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ARTICLE INFO ABSTRACT

Keywords: Leishmania (Mundinia) species have attracted increasing attention due to their ancestral phylogenetic position,
Mlmd"ﬂ_ifl broad distribution, and ability to exploit non-sand fly vectors. However, the structure and immunomodulatory
Glycobiology role of their surface glycoconjugates remain poorly understood. We comparatively characterized the biochemical
Lipophosphoglycan

and functional properties of glycoconjugates from representative Mundinia species during interaction with mu-
rine macrophages. Lipophosphoglycans (LPGs) and glycoinositolphospholipids (GIPLs) were extracted, purified,
and preliminary characterized from Leishmania enriettii, L. orientalis, L. martiniquensis, and L. macropodum.
Immunoblotting analysis of LPG using MG1 antibody detected different levels of glucose side chains branching-
off the repeat units of Mundinia species, except L. enriettii. In contrast, GIPLs were conserved and galactosylated
(suggestive of type II) by fluorophore-assisted carbohydrate electrophoresis (FACE). Structural polymorphisms
were assessed in relation to nitric oxide (NO) production by murine macrophages, including TLR2- and TLR4-
dependent responses. Both glycoconjugates induced variable levels of NO production via TLR4, with second-
ary involvement of TLR2. Although we found polymorphisms in the sugar moieties, a clear correlation between

Glycoinositolphospholipids
Innate immunity
Host—parasite interactions

structure and activity could not be found.

1. Introduction

Mundinia is the most recently established subgenus in Leishmania,
formally proposed in 2016 and currently regarded as the most basal
lineage of the genus [1]. Phylogenetic and genomic studies support the
division of Leishmania into four subgenera — Leishmania, Viannia, Sau-
roleishmania, and Mundinia — highlighting the evolutionary distinctive-
ness of the latter [2]. Although its taxonomy has undergone recent
revisions, whole genome sequencing (WGS) analyses have consistently
confirmed the phylogenetic placement of several species within this
subgenus [3]. Since its initial description, additional species have been
formally recognized, and Mundinia currently comprises at least six rep-
resentatives with a broad geographic distribution: Leishmania (M.)
enriettii [4], L. (M.) macropodum [5], L. (M.) martiniquensis [6], L. (M.)
orientalis [7], L. (M.) chancei and L. (M.) procaviensis [8,9]. This taxo-
nomic expansion, together with increasing reports of Mundinia-asso-
ciated infections, has positioned this subgenus as an emerging group of
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human/veterinary pathogens and a valuable model for investigating
evolutionary trajectories within Trypanosomatidae [3,5,10,11].
Notably, the ecological and biological diversity observed across these
species — including variation in host range and transmission modes —
suggest that key molecular traits may exhibit lineage-specific
adaptations.

Representative species of the Mundinia subgenus are recognized as
etiological agents of both visceral (VL) and cutaneous leishmaniasis (CL)
in immunocompetent and immunocompromised individuals [7,12-15].
However, for most species, the transmission cycle remains poorly un-
derstood, particularly regarding vector competence and mammalian
reservoirs [10,11,16]. In Brazil, guinea pigs (Cavia porcellus), a domes-
ticated species of Andean origin, are the only confirmed hosts of
L. enriettii, while the role of native Caviidae, such as Galea spixii or
C. aperea, remains hypothetical [17,18]. Infected C. porcellus develop
cutaneous lesions with abundant parasitized macrophages [4], and the
infection may transiently visceralize in spleen, lungs, and trachea [19].
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Outside South America, L. macropodum was described in red kan-
garoos (Osphranter rufus) in Australia, and its transmission is believed to
involve biting midges of the genus Forcipomyia [20]. Experimental
studies further demonstrated that Culicoides sonorensis can support the
development and transmission of some Mundinia species [21,22].
Although it was unable to transmit L. enriettii, other sand flies such as
Pintomyia monticola may act as a suspected vector in Brazil [23]. Despite
these advances, important gaps remain in the epidemiology of L. enriettii,
particularly in natural transmission cycles. A recent study failed to
detect this parasite in wild hosts in Parana, reinforcing the hypothesis
that C. porcellus may be its primary reservoir [24], which is consistent
with its apparent refractoriness to other Mundinia species [25].

Despite the plethora of molecular and epidemiological data, rela-
tively little is known about the biochemical composition of Mundinia
surface molecules and their role in host-parasite interactions. Glyco-
conjugates (LPG and GIPL) from L. enriettii have been characterized and
were shown to be pro-inflammatory via TLR4/TLR2 in murine macro-
phages [26]. Here, as part of a wider study on Mundinia biology, we
proposed a preliminary and functional analysis of their glycoconjugates
during interaction with murine macrophages.

2. Methods
2.1. Parasite culture and molecular typing

Four World Health Organization reference strains of L. enriettii
(MCAV/BR/1945/1.88), L. orientalis (MHOM/TH/2014/LSCM4),
L. martiniquensis (MHOM/MQ/92/MAR1), and L. macropodum (MMAC/
AU/2004/AM-2004) were used. Promastigotes were cultured at 25 °C in
M199 medium supplemented with 10% foetal bovine serum (FBS)
(Invitrogen/Thermo Fisher Scientific, Carlsbad, USA), penicillin (200 U/
mL), and streptomycin (200 pg/mL) (both from Merck KGaA, Darm-
stadt, Germany), as previously described [26]. Parasite species was
confirmed by molecular typing targeting the ITS1 intergenic region
[27]. The resulting sequences were deposited in the GenBank database
(PV816353-PV816356).

2.2. Immunoblotting analyses of LPGs

LPGs and GIPLs were extracted from late log-phase promastigotes
and purified by phenyl-Sepharose chromatography using ESOAK (H20/
ethanol/diethyl ether/pyridine/NH40H; 15:15:5:1:0.017) [26]. Puri-
fied LPGs were resuspended in endotoxin-free water and analyzed by
immunoblotting. For western-blot analysis, 5 ug of LPG was applied to
0.45 pm nitrocellulose membranes (Amersham Protran, Marlborough,
USA), blocked for 1 h with 5% skimmed milk, and incubated overnight
with mAb CA7AE (1:1000), which recognizes the Gal(p1,4)Man(a1)-POa
epitope [28], and mAb MG1 (1:1000), specific for p-glucose side chains
[29]. Membranes were washed three times in PBS (3 x 5 min) and
incubated for 1 h with peroxidase-conjugated anti-mouse IgG (1:10,000)
(Bio-Rad, Hercules, CA, USA).

2.3. Preliminary biochemical analyses of glycoinositolphospholipids

To determine monosaccharide composition, depolymerized and
desalted samples were fluorescently labelled with 0.1 M AMAC (2-
aminoacridone) in 5% acetic acid and 1 M cyanoborohydride (Sigma-
Aldrich/Merck, St. Louis, USA). Labelled sugars were analysed by
fluorophore-assisted carbohydrate electrophoresis (FACE) and visual-
ized under UV light. Monosaccharides (D-galactose, D-glucose, and D-
mannose) were used as standards [26,30].

2.4. Ethics and functional assays

Experimental animals were maintained at the Animal Facility of the
Instituto René Rachou (Fiocruz Minas). All procedures were conducted
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in accordance with Brazilian regulations, including the guidelines of the
Brazilian College for Animal Experimentation (COBEA; Law 11.794/
2008), and were approved by the Institutional Animal Ethics Committee
(CEUA; protocol LW-15/22). Thioglycolate-elicited peritoneal macro-
phages from C57BL/6 mice (WT) and respective knockouts for TRL2
(-/-) and TLR4 (-/-) were used. After injection of 2 mL of sterile 3%
thioglycolate solution, they were recovered 72 h later by sequential
peritoneal washes using cold RPMI medium. Cell viability was assessed
by trypan blue exclusion. A total of 3 x 10° cells per well were seeded in
96-well plates and incubated for 1 h at 37 °C in a 5% CO- atmosphere for
adhesion. Adherent cells were primed with interferon-gamma (IFN-y,
3 U/mlL) for 18 h and subsequently stimulated with LPGs (10 pg/mL)
from each Leishmania (Mundinia) strain for 48 h. Lipopolysaccharide
(LPS, 100 ng/mL) and Staphylococcus aureus extract were used as posi-
tive controls for TLR4 (-/-) and TLR2 (-/-), respectively [26]. Nitrite
(NO) levels were determined by the Griess reaction. All incubations
were performed at 37 °C in a humidified 5% CO. atmosphere. Culture
media were supplemented with 2 mM glutamine, 50 U/mL penicillin,
50 pg/mL streptomycin, and 10% foetal bovine serum [26].

2.5. Statistical analysis

Data normality was assessed using the Shapiro-Wilk test. Normally
distributed data were analysed using one-way analysis of variance
(ANOVA) followed by Student’s t-test, as appropriate. Statistical ana-
lyses were performed using GraphPad Prism v. 8.0 (GraphPad Software,
San Diego, USA). Differences were considered statistically significant at
p < 0.05.

3. Results

3.1. LPGs from Mundinia species displays variations in glucosylation
levels based on antibody reactivity

Following extraction and purification, LPG repeat units were ana-
lysed by immunoblotting using mAbs CA7AE and MG1. Most species
were detected by CA7AE, except L. orientalis (Fig. 1A). As expected, LPG
from L. infantum (type I, positive control) was also recognized (Fig. 1A).
With MG1, an interesting cline from L. macropodum (fainted reaction) to
L. orientialis (strong reaction) was observed suggesting different levels of
glucosylation (Fig. 1B). As expected, L. enriettii LPG, who is devoid of
side chains [26] was not recognized by MG1. Consistent with those
observations, glucosylation decreased reactivity with CA7AE suggesting
that side-chains branching-off the repeat unit backbone hindered access
to this antibody (Fig. 1A). Altogether, these results indicate the presence
of glucose side chains in LPGs from all Mundinia species analysed, except
L. enriettii.

3.2. GIPLs from Mundinia spp displayed no variations in monosaccharide
composition

To investigate monosaccharide composition, GIPLs were analysed by
FACE. revealing a predominance of galactose residues, with no major
qualitative differences among species (Fig. 1C). The four Mundinia GIPLs
are predominantly composed of galactose (galactosylated), resembling
type II-like features. Notably, a reduced level of galactosylation was
observed in GIPLs from L. macropodum compared to the other Mundinia
species, even when a threefold higher amount of material was loaded
(Fig. 1C, arrows).

3.3. Glycoconjugates elicited different levels of nitric oxide (NO)
production

To evaluate whether LPGs/GIPLs affect macrophage function, puri-
fied glycoconjugates were added to IFN-y-primed thioglycolate-elicited
peritoneal macrophages. All LPGs and GIPLs induced NO production,
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Fig. 1. Immunoblotting of purified liposphosphoglycans (LPGs). Purified LPGs (5 ug/lane) from Mundinia spp were probed with mAbs CA7AE e MG1 (1:1000) for
western-blots (panels A and B). LPGs purified from L. amazonensis (PH8) and L. infantum (Ba262) were used as positive controls. Fluorophore-assisted carbohydrate
electrophoresis (FACE) of monossacharides derived from glycoinositolphospholipids (GIPLs) (panel C) from Mundinia spp. Arrows indicate galactosylation.

primarily via TLR4 and secondarily via TLR2. L. enriettii LPG induced the
highest NO levels across all mouse lineages (WT, TLR27/-, TLR4"/"),
whereas L. macropodum LPG/GIPLs induced the lowest NO levels in
knockout mice. In WT macrophages, LPGs and GIPLs triggered variable
NO levels. As expected, L. infantum LPG/GIPLs and LPS (positive control
for TLR4) induced NO via TLR4, while S. aureus extract (positive control
for TLR2) stimulated NO via TLR2 (Figs. 2A and 2B).

4. Discussion

Leishmania glycoconjugates (LPG/GIPLs) play a pivotal role during
the interaction not only with vertebrate but also invertebrate hosts. LPG
is widely recognized as a multifunctional virulence factor with immu-
nomodulatory properties, whereas GIPLs have been associated with
inhibitory or regulatory effects on host responses [31]. Over the past
decades, considerable effort has been devoted to understanding how
structural variations in these molecules influence host-parasite in-
teractions. In this context, Mundinia species provide a valuable under-
explored system. Here, we focused on preliminary biochemical and
functional analysis of L. enriettii, L. macropodum, L. orientalis and
L. martiniquensis glycoconjugates.

The first biochemical characterization of glycoconjugates in a Mun-
dinia species showed that L. enriettii LPG lacks side chains (type I), while
its GIPLs are highly galactosylated (suggestive of type II) [26]. It is
important to mention that these data are preliminary, and FACE analysis
are not sufficient to confirm linkage types. This should await further
confirmation by other techniques including methylation analysis and
NMR. Type I LPGs have also been described in several other Leishmania
species, including L infantum [32], L. donovani [33], L. braziliensis
[34-36] and L. amazonensis.[37].

Here, we found interspecies polymorphisms in the LPGs of Mundinia

species indicating an increase in glucosylation from L. macropodum to
L. orientalis based on MG1 reactivity. Glucosylated LPGs are commonly
found in other Leishmania species, including L. infantum [32,38] and
L. amazonensis [39]. The finding of variable glucose branching off the
repeat units of some Mundinia LPGs represents an interesting feature of
this group. On the other hand, no qualitative differences in GIPLs were
detected among species, but the galactose content in L. macropodum
appeared to be lower. Together, these data indicate that Mundinia gly-
coconjugates combine conserved features with lineage-specific struc-
tural adaptations.

We next investigated whether these structural differences translate
into functional variation during interaction with host immune cells.
Pioneering studies indicated that TLR2 is the receptor for L. major LPG
[40]. Subsequentially, particularly for the New World Leishmania, we
demonstrated that both TLR4 and TLR2 are important for macrophage
activation, especially in L. infantum [41], L. braziliensis [35] and
L. amazonensis [37]. Regarding L. enriettii, TLR2/TLR4 were shown to be
important for NO and cytokine production involving MAPK signalling
and NF-kB translocation [26].

A distinguished feature of L. enriettii LPGs/GIPLs was that they were
the most proinflammatory glycoconjugates inducing the production of
TH1-associated mediators including NO, TNF-a, IL-6 and IL-12. The
cutaneous lesions of L. enriettii start to heal after 6 weeks post-infection
and this may be linked to a higher stimulation of the immune system
[19,26,42]. Here, this pattern was shown among Mundinia species,
where not only LPGs but also GIPLs from L. enriettii were the most
proinflammatory. Interestingly, L. macropodum LPG/GIPLs had the
lowest ability to induce NO production in murine macrophages. A clear
correlation between structural polymorphisms in the sugars and func-
tional activity could not be ascertained for all species. For example,
L. enriettii LPG (devoid of glucose sidechains) induced the highest NO
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Fig. 2. Nitrite production (uM) by murine macrophages stimulated by lipophosphoglycans (A) and glycoinositolphospholipids (GIPLs) (10 pg/mL) from Mundinia
spp. Wildtype (WT, white bars), TLR2 (-/-) (dark bars) and TLR4 (-/-) (grey bars) knockouts. Legend: NC, negative control; LPS, lipopolysaccharide (TLR4 agonist,
100 ng/mL); S.a., Staphylococcus aureus (TLR2 agonist, 100 ng/mL); L. inf., L. infantum LPG; L. enr., L. enriettii; L. mac., L. macropodum; L. mar., L. martiniquensis; L,
ori, L. orientalis. Asterisks and different letters indicate statistical differences (P < 0.05). The same letters above bars do not indicate statistical differences (P > 0.05).
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levels compared to glucosylated LPGs. Similarly, GIPLs also had varia-
tions in NO induction although no clear polymorphisms were detected in
the sugar moieties. This led us to hypothesize that those variations
cannot be explained based only on sugar moieties, but also to differences
in the lipid cores or a combination of both.

Despite belonging to the same subgenus Mundinia, L. enriettii,
L. orientalis, L. martiniquensis, and L. macropodum display biochemical
and functional polymorphisms in their surface glycoconjugates. These
reinforce that structural diversity in Mundinia glycoconjugates contrib-
utes directly to species-specific immunomodulatory profiles, likely
influencing host-pathogen interactions, disease outcomes, and perhaps
vector competence.
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