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Abstract In order to investigate the involvement of sul-
fated groups in the Trypanosoma cruzi host—parasite rela-
tionship, we studied the interaction between the major
cysteine proteinase of 7. cruzi, cruzipain (Cz), a sulfate-
containing sialylated molecule and the sialic acid-binding
immunoglobulin like lectin-E (Siglec-E). To this aim,
ELISA, indirect immunofluorescence assays and flow
cytometry, using mouse Siglec-E-Fc fusion molecules
and glycoproteins of parasites, were performed. Competi-
tion assays verified that the lectins, Maackia amurensis 11
(Mal II) and Siglec-E-Fc, compete for the same binding
sites. Taking into account that Mal II binding remains unal-
tered by sulfation, we established this lectin as sialylation
degree control. Proteins of an enriched microsomal fraction
showed the highest binding to Siglec-E as compared with
those from the other parasite subcellular fractions. ELISA
assays and the affinity purification of Cz by a Siglec-E col-
umn confirmed the interaction between both molecules.
The significant decrease in binding of Siglec-E-Fc to Cz
and to its C-terminal domain (C-T) after desulfation of
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these molecules suggests that sulfates contribute to the
interaction between Siglec-E-Fc and these glycoproteins.
Competitive ELISA assays confirmed the involvement of
sulfated epitopes in the affinity between Siglec-E and Cz,
probably modified by natural protein environment. Interest-
ingly, data from flow cytometry of untreated and chlorate-
treated parasites suggested that sulfates are not primary
receptors, but enhance the binding of Siglec-E to trypomas-
tigotic forms. Altogether, our findings support the notion
that sulfate-containing sialylated glycoproteins interact
with Siglec-E, an ortholog protein of human Siglec-9, and
might modulate the immune response of the host, favoring
parasitemia and persistence of the parasite.

Keywords Trypanosoma cruzi - Siglecs - Cruzipain -
Sialic acid - Sulfates - Immunomodulation

Introduction

Chagas disease, caused by the protozoan parasite Trypa-
nosoma cruzi, represents an important health problem in
Latin America. The World Health Organization estimates
that 8—15 million people currently are 7. cruzi-infected in
18 endemic countries in Central and South America and
approximately 50 million people are at risk [1]. The disease
has also emerged as a public health problem elsewhere in
the world due to infected people migrating to other regions
[2,3].

Cruzipain (Cz), the major cysteine proteinase (CP) of
T. cruzi, bears in addition to a catalytic domain a carboxy-
terminal extension (C-T), which is retained in the mature
protein. The C-T domain is responsible for the immuno-
dominant antigenic character of the molecule in natural and
experimental infections [4-7]. Natural Cz is expressed as a
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complex mixture of isoforms by the different developmen-
tal stages of the parasite and presents microheterogeneities
[8]. In addition, this lysosomal enzyme is a glycoprotein
containing about 10 % carbohydrates [9] and three poten-
tial N-glycosylation sites, one of them in the C-T, carrying
high-mannose, hybrid monoantennary or complex bian-
tennary oligosaccharide chains [10, 11]. Moreover, it is a
relevant virulence factor [12—-14], which has been exten-
sively studied as protease, glycoprotein and antigen [15],
evaluated as candidate for vaccine development [16] and
considered a very promising target for chemotherapy of the
disease [17, 18]. In the last years, we have demonstrated
the presence of a complex N-glycosidic oligosaccharide
bearing sialic acid in Cz [19] and sulfated high-mannose-
type oligosaccharides on the unique N-glycosylation site of
the C-T domain [11]. Furthermore, we reported that these
sulfate moieties are targets for specific immune responses
[20] and that subjects chronically infected with 7. cruzi
mount specific humoral immune responses to this sulfated
glycoprotein. Interestingly, our results showed that IgG2
antibody responses to sulfate groups on Cz and sulfatides
inversely correlate with human severe chronic Chagas dis-
ease [20, 21].

Siglecs are a family of sialic acid-binding lectins, mainly
expressed on cells of the immune system, which have in
their cytosolic region a immunoreceptor tyrosine-based
inhibitory motif (ITIM) supposed to be involved in the
down-regulation of responses of phagocytic and antigen-
presenting cells [22, 23]. The murine Siglec-E, an ortholog
of human Siglec-9, binds to a-2,3- and a-2,6-linked sialic
acids. In a non-activated state, Siglecs bind their ligands via
cis-interactions on the same cell surface, because Siglecs
are themselves sialylated lectins. If there is a ligand with a
higher affinity, this binding is replaced by a trans-interac-
tion [24, 25].

Another major virulence factor described in 7. cruzi
infection is the trans-sialidase (TS). It is known to be
involved in infectivity and pathogenicity. This enzyme
can transfer sialic acids from host cell glycoconjugates to
mucin-like structures on the parasite surface. During infec-
tion, an immunodominant CD8+ T cell response against
TS is generated. Previous results have shown that the trans-
sialylation capacity is involved in the inhibition of the acti-
vation of antigen-presenting cells via Siglec-E interaction.
This leads to a down-regulation of the Th1 response against
the infection, favoring persistence of the parasite [26].
Interestingly, Jacobs and coworkers have demonstrated
that sialylated structures from 7. cruzi pathogenic Tulahuen
(Tul) and to a less extent the less pathogenic Tehuantepec
(Teh) strain interact with mouse Siglec-E [23]. The inter-
action between T. cruzi and Siglec-E resulted in a reduc-
tion of cytokine production as well as an unpaired T cell
activation [23]. Therefore, taking into account that we have
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previously demonstrated the presence of sialic acid [19]
and sulfated oligosaccharides [11] in Cz, that these sulfated
structures play an important role in the immune response of
the host [20], and that human Siglec-8 and Siglec-9 showed
significant interactions with several sulfated sugars [27],
and we evaluated the interaction between this sulfate-con-
taining sialylated parasite molecule and mouse Siglec-E-Fc
fusion molecules with the aim to investigate the involve-
ment of sulfate moieties of Cz on the immunomodulatory
effects of T. cruzi. The studies performed reflected the
participation of the sulfated moieties of Cz in the Siglec-
E—Fc interaction. In addition, a significant decrease in the
binding of Siglec-E-Fc to parasites treated with increas-
ing amounts of chlorate, a known inhibitor of the sulfation
mechanism, was shown. The data presented in this work
set the first report of sulfates as parasite ligands enhanc-
ing Siglec-E recognition. Herein, we also present data of
Siglec-E binding to different virulent strains of the parasite
and isolates from patients.

Methods
Parasites and strains

Epimastigotes were grown in axenic medium and harvested
as described by Cazzulo et al. [28]. Hg39 cell monolay-
ers grown in DMEM medium containing 10 % FCS were
infected with trypomastigotes of 7. cruzi strains Teh, Tul 2,
Brazil and Y. Trypomastigotes were obtained free of cellu-
lar debris by leaving them to swim off the centrifuged pel-
let for 1 h at 37 °C [29]. Epimastigote lysates of the dif-
ferent 7. cruzi strains (Tul 2, RA, Sylvio X10/7, DM28c
and CA1-72) and parasite isolates [Fatala Chaben, Vazquez
(San Luis), Motter (Formosa) and Venezuela], obtained in
the facilities of INP, Dr M Fatala Chaben, ANLIS-Malbran,
Ministerio de Salud, Argentina, were tested for Siglec-E
binding via ELISA.

Purification of IgGs

Precipitation of antibodies from rabbit sera was done with
ammonium sulfate, and IgG was purified by passing over a
Protein A—Sepharose column and eluting the adsorbed IgG
with 0.1 M citrate buffer at pH 3.5 according to Ey et al.
[30].

Purification of Cz and C-T domain

Cz was purified to homogeneity from epimastigotes of Tul
2 strain by affinity chromatography on concanavalin A—
Sepharose followed by Mono Q chromatography step [20].
The C-T domain was obtained by self-proteolysis of highly
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purified Cz active preparations and purified by gel filtration
in a Biogel P-30 column as previously described [19].

Production of rabbit sera specific for Cz and C-T
and its desulfated counterparts (dCz and dC-T)

Rabbits (New Zealand white lineage) were immunized with
Cz and C-T prior to and after desulfation, extracted from
polyacrylamide gels (three doses of 50 ug protein intrader-
mal via, in each case), as described [31]. Experimental pro-
cedures were conducted in the INP, “Dr Mario Fatala Cha-
ben,” Ministerio de Salud, Argentina, in accordance with
the ethical legislations and regulatory entities, established
in Argentina and International Guides for care and use of
laboratory animals.

Desulfation treatment

Samples were chemically desulfated as
described [32].

previously

Membrane extraction

Trypomastigotes (10%-10'%) were suspended in 10 mM Tris
and 2 mM EDTA (TE) and washed twice in TE (spin at
40,000 x g for 8 min each time). After the addition of cells
dropwise in 1 ml TE to 2 % Triton X-100 in PBS while
stirring (final concentration 1 % Triton X-100), solubiliza-
tion was performed during 30 min at 4 °C followed by an
overnight incubation at the same temperature. After cen-
trifugation at 100,000x g for 10 min, solubilized membrane
proteins were recovered in the supernatants.

Subcellular fractionation

Epimastigotes of the Tul 2 stock were ground in a mortar
with silicon carbide, and the nuclear (N), large granule
(LG), small granule (SG), microsomal (M) and soluble (S)
fractions were obtained by differential centrifugation as
previously described [33].

Construction and preparation of Siglec-E-Fc chimera

Siglec-E-Fc chimera was obtained according to Erdman
et al. [23]. A subclone stably expressing Siglec-E—Fc was
routinely maintained in CEL Line bioreactors (IntegraBio-
sciences) with RPMI L-glutamine. Fusion containing 10 %
IgG-depleted FCS and 2 mM protein secreted into medium
was purified by HiTrap protein G columns (GE Healthcare)
using standard protocols. Generation of anti-Siglec-E IgG
was performed in accordance with previous study described
by Erdmann et al. [23].

Expression of full-length Siglec-E in CHO cells

A full-length DNA fragment of Siglec-E was amplified
from cDNA using specific primers. The fragment was
cloned into the expression vector pcDNA3.1(+) (Invitro-
gen) and transfected into CHO cells by electroporation.
Cells were subcloned and tested by flow cytometry for
Siglec-E expression as previously described [23].

Purification of Cz by affinity to Siglec-E-Fc

Coupling of Siglec-E-Fc (100-200 pg) to activated BrCN
Sepharose-4B (300 mg/ml) was performed using standard
protocols for preparation of affinity columns. Supernatants
from spontaneously generated metacyclic trypomastigotes
[34] were dialyzed against 50 mM Tris—CIH pH 7.6 and
applied onto the Siglec-E—Sepharose column (1 ml) three
times, washed and consecutively eluted with 0.5 M and
3 M NaCl. Purification steps were tested by SDS-PAGE
followed by silver staining and Western blot with rabbit
polyclonal sera specific for Cz.

SDS-PAGE with or without gelatin

Purification was followed by 10 % SDS-PAGE using the
discontinuous buffer system described by Laemmli [35],
and minigels were stained with silver nitrate [36]. Detec-
tion of proteinase activity in lysates from 7. cruzi epimas-
tigotes was performed in 10 % resolving SDS-acrylamide
gels containing 0.15 % copolymerized gelatin as previ-
ously described by Duschak et al. [37]. Protein content was
measured by Lowry’s method [38]. Protein content was
measured by Bradford’s method [39].

Western blotting

Samples submitted to SDS-PAGE were electrotransferred
to nitrocellulose membranes for 2 h at 200 mA. After blot-
ting, nitrocellulose sheets were coated with Tris-buffered
saline solution containing 3 % nonfat power milk (TBS-M).
The transferred proteins were incubated with polyclonal
rabbit sera specific for Cz (1/1000 dilution in TBS-M),
incubated with peroxidase mice anti-rabbit IgG (1/2000
in TBS-M) and developed with a 4-chloro-1-naphthol in
methanol/PBS solution [40].

Flow cytometry staining
For interaction analysis between IgGs and T. cruzi strain
Tul 2, rabbit IgGs specific for Cz, dCz, C-T and dC-T were

purified and pre-immune rabbit IgGs were used as control.
For staining protocol, the trypomastigotes were washed
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with 0.1 % FCS in PBS (FACS buffer) and incubated sep-
arately with 10 pg of each specific IgG for 60 min. After
another washing step with FACS buffer, trypomastigotes
were incubated with a FITC-labeled mouse anti-rabbit anti-
body (1/100) for 40 min. Then, the samples were washed
twice with FACS buffer and fixed with 2 % PFA. Samples
were loaded at C6 flow cytometer. Strains: Tul 2, Teh, Y
and Brazil.

Flow cytometry staining for lectin interactions analy-
sis included an initial pre-incubation step of each lectin
with the corresponding secondary antibody. For pre-incu-
bation, each sample contained 1 pg of biotinylated Mal
IT + streptavidin APC in PBS (1/40) and 2 pg of Siglec-
E-Human Fc + donkey antihuman phycoerythrin in PBS
(1/40). After pre-incubation for 30-60 min, 10 pl of the
mentioned solution was added to each sample of cleaned
trypomastigotes (in ~90 ul of FACS buffer) and kept for
at least 1 h 30 min. After the incubation, the samples were
washed twice with FACS buffer and fixed with 2 % PFA.

ELISA and ELISA competitive assays

ELISA was used to determine the binding capacity of
either Siglec-E-Fc or Mal Il to T. cruzi strains and to evalu-
ate the ability of different 7. cruzi biomolecules to interact
with Siglec-E-Fc. The molecules were fixed to high-bind-
ing plates and then stained first with Siglec-E-Fc and sec-
ond with a peroxidase conjugated antihuman Fc antibody.
Biotinylated Mal II (Maackia amurensis lectin II, specific
for a-2-3-linked sialic acid) was used as control to detect
the presence of sialic acid in the diverse molecules. In all
cases, bovine serum albumin (BSA) was used as negative
control. Both Siglec-E-Fc and Mal II secondary antibodies
were used as negative controls.

Competitive assays between Siglecs and Cz were per-
formed using a constant amount of dCz (1 pg) as antigen
and growing amounts of competitor Cz (0, 0.1, 0.5 and
1 pg). Cz activity was inhibited with E-64 100 uM for
30 min at 0 °C for these assays in reducing conditions
(DTT 0.1 M). Another competitive assay was performed
using 1 pg microsomal fraction as antigen and confronted
with increasing amounts (0 y 1 and 2 pg) either Cz or des-
ulfated Cz. In both cases, recognition by Siglec-E-Fc was
performed as above described.

IFI

T. cruzi trypomastigote forms from Tul 2 strain were
incubated with Siglec-E-Fc followed by incubation with
a FITC-labeled antihuman IgG antibody. Slides were
mounted in buffered glycerin and visualized by fluores-
cence microscopy with a magnification of 400x.
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Chlorate treatment

Trypomastigotes from Brazil strain of 7. cruzi were used
to infect Hg39 cells (human glioblastoma cell line 39) at
different concentrations of sodium chlorate (0, 10, 20 and
40 mM). The cell culture medium contains 75 % Dulbec-
co’s Modification of Eagle’s Medium (MP Biomedicals,
LLC), 25 % of IMDM medium (Gibco) and 2.5 % FCS
for the first 72 h. The last 24 (day four) hours when the
resulting parasites were harvested the cell culture medium
was 100 % Dulbecco’s Modification of Eagle’s Medium
supplemented with 1 % FCS. Every 24 h the medium
was renewed and fresh sodium chlorate was added [41].
The harvested parasites were stained with either Mal II or
Siglec-E-Fc according to the procedures above described.

Statistical analysis

Results are presented as the mean standard deviation. Each
experiment was performed independently three to four
times. Statistical analysis was generally performed with
the one-way or two-way ANOVA test using PRISM soft-
ware (GraphPad Software, San Diego, CA, USA). For Mal
IT recognition ELISA, one-way ANOVA was used. For
Siglec-E recognition, two-way ANOVA test was used. The
level of significance was set at *P 0.05 and **P 0.01. ***P
0.0001.

Results

Cz gelatinolytic activity and differential binding

of mouse Siglec-E lectin to epimastigotes from virulent
Trypanosoma cruzi strains and to trypomastigotic
Tulahuen 2

Epimastigote lysates of five virulent 7. cruzi strains were
tested for gelatinolytic activity in SDS-PAGE (Fig. 1A)
and for Siglec-E-Fc-binding capacity by ELISA (Fig. 1B)
showing differences. The gelatinolytic activity of Tul 2 and
DM28c (Fig. 1A, a and b, respectively) is similar to and
higher than that from CAI-72 (Fig. 1A, d), respectively.
The lowest activity was observed in strains RA and Sylvio
X10/7 (Fig. 1A, b and e, respectively). In addition, Sylvio
X10/7 activity bands showed lower mobility and RA faster
mobility than the other virulent strains tested (Fig. 1A, e
vs b). Accordingly, binding affinity to Siglec-E-Fc of the
parasite strains tested showed to be higher for Tul 2 and
DM28c than for CAI-72, RA and Sylvio X10/7 strains.
Parasite strains showed a different type of affinity to Siglec-
E-Fc, which could be divided into high to intermediate
binders (DM28c, Tul 2, CAI/72) and low binders (RA and



Med Microbiol Immunol

A B C
OR 0.6 Siglec-E binding Siglec-E binding in patients isolates
7. |
0.4 -
£ 0.4
£ E | T
50. 2 A -
2 -
S 02 8"
35. ——

Fig. 1 Differences in Cz activity and binding of mouse Siglec-E-Fc
lectin to epimastigotes of different 7. cruzi strains, to patient isolates
and to trypomastigotes from Tulahuen 2 strain. A Cz activity in 10 %
SDS-PAGE using 0.15 % gelatin as substrate for lysates (1 x 10°
epimastigotes) from a Tulahuen II, b RA, ¢ DM28c, d CAI/72 and
e Sylvio X10/7. Gels were incubated for 2 h at 37 °C in buffer MES
0.1 M pH 6 in the presence of DTT 0.5 mM followed by staining
with Coomassie Brilliant Blue 0.2 %. B ELISA results showing dif-
ferential Siglec-E-Fc binding to five 7. cruzi strain lysates (Tula-
huen II, RA, DM28c, CAI/72 and Sylvio X10/7). The background

Sylvio) among the strains tested. In addition, binding affin-
ity to Siglec-E-Fc was tested on patient parasite isolates,
showing differential binding too (Fig. 1C). On the other
hand, Siglec-E-Fc binding to trypomastigotic Tulahuen 2
strain was visualized by immunofluorescence imaging with
a FITC-labeled antihuman IgG antibody. IFI assays con-
firmed the binding of Siglec-E-Fc to trypomastigote sur-
face proteins (Fig. 1D).

Microsomal fraction contains Siglec-E-binding proteins

In order to get an insight into the localization of the proteins
that bind to Siglec-E, we performed subcellular fractiona-
tion experiments by differential centrifugation of epimas-
tigote homogenates obtained after disruption by grinding
with silicon carbide. The marker enzyme patterns were as
previously described [42], indicating that the large granule
(LG) and small granule (SG) fractions consisted of mito-
chondrial vesicles, lysosomes and glycosomes to a differ-
ent extent, and the microsomal (M) fraction was essentially

represents the Siglec binding to the blocking buffer. Each bar shows
mean £ SD. C ELISA results showing differential Siglec-E-Fc
binding to lysates of four patient isolates obtained and named in the
facilities of INP, Dr M Fatala Chabén, ANLIS-Malbran, Ministerio
de Salud, Argentina as: [—Fatala Chaben, II—Vazquez (San luis),
III—Motter (Formosa) and IV—Venezuela. D Siglec-E-Fc binding to
trypomastigotes of 7. cruzi Tul 2 strain was visualized by immuno-
fluorescence imaging with an FITC-labeled antihuman IgG antibody
(b) in comparison with the negative control (a)

made up of endoplasmic reticulum and plasma membrane
fragments. Also, nuclear (N) and soluble (S) fractions were
tested. Interestingly, the enriched membrane-containing
microsomal fraction clearly showed the highest amount
of sialic acid (Fig. 2A). As expected, microsomal fraction
showed the highest Siglec-E-Fc binding among the frac-
tions tested (Fig. 2B). For the other fractions, the binding
of both lectins was barely detectable.

Different binding capacity of Siglec-E

to membrane-bound proteins obtained

from trypomastigotes of two strains with different
degree of virulence

Binding of membrane proteins from trypomastigotes
obtained by extraction with Triton X-100 1 % from the
pathogenic strain Tul 2 to Mal II and Siglec-E-Fc was
compared with the less virulent strain Teh (Fig. 2C). These
results are in accordance with previous data obtained by
flow cytometry using the same parasite strains [23].

@ Springer
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Fig. 2 Increased binding of Siglec-E to proteins of the microsomal
fraction. A Siglec-E-Fc binding to growing amounts (0.5, 1 and 2 pg
of total protein) of the different subcellular fractions of 7. cruzi epi-
mastigote homogenates was tested. Fractions were obtained after
parasite rupture with silicon carbide followed by differential cen-
trifugation. The value of the BSA (negative control) was properly
subtracted from the sample. B Equal amounts (1 pg) of the differ-
ent subcellular fractions were tested via ELISA for sialic acid content
with a-2,3-specific lectin, Mal II (Maackia amurensis lectin II). The
proteins of the microsomal fraction of parasite lysates show a high

Presence of sulfates of Cz/C-T indicated by flow
cytometry on the surface of trypomastigotes
from different 7. cruzi strains

In order to further elucidate the role of sulfated epitopes
in the interaction between membrane-bound Cz from
trypomastigotes of 7. cruzi and Siglec-E, fluorescence-
activated cell sorting (FACS) was used to determine the
binding capacity of anti-Cz IgGs purified from polyclonal
rabbit sera to T. cruzi trypomastigotes in comparison with
those purified from polyclonal sera specific for the desul-
fated forms of Cz (Fig. 3). In order to verify whether these
results are common to different strains, flow cytometry
analysis was performed with trypomastigotes from 7. cruzi
strains Tul 2, Brazil, Y and Teh. IgG antibodies specific
for Cz prior to (31 A, C, E and G) and after (31 B, D, F,
and H) desulfation treatment showed that in all cases, only
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binding to Siglec-E. This correlates with the Mal II recognition and
the sialic acid amount. Fractions: nuclear (N), microsomal (M), small
granules (SG), large granules (LG) and soluble (S). Statistical analy-
sis was performed by using one- and two-way ANOVA test in A and
B, respectively, ***p < 00001. C Membrane proteins were extracted
from the strains Tul and Teh with Triton X-100 from 1 x 10° para-
sites, and comparable amounts were confronted with Siglec-E and
Mal II lectin for sulfates and for sialic acid recognition, respectively,
by ELISA. In all cases, ELISA was performed using sample dupli-
cates

a part of the parasites population expresses Cz and that a
higher population of parasites was recognized by antibod-
ies specific for Cz as compared to the recognition observed
by antibodies specific for the desulfated protein. This result
demonstrates that sulfated moieties of Cz are exposed as
epitopes over the parasite surface (Fig. 3II). Similar results
were obtained with the 7. cruzi strains Teh and Y with IgGs
specific for C-T prior to (Fig. 41, A, C; II) and after (Fig. 41,
B, D, II) desulfation treatment, in line with the presence of
sulfates in the C-T domain.

Siglec-E and Mal II competition by the same ligand
on Trypanosoma cruzi

It is noteworthy that we do not suggest that sulfates are
primary receptors for Siglec-E. Knowing that similar to
Siglec-E, Mal II also binds «-2,3-linked sialic acid, we
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Fig. 3 Recognition of sulfated antigens confronting Trypanosoma
cruzi trypomastigotes from different strains. I Tul 2, Brazil, Y and
Teh, and strains tested with IgGs specific for Cz (A, C, E, G) and

used flow cytometry to perform competition assays to test
whether the sialic acid-binding lectin Mal II and Siglec-
E-Fc compete for similar binding sites. For that purpose,
trypomastigotes were fixed and stained with either Siglec-
E-Fc alone, Mal II alone, or Siglec-E-Fc followed by
Mal II. In Fig. 5A, the staining intensity of parasites with
Siglec-E-Fc is depicted, showing that staining intensity

dCz (B, D, F, H), respectively, by fluorescence-activated cell sorting
(FACS). II Graph bar indicating recognition (%) of trypomastigotes
from Tul 2, Brazil, Y and Teh strains

of Siglec-E-Fc decreased upon addition of Mal II in com-
parison with the intensity obtained when the staining was
performed with Siglec-E alone. Figure 5B shows that Mal
II binding is not prevented by pre-incubation with Siglec-
E-Fc because the same Mal II-binding intensity is obtained
in the absence of competition. These experiments indicate
that Mal II and Siglec-E-Fc compete for the same ligands
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Fig. 5 Siglec-E-Fc and Mal II competition assay to evidence dif-
ferent binding affinities to shared parasite ligands on Trypanosoma
cruzi. Fixed parasites were stained either with Siglec-E-Fc, or with
Mal II, or with Siglec-E-Fc followed by Mal II. Staining of these

on the parasite, although Mal II exhibited a higher affin-
ity than Siglec-E-Fc. The residual Siglec-E-Fc binding in
Fig. 5A after competition may be attributed to the fact that
Siglec-E also binds a-2,6-linked sialic acids while Mal II
does not.
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sialic acid-binding reagents was detected using the appropriate detec-
tion reagents for bound Siglec-E-Fc (A) or bound Mal II (B) and was
analyzed by flow cytometry. Similar results were obtained in two
independent experiments

Interaction between membrane-bound isoforms of Cz
and Siglec-E-Fc¢

In order to confirm whether secreted Cz from T. cruzi try-
pomastigotes is capable to bind to Siglec-E, supernatants
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Fig. 6 Purification of membrane-bound isoforms of Cz by affinity
chromatography using Siglec-E-Fc. A SDS-PAGE followed by sil-
ver staining. Supernatant obtained from spontaneous differentiation
CL Brener metacyclic trypomastigotes (/), Siglec-E-Fc column flow
through (2), Siglec-E-Sepharose column eluate (3), Cz (4), 5 (BSA).

from CL metacyclic trypomastigotes, containing secreted
Cz isoforms [33], were subjected to Siglec-E-Fc affinity
chromatography. Different isoforms of Cz bind specifically
to the column as verified by SDS-PAGE followed by silver
staining and immunoblotting with rabbit polyclonal sera
specific for Cz of eluted material (Fig. 6A, B). This con-
firms that membrane-bound isoforms of Cz are capable to
bind to Siglec-E-Fc.

Involvement of sulfate groups from N-glycans present
in the C-T domain of Cz in Siglec-E binding

In order to investigate whether sulfated moieties of 7. cruzi
glycoproteins participate in Siglec-E binding, Cz and C-T
prior to and after desulfation treatment were subjected to
binding ELISA assays using mouse Siglec-E-Fc fusion
molecules. Sialic acid recognition was tested using the Mal
II lectin as a control. Mal II recognition of dCz was sig-
nificantly higher compared to non-treated Cz. Taking into
account that desulfation of Cz could not increase the sialic
acid content, we suggest that the desulfation process might
produce protein denaturalization with the consequent of a
higher exposure of sialic acid-containing oligosaccharide
chains. To test this possibility, we performed a denaturing
treatment of Cz, demonstrating that interaction with Mal
II is increased after the partial denaturation of the mole-
cule (Fig. 7A). However, taking into account that dCz and
dC-T showed a higher binding to Mal II than the sulfated
forms despite the treatment (Fig. 7B), dCz and dC-T were
considered as 100 % of sialic acid exposition and used
to calculate the relative binding from Siglec-E-Fc to Cz
prior to and after desulfation treatment (Fig. 7C). While a
significant difference in Siglec-E-Fc binding between Cz
and dCz was observed at all the protein concentrations

B Western blot revealed with rabbit anti-Cz serum. Supernatant
obtained from spontaneous differentiation CL Brener metacyclic try-
pomastigotes (1), Siglec-E-column flow through (2), Siglec-E-Sepha-
rose column eluate (3), Cz (4)

tested, the significant decrease in recognition of Siglec-
E-Fc for C-T and dC-T was observed when the ELISA
was performed using 1 pg of each protein. These results
indicate a significant contribution of the sulfated moieties
to the binding between Siglec-E-Fc and this glycoprotein
(Fig. 7C).

Involvement of sulfates on host—parasite relationship
by the interaction of Cz and Siglec-E-Fc

In order to confirm the involvement of sulfate groups
in the interaction of Cz and Siglec-E-Fc, a competitive
binding assay between Cz prior to and after desulfation
treatment and Siglec-E-Fc was performed using dCz as
antigen and increasing amounts of Cz in conjunction with
a constant amount of Siglec-E-Fc. A complete inhibition
of the interaction dCz-Siglec-E confirmed the involve-
ment of sulfated epitopes in the interaction between this
sulfated glycoprotein and the mentioned IgG like-lectin
(Fig. 8A).

In addition, it was tested whether the protein environ-
ment contributes to the Siglec-E binding to the sulfated
glycoprotein. A competitive assay was performed by fix-
ing proteins from the Cz-containing parasite microsomal
fraction to the plate, while purified Cz and dCz were used
as competitors. The addition of Cz to the plate contain-
ing proteins from the microsomal fraction did not alter the
absorbance values obtained. However, binding to Siglec-
E-Fc increased significantly when dCz was used as ligand,
suggesting that Siglec-E binding to sialic acid-containing
proteins from microsomal fraction was favored when dCz
was used as competitor, indicating that the protein envi-
ronment might modify Siglec-E affinity to natural ligands
(Fig. 8B).
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Fig. 7 Involvement of sulfate groups from N-glycans present in the
C-T domain of Cz in Siglec-E binding. Recognition of Mal II lectin
of A native Cz, denatured Cz and desulfated Cz (dCz); B Cz and C-T
domain with (dCz, dC-T) and without (Cz, C-T) desulfation treat-
ment. The results are the average of three ELISAs by triplicates. The
values obtained were used to establish the relation between Mal 11
recognition (exposed sialic acid) and Siglec-E binding. Denaturiz-
ing protocol: 100 ul of Cz (0.1 pg/ul) + 2 pl of 2-mercaptoethanol
during 100 °C for 5 min. Statistical analysis was performed by using
one-way ANOVA test *p < 0.05; **p < 0.01; ***p < 0.000; C ratio
between Mal II recognition and Siglec-E-Fc-binding values of differ-
ent amounts (0.1, 0.5 and 1 pg) of Cz and C-T with (dCz, dC-T) and
without (Cz, C-T) desulfation treatment. Mal II-binding values from
dCz in B were considered as 100 % of sialic acid exposition and used
to obtain the relative value of Siglec-E binding for sulfated and des-
ulfated molecules in accordance with their sialic acid exposure in B
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Fig. 8 Involvement of sulfates in the interaction between membrane-
bound isoforms of Cz and Siglec-E-Fc. A Competitive inhibition of
ELISA assay between Cz and dCz for binding to Siglec-E using 1 pg
dCz as antigen bound on the plate. Incubation with Siglec-E-Fc in
conjunction with increasing amounts of Cz (0, 0.1, 0.5, and 1 pg) was
performed. The plate was developed with an antihuman Fc HRP anti-
body. B Competitive ELISA assay was performed using 1 pg micro-
somal fraction as antigen and confronted with increasing amounts (0
y 1 and 2 pg) of either Cz or desulfated Cz. In both cases, recognition
by Siglec-E-Fc was performed as described in materials and methods

Binding of Mal II and Siglec-E to trypomastigotes
treated with chlorate

Alternatively, in order to confirm whether the parasite sul-
fation rate can affect the Siglec-E-Fc recognition of the
parasite surface, we used sodium chlorate, which is known
to inhibit sulfation process. Chlorate specifically inhibits
ATP sulfurylase, a key enzyme in the PAPS (3’-phospho-
adenosine 5’-phosphosulfate) sulfation pathway [43, 44].
We have previously shown that the PAPS sulfation path-
way is present in 7. cruzi using sodium chlorate as a sulfa-
tion inhibitor [41]. Trypomastigotes from Brazil strain of
T. cruzi were grown at increasing concentrations of sodium
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chlorate (0, 10, 20 and 40 mM) in Hg39 cells. After the
treatment, the binding of Siglec-E-Fc was measured in
order to evaluate the participation of the sulfates from the
parasite surface ligands in this interaction. It is worth not-
ing that not only Cz but also sulfatides or any sulfated mol-
ecule is able to be affected by chlorate treatment. However,
purified sulfatides do not bind to Siglec-E (data not shown),
but a possible binding to another unknown sulfated mole-
cule that might cause an alteration in the Siglec-E recogni-
tion cannot be discarded. Mal II staining of these treated
parasites was used as a sialylation rate control. While the
recognition of sialic acid, main ligand of Siglecs over the
parasites surface remains constant during the treatment
(Fig. 9E-H, II), and the interaction of Siglec-E with the
parasite decreases as the chlorate concentration increases
(Fig. 9A-D, I). Thus, chlorate treatment results confirm the
participation of sulfates in the Siglec-E recognition of its
cognate ligands. Same results were obtained with Tulahuen
strain of 7. cruzi (data not shown).

Discussion

Sulfation is a critical modification in biological recogni-
tion. Sulfated oligosaccharides play diverse relevant roles
in binding to receptors and mediating adhesion to the cell
surface [45-47]. In T. cruzi, sulfated structures have been
described as part of glycolipids representing common anti-
gens on the surface of the parasite and mammalian cells
[48-50]. The presence of sulfate groups in N-linked oli-
gosaccharides has been reported in virus [51] and in mam-
malian cells [52], mainly implicated in specific molecular
recognition processes [53, 54]. In T. cruzi, first evidences
pointed out to the presence of an acidic component as part
of Cz: The presence of up to 12 bands with pI values rang-
ing from 3.7 to 5.1 was detected by isoelectrofocusing [55].
The pl values determined for purified C-T ranged from 4.5
to 5.0 [8], in contrast to the pl values calculated from the
amino acid sequences of the C-T in different Cz isoforms
ranging from 7.05 to 8.12 [56]. Phosphate in the mature
enzyme, which could account for this discrepancy, had
been discarded by in vivo labeling of the parasites with **P
[57]. Noticeable, we have shown for the first time the pres-
ence and the antigenic properties of sulfated high-mannose-
type oligosaccharides present in the C-T domain of Cz [11,
20]. Our results in conjunction with those reported in Dyc-
tiostelium discoydeum are, as far as we know, the only ones
describing the antigenic properties of this type of structures
[20, 58]. On the other hand, sera from chronically 7. cruzi-
infected subjects with mild disease displayed higher levels
of IgG2 antibodies specific for sulfated epitopes compared
with those in more severe forms of the disease, suggesting
a potential role for sulfate moieties in the control of chronic

T. cruzi infection [20, 31]. Recently, we found that syn-
thetic anionic sugar conjugates containing GIcNAc6S com-
petitively inhibit the binding of affinity-purified rabbit anti-
C-T IgG to the C-terminal extension of Cz. Interestingly,
extending these findings to the context of natural infection,
immune assays performed with Chagas disease serum con-
firmed that the structure of synthetic GIcNAc6S mimics
the N-glycan-linked sulfated epitope displayed in the C-T
domain of Cz [59]. However, no studies about the possible
participation of these groups enhancing host—parasite inter-
action via Siglec-E binding have been studied so far.

Although binding of Siglecs critically depends on sialic
acid, strong differences in binding to various sialylated
ligands were found using glycoarrays. Therefore, in order
to investigate whether sulfated moieties might be involved
in the immunomodulatory effects of T. cruzi, several tech-
niques using mouse Siglec-E-Fc fusion molecules and par-
asite Cz and C-T prior and after desulfation treatment were
performed, showing a significant binding decrease after
desulfation treatment of these molecules. Our findings, in
accordance with glycoarray data from the glycoconsor-
tium (http://www.functionalglycomics.org/glycomics/pub-
licdata/selectedScreens.jsp), indicate that the presence of
sulfates in sialylated glycoproteins might enhance the inter-
action with Siglec-E, an ortholog of human Siglec-9, and
thereby modulate the immune response of the host, favor-
ing the persistence of the parasite in the organism.

Taking into account that epimastigotes and trypomastig-
otes of three attenuated 7. cruzi sublines displayed a weaker
gelatinolytic activity of Cz than their virulent ancestor
strains [37], Cz activity might be considered as a possible
pathogenicity marker. Herein, we analyzed Cz activity of
five virulent strains. This activity showed to be higher for
Tul 2 and DM28c than for CAI-72, which had a intermedi-
ate activity, while RA and Sylvio X10/7 strains showed the
lowest activity among them. These differences can account
for the expression of different number of genes among the
virulent strains tested under the knowledge that the major
protease of the parasite is encoded by multiple polymor-
phic tandemly organized genes [60]. Surprisingly, the same
binding order, from high to low binding, to Siglec-E-Fc
was obtained by these same strains, suggesting a possible
association between virulence degree and Siglec-E binding
[23]. IFI assays confirmed the binding of Siglec-E to try-
pomastigote surface proteins.

Proteins of the microsomal fraction of 7. cruzi lysates
showed the highest binding to Siglec-E in comparison with
nuclear, large granules, small granules and soluble parasite
fractions. The membrane-bound proteins are clearly the
most sialylated ones in the parasite. This is thought to be a
strategy for host immune response evasion, and our results
agree with it. We assume that the signal obtained within the
soluble fraction may be due to some contamination with
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Fig.9 Decreased binding from Siglec-E to parasites treated with
growing amounts of chlorate confirms the participation of sulfates in
this interaction. Dot plots from the flow cytometry binding analysis
of chlorate-treated Brazil strains parasites, from 7. cruzi, to Siglec-
E and Mal II lectins. Binding of untreated control parasites (without
sodium chlorate) (A, E), parasites treated with 10 mM (B, F), 20 mM

another fraction, because there was no positive signal when
this enriched, but not highly purified subcellular fraction
was tested with Mal II lectin. The recovery of Cz isoforms
from supernatants of metacyclic forms with a Siglec-E—
Sepharose affinity chromatography, in line with the results
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Parasites chlorate treatment

(C, G) and 40 mM (D, H) of sodium chlorate Siglec-E-Fc and Mal
11, respectively. The positive events of the mentioned dot plots were
represented in a bar graph (I, II), respectively. Statistical analysis was
performed by using one-way ANOVA test followed by Dunnett post
test *p < 0.05 in Graphpad Prism

of the ELISA competitive assays, confirms that Cz interacts
with Siglec-E-Fc.

The results obtained by flow cytometry with Tul 2
trypomastigotes stained with Mal II lectin and Siglec-
E-Fc simultaneously corroborated the finding that both
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Siglec-E-Fc and Mal II lectin bind to «-2,3-linked sialic
acids, indicating that Mal II and Siglec-E-Fc compete for
the same ligands on the parasite. However, Mal II reduces
the binding of Siglec-E-Fc, exhibiting a higher affinity
than Siglec-E—Fc for its ligands.

Sulfated antigens were differentially recognized with
purified IgGs from polyclonal rabbit sera specific for Cz/
dCz and C-T/dC-T. It can be suggested that the differences
between Cz recognition in the different strains may be due
to differences between Cz isoforms among different strains,
taking into account (1) that IgGs were obtained from sera
of rabbits immunized with Cz purified from epimastigotes
of Tul 2 strain, (2) that the antibodies are directed toward
the lysosomal form, (3) that the different strains contain dif-
ferent number of Cz genes and (4) that these isoforms can
also contain differences in sulfated epitopes. The signifi-
cant decrease in binding assays of dCz and dC-T to Siglec-
E showed that sulfates play an important role in Siglec-E
interaction with its ligand, suggesting that sulfates enhance
this interaction. The percentage of recognition of Cz and
dCz with specific antibodies showed to be similar between
Tul 2 and Teh, indicating a similar contribution of sulfates
in the binding of Cz to Siglec-E in both strains. This result
suggests that sulfate ligands should not be involved in the
difference of virulence between both strains. Thus, this dif-
ference must be due to sialic acid [23]. While the Y strain
showed a lower percentage of recognition of sulfates than
Tul 2 and Teh, Brazil strain presented the lowest recogni-
tion values, half of which correspond to sulfates. Herein,
flow cytometry analysis revealed a specific and significant
immune recognition against sulfated moieties as antigens
on the trypomastigote surface.

On the other hand, inhibition of sulfation mechanism
using chlorate strongly supports that sulfates on Siglec-E
ligands like Cz enhance the interaction. Taking into account
that the level of interaction determines the effect of Siglec
binding and Siglecs are known to participate in the modu-
lation of the immune response, we can infer that sulfates
might indirectly have a role as immunomodulators over
T. cruzi trypomastigotes through Siglec signaling. Further
studies must be performed to elucidate whether the differ-
ential expression of sulfated glycoproteins in the different
developmental stages might be a requirement for parasite
immunomodulation along the life cycle of the parasite. The
promissory results obtained based on Siglec-E-Cz bind-
ing, as well as the involvement of sulfated structures in
this host—parasite interaction will allow to study the immu-
nomodulatory effect of 7. cruzi on phagocytic and antigen-
presenting cells. The role of these epitopes in the innate
immune response and in the dissemination of the parasite
may help to better understand the biology of T. cruzi and
the mechanism of parasite infection.

Conclusions

Siglec-E and its ortholog human protein, Siglec-9, are well
known as immune system modulators. Mainly, in innate
immune cells, the frans-interaction of these lectins with
their ligands down-regulates cell activation and/or prolif-
eration [22, 23, 61]. Some evidences support that sulfates
enhance the binding of Siglec-9 probably promoting the
trans-interaction and signaling activation [27, 62]. It is also
described that Siglec-E also binds to sulfated saccharides
[22, 26] and that sulfation might be responsible for the
interaction of innate immune cells which express Siglec-
E, with specific T cells upon their activation, leading to
the activation suppression of the first ones [63]. We have
previously reported the presence of sulfated oligosaccha-
rides on the unique N-glycosylation site of the C-T domain
of Cz, the major cysteine proteinase of 7. cruzi [11], and
showed that these sulfate moieties are targets for specific
immune responses [20]. Interestingly, we also found that
subjects chronically infected with 7. cruzi mount specific
IgG2 humoral immune responses to this sulfated glycopro-
tein which inversely correlate with human severe chronic
Chagas disease [20, 21].

In this work, we have demonstrated that Cz binds to
Siglec-E and this interaction is boosted with the sulfation
of the protein. We also show that the sulfated epitopes of
Cz, probably among others, are exposed over the parasite
surface and that sulfation inhibition with sodium chlorate
negatively affects Siglec-E recognition of trypomastig-
ote surface. Besides, we have also shown that Siglec-E
interacts with 7. cruzi trypomastigotes and this interaction
might correlate with the virulence as previously described
[23]. Altogether, our findings support not only the notion
that Siglec-E ligand recognition is enhanced by the pres-
ence of sulfates, but also that 7. cruzi sulfation has a deter-
minant role in immunomodulation of the host response
upon the infection. The present discovery along with the
ones previously described by our research groups denotes
the huge importance of Cz sulfation in the evolution of
Chagas disease.
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