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Toll like receptors (TLRs) are involved in the modulation of diverse host genes expression through a com-
plex network of signalling events that allow for an appropriate response to a microbial pathogen. In the
present work we used TLR6KO mice in order to study the role of TLR6 in the immune discrimination
of lipids from two Babesia bovis strains, attenuated R1A (Ls) and virulent S2P (Ly), and the consequent
macrophage activation. We demonstrated that TLR6 is required for lipid body induction in murine peri-
Lipids toneal macrophages by both L, and Ly. Interestingly, as regards IL-10 and COX-2/PGE, pathway induction
Babesia bovis by La and Ly, we observed differences in the biological effects produced by these lipid extracts. Our results
TLR6 indicate arole of TLR6 in the down-modulation of these immunoregulators only in the case of La, whereas
this receptor was not implicated in pro-inflammatory TNFe, IL-6 and KC release induced by L. Remark-
ably, Ly did not exert the down-modulatory effect observed for La, supporting the notion that Ly and Ly
possess different lipid composition that could correlate with the polar pathogenic effect of both B. bovis
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1. Introduction

Babesia bovis, prevalent in tropical and subtropical areas
worldwide, is a tick transmitted intraerythrocytic apicomplexan
protozoa responsible for bovine babesiosis. This haemoparasite
causes severe haemolytic anaemia, abortion, cerebral dysfunction
and death in susceptible animals and remains as an important con-
straint for the development of cattle industries (Bock et al., 2004).

Innate immune mechanisms represent the first line of defence
against infectious agents and contribute significantly to the estab-
lishment of adaptive immunity. In B. bovis, the mechanism of
protective immunity is postulated to involve both CD4-T-helper

Abbreviations: WT, wild type; TLR6KO, toll like receptor 6 knockout; L, total
lipids of B. bovis attenuated strain; Ly, total lipids of B. bovis virulent strain; COX-2,
cyclooxygenase; PGE;, prostaglandin E,.
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1 (Th1) lymphocyte and antibody responses (Norimine et al.,
2003). In this sense, it has been reported that innate immune
molecules derived from activated macrophages, such as nitric oxide
and inflammatory cytokines, contribute to the limitation of acute
babesiosis (Shoda et al., 2000 and Brown, 2001).

Toll-like receptors (TLRs) are important pattern recognition cell
receptors that play a key role in the initial activation of the immune
system and are able to identify a wide range of microbial compo-
nents. Different members of the TLR family have been implicated
in the interaction with molecules that possess a lipid component
from a broad spectrum of organisms (Akira, 2003). As concerns
TLR6 in particular, it is well known that this receptor can form a
heterodimer with TLR2 for the recognition of diacyl lipopeptides,
zymosan and lipoteichoic acid (Ozinsky et al., 2000); though, other
authors have reported that during Mycobacterium leprae—Schwann
cells interactions TLR6 has a critical role independent of its asso-
ciation with TLR2 (Mattos et al., 2011). It was also demonstrated
that oxidized low-density lipoproteins trigger inflammatory sig-
nalling through the heterodimer TLR4-TLR6 (Stewart et al., 2010).
In bovines, it has been reported that TLR6 is expressed in antigen
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presenting cells and possesses 74-84% nucleotide identity with
respect to mouse/human sequences (Werling et al., 2006).

It is known that lipids from microorganisms have an important
modulatory role in the immune system (Quesniaux et al., 2004).
As regards B. bovis, it has been previously reported that naive cat-
tle vaccinated with a chloroform extract from B. bovis-infected
erythrocytes developed delayed and decreased parasitemias when
challenged with a virulent strain of B. bovis (Goodger et al., 1990).
Besides, lipids from erythrocytes infected with B. bovis Mexican
strain stimulated inducible nitric oxide synthase and nitric oxide
production by bovine macrophages in the presence of IFN+y. At vari-
ance, lipids from uninfected bovine erythrocytes did not produce
any effect regarding these pro-inflammatory parameters (Shoda
et al., 2000). In our laboratory, we demonstrated quantitative dif-
ferences in the lipid composition of two B. bovis strains with polar
pathogenic effect, attenuated R1A and virulent S2P (Gimenez et al.,
2010). Moreover, we determined a differential effect of total lipids
from R1A (La) and S2P (Ly): La induced a strong activation of
bovine macrophages, whereas Ly did not (Gimenez et al., 2012).
In addition, similar results were obtained using murine peritoneal
macrophages, although mice are not natural hosts of B. bovis.
Besides, we demonstrated the involvement of TLR2 in the secre-
tion of pro-inflammatory TNFq, IL-6 and keratinocyte chemokine
(KC) but only in the case of murine macrophages stimulated with
La (Gimenez et al., 2010). Noteworthy, R1A and S2P are polymor-
phic and do not constitute a “pair of strains”, since the attenuated
does not derive from the virulent one; nevertheless they have been
well characterized as regards their biological behaviour (Guillemi
et al., 2013 and Baravalle et al., 2012).

Lipid bodies, multifunctional organelles with key functions
in lipid storage and cell signalling in different cell types, are
critical regulators of different inflammatory and infectious dis-
eases and markers of leukocyte activation. It has been reported
that the increase of lipid bodies during infections correlates with
eicosanoid generation through eicosanoid-forming enzymes like
COX-2 among others (Bozza et al., 2011). This is a regulatory
enzyme in the production of prostaglandin E; (PGE;), a potent
immunomodulator that down-regulates Th1 responses (Mattos
et al., 2011). In relation to B. bovis, we demonstrated that only La
induced a significant activation of murine macrophages with lipid
body formation and COX-2 expression via TLR2 (Gimenez et al.,
2010).

To extend our previous studies regarding B. bovis lipids-TLR2
interaction, herein we analysed the involvement of TLR6 in the
murine macrophage inflammatory response induced by total lipids
from B. bovis R1A and S2P strains. With this aim, we studied the
induction of cytokines, chemokine and lipid body formation as well
as COX-2 expression and PGE; release in TLR6 knockout and wild
type murine macrophages stimulated with both total lipids, L and
Ly.

2. Materials and methods
2.1. Reagents and antibodies

Lipid standards, LPS from Escherichia coli (serotype 0127:b8)
and peroxidase labelled (HRP) rabbit polyclonal anti goat IgG, were
obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). Organic
solvents and osmium tetroxide were from Merck (Darmstadt,
Germany). Nitrocellulose membrane and auto radiographic films
were from GE Healthcare. TNFa, IL-10, KC and PGE; enzyme
immunoassay kits were from Cayman Chemical (Ann Arbor, Michi-
gan, USA). IL-6 enzyme-linked immunoassay kit was from R&D
Systems (Minneapolis, MN, USA). Rabbit polyclonal anti mouse 8-
actin and peroxidase labelled (HRP) goat anti rabbit IgG and goat

polyclonal anti mouse COX-2 antibodies were from Santa Cruz
Biotechnology Inc (Santa Cruz, CA, USA). Supersignal® West Pico
chemiluminescent substrate was purchased from Pierce (Rockford,
IL, USA).

2.2. Parasites

Merozoites from two polymorphic strains of B. bovis were used:
R1A, attenuated and S2P, virulent (Guillemi et al., 2013). R1Ais a
vaccinal strain derived from an isolate responsible of a babesio-
sis outbreak in Santa Fe, Argentina, and attenuated after several
passages through splenectomised calves (Anziani et al., 1993). S2P
strain was isolated from a bovine during a babesiosis outbreak in
Salta, Argentina (Mangold et al., 1993). Continuous in vitro multi-
plication does not modify the attenuated or virulent phenotypes of
these strains (Baravalle et al., 2012). Parasites from both of them
were cultured in bovine erythrocytes under microaerophilic con-
ditions with medium replacement every 24 h and were harvested
after 15 days of culture (50-60% of parasitized erythrocytes for each
strain) (Baravalle et al., 2012). Cultures were left overnight at 4°C
to favour merozoite release to the extracellular media and then
centrifuged at 400g for 10 min at 4°C. Merozoites present in the
resulting supernatants were separated by centrifugation at 12,800g
for 20 min at 4 °Cand stored at —20 °C until used for lipid extraction.

2.3. Animals

C57BL/6 mice were obtained from the Funda¢do Oswaldo Cruz
breeding unit (R], Brazil). TLR6 knockout (TLR6KO) mice in a homo-
geneous C57BL/6 background (Takeuchi et al., 1999) were kindly
donated by Dr. Shizuo Akira (Osaka University, Japan). Animals
were maintained under standard conditions with free access to
food and water in a room at 22-24°C and a 12 h light/dark cycle
until used. All protocols were approved by the Fundagao Oswaldo
Cruz welfare committee.

2.4. Preparation of total lipid extracts from R1A (L) and S2P (Ly)
B. bovis merozoites

Lipids from different independent batches of R1A (Ls) and S2P
(Ly) B. bovis merozoites and harvested from independent cultures,
were prepared as previously described (Gimenez et al., 2010).

2.5. Stimulation of TLRGKO and WT murine macrophages with Ly
orLy

Macrophages from TLR6KO and WT mice, obtained as described
by Gimenez et al. (2010), were stimulated with independent
batches of ethanol suspensions of 50 wg/mlLa or Ly, for 24h at
37°C in 5% CO,. For negative control, cells were incubated with
culture medium +vehicle (0.5% ethanol). To show that TLR6KO
macrophages remained functional they were stimulated with
1.5 ng/ml LPS, since this compound is a TLR4 ligand.

2.6. Lipid body staining and counting

Slides from TLR6KO or WT macrophages previously stimulated
with La or Ly, while still moist, were stained and counted according
to D’Avila et al. (2011). Images were obtained using CoolSNAP-
Pro CF digital camera with Image-Pro Plus version 4.5.1.3 software
(Media Cybernetics).

2.7. COX-2 expression

For COX-2 immunoblot analysis, WT and TLR6KO macrophages
previously stimulated with L, or Ly were resuspended in Laemmliis
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sample buffer, boiled and stored at —20 °C until used. Protein sam-
ples were separated in 10% SDS-PAGE, transferred to nitrocellulose
membranes and blocked with Tris buffered saline +0.05% Tween
20+5% skimmed milk for 2h at room temperature. Membranes
were then incubated with goat IgG anti COX-2 (1:100, v/v) and
developed with anti-goat IgG-HRP conjugate (1:5000, v/v) using
the SuperSignal West Pico Chemiluminescent Substrate, accord-
ing to the manufacturer’s instructions. Images were acquired by
autoradiography. For loading control, detection of 3-actin was per-
formed in the same membranes as previously reported (Gimenez
et al., 2010). The COX-2 band intensity was quantified by densito-
metry using Gel-Pro® Analyzer 4.0 software and normalized to that
of the corresponding [3-actin band.

2.8. PGE; measurement

Competitive enzyme immunoassay was used to directly
determine PGE; levels in supernatants from TLR6KO and WT
macrophages previously stimulated with Ly or Ly, according to
manufacturer’s instructions (Cayman Chemical).

2.9. Cytokine and chemokine analysis

TNFa, KC, IL-6 and IL-10 levels were determined by ELISA in
the supernatants from TLR6KO and WT macrophages previously
stimulated with La or Ly, according to manufacturer’s instructions
(Cayman Chemical, R&D Systems).

2.10. Statistical analysis

Results were expressed as mean 4 SEM. To compare between
groups, unpaired Students t-test was used and values of p<0.05
were considered significant. Data were analysed with GraphPad
Prism 4 software for Windows.

3. Results

3.1. Ly and Ly induce lipid body formation through a TLR6
dependent pathway

In a previous work we determined that L, and Ly induced dif-
ferential lipid body formation via TLR2 (Gimenez et al., 2010). Since
TLR6 can dimerize with TLR2, we here analysed if the former could
also be involved in this process. Results showed that the induction
of lipid body formation by both Ls and Ly was significantly inhib-
ited in TLR6KO macrophages with respect to WT cells (Fig. 1), thus
indicating a requisite role for TLR6 in B. bovis lipids recognition to
induce lipid body formation.

3.2. L, induces high COX-2 expression in TLR6KO macrophages

Having demonstrated that L, and Ly induced lipid body for-
mation via TLR6 and considering that these organelles contain
eicosanoid-forming enzymes, we next investigated if TLR6 was also
involved in COX-2 expression when cells were stimulated by L, or
Ly. Results demonstrated that L, induced a higher COX-2 expres-
sion in TLR6KO macrophages vs. WT cells (Fig. 2A, lanes 5 and
6), whereas Ly failed to produce this response in both TLR6KO
macrophages and, as we previously reported, in WT cells (lanes
3 and 4) (Gimenez et al., 2010). The densitometric analysis of
immunoblots shows a 1.34-fold higher increase of COX-2 levels in
TLR6KO with respect to WT cells (Fig. 2B).
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Fig. 1. L and Ly induce lipid body formation through a TLR6 dependent pathway.
WT and TLR6KO macrophages were stimulated with independent batches of L or
Ly (50 wg/ml) 24 h at 37°C. For controls, cells were incubated with vehicle (0.5%
ethanol, negative control) or LPS (1.5ng/ml). Lipid bodies were visualized and
enumerated after osmium staining. Each bar represents the mean + SEM from 50
consecutively counted macrophages of three independent pools (ten animals each).
WT: wild type, TLR6KO: toll like receptor 6 knockout, L : total lipids of B. bovis atten-
uated strain, Ly: total lipids of B. bovis virulent strain, C: negative control.
“Statistically significant (p 0.05).
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Fig. 2. L, induces high COX-2 expression in TLR6KO macrophages.

Immunoblot analysis of COX-2 induction of WT and TLR6KO macrophages after stim-
ulation with independent batches of Lyor Ly (50 pg/ml), 24 h at 37 °C. For controls,
cells were incubated with vehicle (0.5% ethanol, negative control) or LPS (1.5 ng/ml).
Blots were reproved for 3-actin as loading control. Blots are representative of three
independent assays from three independent pools (ten animals each).

The intensity of the bands corresponding to COX-2 were quantified by densitom-
etry using Gel-Pro® Analyzer 4.0 software and normalized to the intensity of the
corresponding [3-actin band (loading control). Results are mean + SD of duplicate
determinations from three independent immunoblot assays.

WT: wild type, KO and TLR6KO: toll like receptor 6 knockout, C: negative control,
La: total lipids of B. bovis attenuated strain, Ly: total lipids of B. bovis virulent strain.
“Statistically significant (p 0.05).

3.3. L4 induces high PGE; release in TLR6KO macrophages

Next, we analysed the effect of Ly and Ly in PGE; release, one
of the products of COX-2 pathway. As shown in Fig. 3, Ly induced
in TLR6KO cells significantly higher levels of PGE, with respect to
WT and control cells, whereas in the case of Ly, no differences were
observed in PGE; levels in both TLR6KO and WT, with respect to the
controls (Fig. 3). All these data correlate with the results obtained
above for COX-2 expression.
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Fig. 3. L, induces high PGE; release in TLR6GKO macrophages.

PGE2 was determined by competitive enzyme immunoassay in the supernatants
of WT and TLR6KO macrophages stimulated with independent batches of L, or Ly
(50 wg/ml),24 hat37°C. Cells were incubated with vehicle (0.5% ethanol) as negative
control. Results represent the mean + SEM of triplicate assays from two independent
pools (ten animals each).

WT: wild type, KO and TLR6KO: toll like receptor 6 knockout, C: negative control,
La: total lipids of B. bovis attenuated strain, Ly: total lipids of B. bovis virulent strain.
“Statistically significant (p 0.05).

3.4. L, induces IL-10 release in TLR6KO macrophages

Previously, we reported that Ly produced a high release of pro-
inflammatory cytokines TNFa and IL-6 as well as keratinocyte
chemokine (KC), one of the major chemoattractants of neutrophils,
in WT macrophages via TLR2 whereas Ly did not; besides, neither
La nor Ly induced anti-inflammatory IL-10 secretion in WT and
TLR2KO cells (Gimenez et al., 2010).

To study if TLR6 was involved in the production of these
cytokines and chemokine induced by Ls or Ly, we here deter-
mined these compounds in the supernatants of TLRGKO and WT
cells treated with these lipids. As shown in Fig. 4, TNFa, IL-6 and
KC release was similar in both TLR6KO and WT macrophages when
stimulated with Ly or Ly (Fig. 4A-C), suggesting that TLR6 is not
involved in the release of these factors induced by these lipids.

As regards IL-10, only Ls induced significantly higher levels
of this cytokine in TLR6KO with respect to WT or control cells
(Fig. 4D); in contrast, no significant effect in this cytokine release
was observed in TLR6KO cells vs WT and control cells when stimu-
lated with Ly.

4. Discussion

Macrophages initiate the innate immune response by recogniz-
ing pathogens and inducing lipid body formation as well as lipid
mediators and cytokine release. In this concern, TLRs present on
their cell surface have been shown to participate in the recognition
of a variety of microbial products (Akira, 2003). Herein we demon-
strated that TLR6 was involved in the induction of lipid bodies,
markers of inflammatory leukocytes, when murine macrophages
were stimulated by the total lipids of both B. bovis strains, Ly and
Ly. In a previous work we also established the implication of TLR2
in lipid body biogenesis induced by Ly and Ly (Gimenez et al.,
2010), thus we propose that both lipids could be exerting this effect
through TLR2-TLR6 heterodimers.

Lipid bodies are specialized intracellular domains that compart-
mentalize eicosanoid forming enzymes like COX-2, key enzyme
that catalyses the rate-limiting step in the inducible production
of prostaglandins such as PGE;. This prostanoid interferes with
T lymphocyte responses and has an immunosuppressive effect in
the context of several infections, favouring intracellular microor-
ganism growth (Bozza et al.,, 2011 and D’Avila et al., 2011). The

present finding that L, induced a higher increase of COX-2 expres-
sion and PGE; release in TLR6KO than in WT cells, leads us to
consider that TLR6 could have an inhibitory role in the formerly
described up-regulation of this pathway induced via TLR2 by L,
(Gimenez et al., 2010). We cannot rule out that the absence of
TLR6 could be favouring TLR2 dimerization with other receptors,
resulting in the up-regulation of this pathway in TLR6KO cells.
Therefore, we propose that in WT macrophages TLR6 could have
a direct or indirect down-modulatory effect on the inflammatory
response induced by the interaction of Ly with TLR2 and/or other
receptors. Noteworthy, the present result showing TLR6 involve-
ment in the down-modulation of COX-2/PGE, pathway is not in
line with those obtained for lipid body biogenesis stimulated by
La. As lipid bodies are multifunctional organelles, additional path-
ways might be simultaneously operative upon L, stimulation. On
the other hand, the fact that Ly did not induce COX-2/PGE; path-
way in TLR6KO macrophages as well as in WT/TLR2KO cells as we
previously reported, suggests us that the quantitative differences in
the lipid composition of both B. bovis strains formerly determined,
could account for their biological effects (Gimenez et al., 2010).

IL-10 avoids excessive activation of the immune response and
limits immune pathology, but alternatively may prevent the com-
plete eradication of pathogens (Arcanjo et al., 2015). The present
data regarding IL-10 release in KOTLR6 macrophages induced by
La, together with our earlier report that these lipids did not induce
this cytokine in WT/TLR2KO cells (Gimenez et al., 2010), refer
us again to the two possibilities previously raised in relation to
COX-2/PGE, pathway: that TLR6 could be down-modulating IL-
10 production in WT cells when interacting with L, or that its
absence could be favouring lipid interaction with other recep-
tors, thus resulting in IL-10 release in TLR6KO cells. Additionally,
the finding that Ly induced a significantly high release of IL-10
in TLR6KO macrophages is consistent with the results obtained
concerning COX-2 and PGE,, since the latter is known to be an
important inducer of this cytokine (Arcanjo et al., 2015). Finally,
the down-modulation of IL-10 induced by L through TLR6 could
result in the predominance of the pro-inflammatory phenotype
already reported by our group (Gimenez et al., 2010). In contrast,
TLR6 showed not to be implicated in pro-inflammatory TNFq, IL-6
and KCrelease induced by L, in WT cells, marking a difference with
our previous results regarding TLR2 involvement in these cytokines
production (Gimenez et al., 2010). Besides, the present data that Ly
did not exert effect in IL-10, TNFa, IL-6 and KC release in KOTLR6
cells, supports once more the idea of a relationship between the
differences in the lipid composition of Ly and Ly and the polar
pathogenic effect of both B. bovis strains.

5. Conclusions

The data gathered in the present work reveal significant differ-
ences in the way murine macrophages respond to the lipids of the
two B. bovis strains here analysed, pointing to a role for TLR6 in
the down-modulation of the immunoregulators COX-2, PGE; and
IL-10 only induced by the lipids from the attenuated strain. Addi-
tional studies with a larger set of strains of polar phenotypes will
provide a full understanding about the involvement of this recep-
tor in the regulation of the immune response triggered by parasite
lipids.

Even though live vaccines are efficient in preventing clinical
cases of bovine babesiosis, they have significant disadvantages
regarding safety, production and handling; thus there is great
interest in the development of improved vaccination designs
(Florin-Christensen et al., 2014). It has been proposed for some
parasitic and viral diseases that multi-adjuvanted vaccines could
simultaneously trigger several signalling pathways, eliciting robust
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Fig. 4. L, induces IL-10 release in TLREKO macrophages.
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WT and TLR6KO peritoneal macrophages were stimulated with independent batches of L, or Ly (50 pg/ml) 24 h at 37 °C. For controls, cells were incubated with vehicle (0.5%
ethanol, negative control) or LPS (1.5 ng/ml). TNFa (A), IL-6 (B), KC (C) and IL-10 (D) were analysed by ELISA in the culture supernatants. Results represent the mean + SEM

of triplicate assays from two independent pools (ten animals each).

WT: wild type, TLR6KO: toll like receptor 6 knockout, La: total lipids of B. bovis attenuated strain, Ly: total lipids of B. bovis virulent strain, C: negative control.

*Statistically significant (p <0.05).

immune protection (Mount et al., 2013). Therefore, lipids from the
attenuated R1A strain could be good candidates to be included
in vaccine formulations as adjuvants in order to attain innovative
immunoprophylactic strategies.
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