicated that statisti-
cal significance was achieved in only one out of three experiments
[11]. BCG induces a strong Th1 immune response and has been
used as an effective vaccine to protect against tuberculosis in
humans. Therefore, the adjuvant used for formulation may play
a critical role in stimulating the appropriate immune response for
protective immunity. A study investigating the ability of recom-
binant adenovirus expressing LipL32 to protect gerbils obtained
statistically significant protection [7]. However, 50% of the control
animals also survived after challenge. When gerbils were immu-
nised with a LipL32 DNA vaccine there was 66% protection [29]
but since 33% of unvaccinated animals also survived, claims on
partial protection are compromised. A recent study using cholera
toxin B subunit (CTB) LipL32 fusion protein observed a signifi-
cant seroconversion of anti-CTB-LipL32 IgG antibodies in mice
immunised with the CTB-LipL32 fusion protein in comparison
to mice immunised separately with CTB and LipL32 and unim-
munised control mice [30]. However, since the mice were not
challenged in this study it is therefore not possible to draw any
conclusions about whether this construct would confer protec-
tive immunity [30]. No study has demonstrated 100% protection
with LipL32 in the face of appropriate challenge. Notably, in our
study we observed no protective immunity in any hamsters immu-
nised with LipL32, despite eliciting an antibody response to both
the mature length LipL32 and the truncated form of the pro-
tein.
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LigA has also been successfully used as a protective anti-
gen in previous experiments. An immunisation study using
the C-terminal portion of LigA (LigANI) was shown to protect
hamsters [21]. In that study, hamsters were immunised sub-
cutaneously with LigA in Freund’s complete adjuvant on day
0 and a second immunisation of antigen in Freund’s incom-
plete adjuvant on day 14. Immunisation was performed with
a range of recombinant protein doses that included 80/40 g
(first/second immunisation); 60/30 g, 40/20 wg; and 20/10 pg.
Protection varied from 63% to 100% depending on the vaccine dose
[21].

A study using hamsters vaccinated with LigA combined with
Alhydrogel [31] claimed to have demonstrated the immunoprotec-
tiveness of LigA in hamsters, as the vaccinated group was protected
100% against challenge (8/8 survivors). However, 80% of unvacci-
nated control animals (6/8) also survived challenge, yielding an
insignificant P value of 0.467 (Fisher’s exact test). Although this
study found that no leptospiral associated histopathological lesions
were found in the LigA-immunised hamsters in contrast to the con-
trol animals, claims of protection are compromised by the survival
data.

Another study using C3H/He] mice also showed greater than
90% protection with LigA [20]. Freund’s complete adjuvant was
used for the primary vaccinations and the mice were boosted
without adjuvant 2 and 4 weeks later. However, mice are not an
accepted animal model for acute leptospirosis and a higher inocu-
lum (>10% bacteria) is required to produce lethal infection [32].
These data again highlight the importance of adjuvant used in
formulation and the difficulty involved in formulating a vaccine
with an acceptable adjuvant. Although Freund’s complete adju-
vant has been used in formulations with LigANI that successfully
protected hamsters against leptospirosis, it is not licenced for com-
mercial use as it is highly toxic [22]. In our study Alhydrogel was
selected as it is regularly used in commercial animal vaccines
and is approved for use in human vaccines [22]. Strict guidelines
must also be adhered to when claiming statistical significance in
studies.

In our study, hamsters were immunised and boosted with
LigANI in Alhydrogel. However, this formulation was unable
to stimulate protective immunity, despite eliciting an antibody
response. Hamsters immunised with the LipL32 A155-200-LigA
fusion protein also produced an antibody response towards
LigA. However the response to LigA was weaker compared
to hamsters immunised with LigANI alone. These data sug-
gest that the antibody response appeared to be directed
primarily against LipL32 A155-200 and the absence of the
immunodominant epitopes in the LipL32 truncation did not
appear to affect the humoral response generated against
it.

The first published data demonstrating partial protective immu-
nity against homologous challenge was reported by Haake et al.
[28]. Hamsters vaccinated with E. coli membrane fractions con-
taining a combination of OmpL1 and LipL41 induced significant,
but not complete, protection against homologous challenge with
Leptospira kirschneri serovar Grippotyphosa. Neither protein was
able to protect when administered alone, nor were the purified
non-membrane associated proteins able to protect, suggesting that
the way in which these proteins associate with the membrane
is important in inducing a protective immune response and may
be due to the epitope conformation required for antibody binding
[28]. These results have not been reproduced. No other individ-
ual proteins have been reported as eliciting protective immunity
against infection with Leptospira in any animal model. Further
research to identify additional protein components of pathogenic
Leptospira involved in immunity to infection is thus clearly war-
ranted.
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