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Leptospiral immunoglobulin-like (Lig) proteins are surface exposed molecules present in pathogenic
but not in saprophytic Leptospira species. We have previously shown that Lig proteins interact with the
soluble complement regulators Factor H (FH), FH like-1 (FHL-1), FH related-1 (FHR-1) and C4b Binding
Protein (C4BP). In this study, we used the saprophyte L. biflexa serovar Patoc as a surrogate host to address
the specific role of LigA and LigB proteins in leptospiral complement evasion. L. biflexa expressing LigA or
LigB was able to acquire FH and C4BP. Bound complement regulators retained their cofactor activities of
Fl in the proteolytic cleavage of C3b and C4b. Moreover, heterologous expression of ligA and ligB genes
in the saprophyte L. biflexa enhanced bacterial survival in human serum. Complement deposition on lig-
transformed L. biflexa was assessed by flow cytometry analysis. With regard to MAC deposition, L. biflexa
expressing LigA or LigB presented an intermediate profile: MAC deposition levels were greater than those
found in the pathogenic L. interrogans, but lower than those observed for L. biflexa wildtype. In conclusion,
Lig proteins contribute to in vitro control of complement activation on the leptospiral surface, promoting
an increased bacterial survival in human serum.

© 2016 European Federation of Immunological Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

the structural heterogeneity of the lipopolysaccharide (LPS) car-
bohydrate moiety |3 ]. Pathogenic Leptospira have evolved different

Leptospirosis is an important human and veterinary health
problem and one of the most widespread zoonosis in the world.
The Caribbean, Central and South America, as well as Southeast
Asia and Oceania, are highly endemic for the disease [1]. In urban
environments, rodent-borne transmission is the predominant epi-
demiological pattern of the disease. Flood-prone regions lacking
proper sanitation facilities deeply contribute to epidemics of lep-
tospirosis in tropical areas [2].

The genus Leptospira includes pathogenic and saprophytic
species, which are classified into more than 300 serovars based on
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immune evasion strategies that allow them to survive and spread in
the host (reviewed in [4]). In this context, it has been demonstrated
that pathogenic Leptospira strains are more resistant to the action
of the human complement system than the saprophytic ones, such
as Leptospira biflexa. Serum resistance is achieved by the acquisition
of negative complement regulators on their surfaces, such as Factor
H (FH) and C4b Binding Protein (C4BP), and also by the secretion of
proteases that inactivate key complement proteins from the three
pathways [5-7].

FH, a 150-kDa plasma protein, is the major negative regulator of
the alternative pathway (AP) of complement. It inhibits AP by accel-
erating the decay of the C3 convertase, C3bBb, and by acting as a
cofactor of Factor I (FI) in C3b cleavage [8-10]. Leptospira-bound
FH remains functionally active and confers a protective role, being
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crucial for bacterial survival in human [6,11]. Pathogenic Leptospira
also have the ability to bind human C4BP, a 570-kDa plasma glyco-
protein that is a key fluid phase inhibitor of the classical and lectin
pathways of complement [12,13]. C4BP interferes with the assem-
bly and decay of the C3-convertase, C4bC2a, and acts as a cofactor
of Fl in the proteolytic inactivation of C4b. Leptospira-bound C4BP
retains cofactor activity, indicating that the acquisition of this com-
plement regulator may contribute to leptospiral serum resistance
[5].

In a recent work we demonstrated that Leptospiral
Immunoglobulin-like proteins A and B (LigA and LigB) inter-
act with FH, C4BP and also with two other members of the FH
family: FH like-1 (FHL-1) and FH related-1 (FHR-1). Both FH and
C4BP bound to the Lig proteins remain functional, acting as cofac-
tors for FI in the proteolytic cleavage of C3b and C4b, respectively
[11]. The lig genes are present in pathogenic but not in saprophytic
Leptospira species, and their expression is associated with host
infection, being controlled by osmolarity, a key environmental
factor which enhances binding of Leptospira to host cells [14,15].
In vitro studies have shown that Lig proteins interact with extra-
cellular matrix proteins such as fibronectin, laminin, collagen,
fibrinogen, elastin and tropoelastin [16-23]. Antibody responses
to Lig proteins are induced in human leptospirosis patients and in
infected animals [24-26]. A fragment of the LigA protein has been
shown to be a promising vaccine candidate, conferring high-levels
of protection in hamster models of leptospirosis [27,28]. Together
these findings indicate that Lig proteins are multifunctional pro-
teins that may contribute to Leptospira adhesion and immune
evasion during infection. However, disruption of the ligB gene did
not affect Leptospira virulence in hamster model [29]. Expression
of other leptospiral surface proteins involved in host colonization
may compensate the loss of LigB expression, a phenomenon known
as functional redundancy [29].

In this study, we used the saprophyte L. biflexa serovar Patoc as a
surrogate host to address the specific role of Lig proteins in leptospi-
ral immune evasion. In a previous work, Figueira and colleagues
[30] reported that heterologous expression of LigA and LigB in L.
biflexa was able to confer enhanced bacterial adhesion to eukary-
otic cells and fibronectin in vitro [30], which prompted us to use
this system to analyze the isolated role of Ligs in the leptospiral
complement evasion.

2. Material and methods
2.1. Complement proteins, antibodies and sera

The complement proteins purified from human plasma (FH,
C4BP, C3b and C4b) and the goat anti-human C3 and anti-human
C4 polyclonal antibodies were purchased from Complement Tech-
nology. Goat anti-human FH polyclonal antibody was obtained
from Quidel. Rabbit anti-human C4BP and anti-human C5b-9 (MAC)
polyclonal antibodies were purchased from Calbiochem. Donkey
anti-goat IgG FITC conjugated and donkey anti-rabbit IgG FITC or
PE conjugated were obtained from Abcam. Normal human serum
(NHS) was obtained from healthy volunteers, after informed con-
sent (869/CEP). Inactivated NHS (HI-NHS) was prepared by heating
the serum at 56 °C for 60 min.

2.2. Bacteria strains

The following strains were used in this study: non-pathogenic L.
biflexa serovar Patoc strain Patoc I (Patoc wt), pathogenic L. interro-
gans serovar Kennewicki strain Fromm and L. biflexa serovar Patoc
strain Patoc I expressing LigA (Patoc ligA) or LigB (Patoc ligB) [30].
Leptospira strains were cultivated at 29°C for seven days, under

aerobic conditions in liquid EMJH medium (Difco) supplemented
with Leptospira EMJH Enrichment (BD). Patoc ligA and Patoc ligB
were grown in culture medium containing spectinomycin at the
final concentration of 50 pg/ml [30].

2.3. Interaction of Leptospira strains with FH and C4BP

Freshly harvested leptospires (1 x 108 bacteria) were washed
with PBS pH 7.4 and incubated with 10% NHS, as a source of FH
and C4BP, for 60 min at 37 °C. Leptospires were then washed five
times with PBS, harvested and subjected to 12% SDS-PAGE under
reducing conditions. The proteins were transferred to nitrocellu-
lose membranes, and nonspecific binding sites were blocked using
10% (w/v) dried milk in PBS-Tween (0.05%) (pH 7.4) overnight at
4°C. The membranes were incubated with goat anti-human FH
(1:10000) or rabbit anti-human C4BP (1:5000) polyclonal antibod-
ies, followed by peroxidase-conjugated secondary antibodies, for
60 min. Positive signals were detected by enhanced chemilumines-
cence (SuperSignal West Pico, Pierce). Densitometry analysis of the
bands was performed using the program Image].

2.4. Serum susceptibility assay

Freshly harvested leptospires were washed once with PBS pH
7.4 and counted by dark-field microscopy using a Petroff-Hausser
chamber. Bacteria (5 x 108) were incubated with 20, 40 and 60%
NHS, or 60% HI-NHS for 60 or 120 min at 37 °C. After incubation, lep-
tospiral survival in each treatment was assessed by counting viable
bacteria. Leptospires susceptible to complement attack fragment
in fine particles, losing their typical morphology. Three indepen-
dent experiments were performed. The treatment with HI-NHS was
considered as 100% of survival.

2.5. Cofactor activity assay

Cofactor activity of FH or C4BP bound to leptospires was
assessed by measuring FI-mediated cleavage of C3b (FH as a cofac-
tor) or C4b (C4BP as a cofactor). Leptospires (2 x 108 bacteria) were
incubated with 5% NHS or 2 pg of FH or C4BP for 60 min at 37 °C.
After washing with PBS, 250 ng of FI and 500 ng of C3b or C4b were
added. The reactions were incubated for 60, 120 and 240 min at
37°C, and then subjected to Western blotting. The cleavage frag-
ments of C3b and C4b were detected with goat anti-human C3 or
anti-human C4 polyclonal antibodies (1:5000), followed by incuba-
tion with secondary peroxidase-conjugated antibodies (1:10000),
by enhanced chemiluminescence (SuperSignal West Pico, Pierce).

2.6. Analysis of complement deposition by flow cytometry

Leptospires (2 x 108 bacteria) were incubated with 20% NHS or
PBS (negative control) in a final volume of 100 .1 for 60 min. After
five washes with PBS, bacteria were incubated with anti-human C3,
anti-human C4 or anti-human MAC polyclonal antibodies (1:100;
in PBS containing 1% BSA) for 30 min. Leptospires were then washed
with PBS, and mouse anti-goat IgG FITC-conjugated or anti-rabbit
IgG PE-conjugated (1:200; in PBS containing 1% BSA) were added
and incubated for 30 min. After three washes, bacteria were sus-
pended with PBS in a final volume of 300 wl. As negative controls,
untreated leptospiral suspensions were incubated only with pri-
mary and secondary antibodies. Leptospires were detected using
log-forward and log-side scatter dot-plot. The gate was drawn
to exclude debris and larger aggregates of bacteria—10,000 bac-
teria/events were captured per experiment. Data are expressed
as Mean Fluorescence Intensity (MFI)+SE of three independent
experiments each performed in triplicate on a Fluorescent Acti-
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Fig. 1. Acquisition of FH and C4BP by lig-transformed L. biflexa. Saprophyte L. biflexa serovar Patoc strain Patoc I (Patoc wt), pathogenic L. interrogans serovar Kennewicki
strain Fromm (Fromm), and L. biflexa serovar Patoc strain Patoc I expressing LigA (Patoc ligA) or LigB (Patoc ligB) (2 x 108 bacteria) were incubated with 10% NHS as a source
of FH (A) or C4BP (B), for 60 min at 37 °C. Leptospires were then washed five times with PBS, harvested and the whole cell lysates were subjected to Western blotting with
anti-FH or anti-C4BP. Bands corresponding to FH (150 kDa), C4BP « chain (70 kDa) and 3 chain (45 kDa) were detected. Densitometry analyses of bound FH (C) and C4BP (D)
were performed using the program Image]. The density of the bands is expressed in Arbitrary Units (% relative) and was calculated considering L. interrogans Fromm as 100%
of binding. (P) bacterial pellets; (W) aliquots of the last wash.
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Fig. 2. Heterologous expression of LigA and LigB in L. biflexa enhances bacterial survival in human serum. Saprophyte L. biflexa serovar Patoc strain Patoc I (Patoc wt),
pathogenic L. interrogans serovar Kennewicki strain Fromm (Fromm), and L. biflexa serovar Patoc strain Patoc I expressing LigA (Patoc ligA) or LigB (Patoc ligB) (5 x 108
bacteria) were incubated with 20, 40 and 60% of normal human serum (NHS) for 60 and 120 min at 37 °C. Viable bacteria were counted by dark-field microscopy using
a Petroff-Hausser chamber. The results are presented as relative survival to the survival of bacteria in heat-inactivated serum (100% growth). Means + the SD for three
independent experiments, each performed in duplicate are shown. The data were analyzed with one way ANOVA test.*(p <0.05).
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Fig. 3. FH and C4BP bound to Patoc ligA and Patoc ligB retain cofactor activity. Patoc ligA and Patoc ligB (2 x 108 bacteria) were incubated with (A) purified FH, (B) purified
C4BP or 5% NHS, as a source of these regulators. After washing, FI and C3b or C4b were added, and the reactions were incubated for 1, 2, and 4 h at 37 °C. The cleavage products
of C3b and C4b were detected by Western blotting with specific antibodies. Control reactions in which FH or C4BP were omitted were also performed. (A) Fragments of 68,
46, 43, 38, 30 and 28 kDa indicate that the acquired FH was able to promote FI-mediated cleavage of C3b. (B) Fragments of 64 and 17 kDa indicate that bound C4BP was able

to promote FI-mediated cleavage of C4b.

vated Cell Sorter (FACS) Canto II (Benton Dickson). Data were
analyzed by Flow]o Software (version 8.7).

2.7. Statistical analysis

Data were analyzed using ANOVA-Tukey’s Multiple Comparison
Test and p values are indicated in each figure legend.

3. Results
3.1. Patoc ligA and Patoc ligB interact with FH and C4BP

LigA and LigB expression by the lig-transformed Patoc strains
was previously assessed by Western blot analysis [30]. Both strains
showed levels of protein comparable to the production by a low
in vitro-passaged L. interrogans virulent strain. In addition, Patoc
wt, ligA, and ligB strains were shown to have similar cell growth
kinetics in EMJH liquid medium and immunofluorescence studies
indicated that LigA and LigB are surface-exposed when expressed
in transformed Patoc strains [30].

In a previous work we have shown that Lig proteins interact with
the soluble complement regulators FH and C4BP [11]. To assess if
lig-transformed L. biflexa strains are able to acquire these negative
complement regulators, bacteria were incubated with 20% NHS,
and then submitted to Western blot analysis with specific antibod-
ies against the complement proteins. Both Patoc ligA and Patoc ligB
acquired FH and C4BP from human serum (Fig. 1). The wild type L.
biflexa bound negligible amounts of both complement regulators to

its surface, but acquisition of FH and C4BP was markedly increased
by the expression of Lig proteins in L. biflexa, suggesting a role for
these molecules in Leptospira complement evasion.

3.2. Heterologous expression of ligA and ligB genes in the
saprophyte L. biflexa enhances bacterial survival in human serum

To specifically address the role of LigA and LigB in complement
evasion, lig-transformed L. biflexa strains were subjected to serum
susceptibility assays. Leptospires were incubated in different NHS
concentrations, and viable bacteria were then counted using dark
field microscopy. The survival percentage of Patoc ligA and Patoc
ligB was approximately 2-fold higher in 60% NHS than that of Patoc
wt (Fig. 2, left). Differences in survival were even more pronounced
when bacteria were incubated in NHS for 120 min (Fig. 2, right).
In 60% NHS (120 min), about 85% of Patoc wt were eliminated by
complement-mediated lysis, while approximately 50% of Patoc ligA
and Patoc ligBremained viable. The survival rates of lig-transformed
L. biflexa strains were intermediate between the ones observed for
the saprophyte L. biflexa and the pathogenic L. interrogans (Fig. 2).
This profile indicates that heterologous expression of ligA and ligB
in L. biflexa enhances in vitro survival of this saprophytic strain in
the presence of complement system. However, other molecules
expressed by the pathogenic L. interrogans strain may also con-
tribute to complement evasion.
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Fig. 4. Expression of LigA or LigB in L. biflexa controls deposition of MAC in the bacterial surface. Leptospires (2 x 108 bacteria) were incubated with 20% NHS for 60 min. After
five washes, bacteria were incubated with polyclonal anti-human C3, anti-human C4 or anti-human MAC and then with the appropriate secondary antibodies for 30 min.
Data are expressed as Mean Fluorescence Intensity (MFI) + SE of 3 independent experiments each performed in triplicate on a Fluorescent Activated Cell Sorter (FACS) Canto
Il (Benton Dickson). Data were analyzed using ANOVA-Tukey’s Multiple Comparison Test *(p <0.005).

3.3. FH and C4BP bound to Patoc ligA and Patoc ligB retain
cofactor activity

As lig-transformed L. biflexa strains acquire negative comple-
ment regulators and present an increased survival in human serum
compared to L. biflexa wt, we decided to assess the functionality of
these complement molecules bound to the bacterial surface. Lep-
tospires were incubated with purified FH, C4BP or NHS and, after
washing, the serine protease FI and the substrates C3b (FH as a
cofactor) or C4b (C4BP as a cofactor) were added. The cleavage
fragments of C3b and C4b were detected by Western blotting with
specific antibodies. FH and C4BP bound to Patoc ligA and to Patoc
ligB were capable of acting as cofactors of FI in the cleavage of C3b
(Fig. 3A) and C4b (Fig. 3B). The degradation of the C3b «o/-chain
(~101 kDa) generated fragments of approximately 68, 46, 43, 38,
30 and 28 kDa when NHS was used as a source of FH (Fig. 3A). The
cleavage of the C4b generated bands of approximately 64 kDa and
17 kDa (Fig. 3B). C3b and C4b cleavages can be already detected in
the first hour of incubation. Interestingly, cofactor activities were
more efficient when serum was used as a source of FH or C4BP.
Taken together, our data strongly suggest that Lig proteins may
play an important role in leptospiral resistance to complement-
mediated killing.

3.4. Patoc ligA and Patoc ligB control MAC deposition

The enhanced survival of lig-transformed L. biflexa strains in
human serum prompted us to further investigate the deposition

of other complement proteins on the bacterial surface. Leptospires
were incubated with human serum and then specific antibodies
against C3, C4 or MAC were added. Complement deposition was
analyzed by flow cytometry. A reduced deposition of C3/C3 frag-
ments was observed on Patoc ligB compared to Patoc wt, and no
significant difference was found between Patoc ligB and L. inter-
rogans regarding C3 deposition. However, Patoc ligA significantly
presented greater levels of C3 deposition compared to L. interro-
gans (Fig. 4A). The profile of C4/C4 fragments deposition was more
homogeneous among the four strains tested. In this case, a sig-
nificant statistical difference was only observed between L. biflexa
Patoc wt and L. interrogans Fromm, the latter showing lower levels
of C4 deposition (Fig. 4B). With regard to MAC deposition, lig-
transformed L. biflexa strains presented an intermediate profile:
MAC deposition levels were greater than those found in L. inter-
rogans (Fromm), but clearly lower than those observed for L. biflexa
(Patoc wt) (Fig. 4C). This intermediate behavior demonstrates that
the expression of Lig proteins contribute to the control of com-
plement activation on the leptospiral surface, thus promoting an
increased bacterial survival in human serum.

4. Discussion

Differences regarding susceptibility to host’s serum among Lep-
tospira strains were first reported in the mid-1960s [31,32]. A
direct correlation between virulence and the capacity to resist
complement-mediated killing was already clear at that time.
Knowledge of the mechanisms beyond Leptospira resistance was
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Fig.5. Schematic representation of complement inactivation on the surface of L. biflexa expressing LigA or LigB. Saprophytic L. biflexa are susceptible to complement-mediated
killing because they do not bind the host regulators FH and C4BP. In contrast, L. biflexa expressing LigA or LigB evade complement attack by acquiring these soluble regulators.
Alternative pathway evasion is mediated by FH binding to LigA/LigB and the consequent C3b cleavage by FI, using bound FH as a co-factor. Classical and lectin pathways
inactivation is achieved by C4BP binding to LigA/LigB, followed by FI-mediated cleavage of C4b. In the schematic representation of FH and C4BP, each circle represents one

SCR domain. Open circles indicate the three SCR domains of the C4BP 3-chain.

expanded over the last years by the demonstration that pathogenic
Leptospira strains present multiple complement evasion strategies
such as the secretion of proteases that inactivate key complement
proteins [7] and the acquisition of soluble host complement regu-
lators on their surfaces [5,6,11,33,34]. By binding these fluid-phase
regulators virulent strains avoid serum bactericidal activity more
efficiently than culture-attenuated or non-pathogenic Leptospira
strains [5,6].

In a recent report, we have shown that recombinant LigA and
LigB bind FH, FHL-1, FHR-1 and C4BP [11], thus potentially enabling
control of host’s innate immune responses. To further evaluate the
relevance of these multifunctional surface proteins in leptospiral
complement evasion, we employed the non-pathogenic L. biflexa
serovar Patoc as a surrogate host expressing LigA or LigB. It has
been previously shown that L. biflexa serovar Patoc is suscepti-
ble to serum bactericidal activity [5,6] and is devoid of all genes

that encode well-characterized leptospiral immune evasion pro-
teins described to date, including LenA, LenB, LigA, LigB, and LcpA
[11,34-36]. In this work, the capacity of lig-transformed L. biflexa
strains to acquire FH and C4BP from human serum was evaluated.
Our data demonstrate that Patoc ligA and Patoc ligB bind significant
amounts of both complement regulators (Fig. 1), what can explain
an increased survival of both strains in human serum compared to
Patoc wt (Fig. 2). From our results, we can infer that Lig proteins
are important players in conferring leptospiral serum resistance
in vitro. In addition, other surface proteins, such as LenA, LenB
and LcpA [34-36], may also contribute to this process, ensuring
a successful survival of these spirochetes inside the host.
Functionality of FH and C4BP bound to Patoc ligA and Patoc ligB
was also assessed. Both complement regulators retained cofactor
activity when purified proteins or human serum were used as a
complement source (Fig. 3). Cleavages of C3b and C4b were more
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efficient in the presence of human serum, probably due to a more
preserved structural conformation of both complement regulators,
which did not undergo a purification process. In Patoc ligA and
Patoc ligB, the degradation profile of C3b using NHS as a source
of FH was similar to that observed for the virulent strain L. inter-
rogans serovar Pomona [11]. In both cases, FI cleaved C3b o’ chain
(110kDa) generating cleavage products ranging from 28 to 68 kDa.

Next, we evaluated deposition of complement components C3
and C4 fragments and MAC on the surface of lig-transformed L.
biflexa strains. According to our data, Patoc ligB displayed a reduced
deposition of C3 compared to Patoc wt. However, there was no
significant difference between Patoc ligA and Patoc wt (Fig. 4A).
It is worth to mention that C3 deposition on serum resistant and
serum sensitive Leptospira strains has been previously assessed
[5,6]. Immunofluorescence microscopy assays revealed a similar
pattern of C3 deposition on the surface of both pathogenic and
non-pathogenic strains. Nevertheless, the late complement com-
ponents C5, C6, C8 and MAC were detected only on the surface of
the sensitive strain Patoc [6].

In the present work, no striking differences were observed
regarding C4 fragments deposition (Fig. 4D), thus confirming
previous data by our group demonstrating that Leptospira serum-
sensitive, —intermediate, and -resistant strains bind similar
amounts of C4 [5]. As expected, the levels of MAC deposition on
the serum-sensitive strain Patoc wt and the serum-resistant strain
Fromm differed substantially (Fig. 4D). MAC is the cytolytic end
product of the complement cascade and its accumulation on the
pathogenis surface directly correlates with cell lysis. Interestingly,
MAC deposition on both Patoc ligA and Patoc ligB was significantly
reduced compared to Patoc wt, further confirming a crucial role of
Lig proteins on aiding pathogenic Leptospira to avoid complement-
mediated bacteriolysis.

Preliminary studies to assess the bacterial loads of lig-
transformed L. biflexa strains in blood were performed and revealed
that these strains presented similar half-life than wt L. biflexa in
infected hamsters (data not shown). This data is in line with a pre-
vious study that shown that the infection with a ligB mutant of
L. interrogans does not lead to loss of virulence and colonization in
acutely and chronically infected animals, respectively [29]. Further-
more, it is worth to consider that the process of mutagenesis per
se is sometimes unable to demonstrate the importance of a single
virulence factor since other leptospiral proteins may provide func-
tional redundancy [30,37]. By using L. biflexa as a surrogate host,
we have shown that Lig proteins contribute to bacterial survival in
human serum (Fig. 5), which is in line with recent results by Pap-
pas and Picardeau [38] using Transcription Activator-Like Effectors
(TALEs). These authors have shown that down regulation of both
ligA and ligB in pathogenic L. interrogans is required for virulence
attenuation, thus attesting the importance of the Lig proteins for a
successful infection [38].
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