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ABSTRACT Visceral leishmaniasis (VL) has a high fatality rate if not treated; nevertheless, the majority of human infections with
the causative agent, Leishmania infantum chagasi, are asymptomatic. Although VL patients often present with increased levels
of serum immunoglobulins, the contribution of antibodies to resistance or progression to disease remains unknown. Effector
and regulatory functions of antibodies rely on their interactions with type I and II Fc receptors, and these interactions are tuned
by the patterns of antibody Fc N-glycosylation. In view of these facts, we applied a robust method of IgG Fc N-glycopeptide pro-
filing of serum samples from 187 patients with VL, 177 asymptomatic individuals, 116 endemic controls (individuals residing in
areas where VL is endemic) and 43 nonendemic controls (individuals living in an area where VL is not endemic). We show that,
in comparison to the overall IgG Fc N-glycan profiles of asymptomatic or uninfected healthy individuals, those of patients with
VL are profoundly altered. These changes correlate with levels of serum cytokines and the inflammation marker C-reactive pro-
tein. We also fitted univariate and multivariate ordinal logistic regression models to demonstrate the ability of IgG Fc
N-glycosylation features and immunity regulators present in serum to predict disease severity in VL patients. Importantly, we
show that Fc N-glycosylation profiles change after treatment of VL. This study introduces important concepts contributing to
the understanding of antibody responses in infections with Leishmania parasites and provides new insights into the pathology of
human VL.

IMPORTANCE Immunoglobulins (Ig) have been shown to present pro- and anti-inflammatory functions according to the profile
of carbohydrates attached to their Fc region. Glycosylation features of serum IgG have been examined in relation to several auto-
immune and infectious diseases and provide a mechanistic basis for the protective or pathogenic role of antibodies. Leishmania
infantum chagasi is the causative agent of visceral leishmaniasis (VL) in South America, and we show that VL patients produce
IgG with patterns of Fc glycans similar to those found in other inflammatory conditions. Specific Fc N-glycosylation features and
levels of serum cytokines and C-reactive protein are significantly associated with the development of severe clinical symptoms
and, notably, Fc glycosylation changes after treatment. The modifications detected in the N-glycosylation features of IgG Fc from
VL patients raise new perspectives on the effector or regulatory role of antibodies in immune responses elicited by infection with
Leishmania parasites.
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Visceral leishmaniasis (VL) is a vector-borne disease transmit-
ted by sand flies, which inoculate the protozoan parasite

Leishmania donovani, L. infantum, or L. infantum chagasi into the
skin of a mammalian host. The parasites can evade the immune
response, spread systemically, and propagate in macrophages
mainly in the spleen, liver, bone marrow, and lymph nodes. Clin-
ical manifestations generally include high fever, hepatospleno-
megaly, weight loss, pancytopenia, and hypergammaglobuline-
mia that may progress with severe complications such as

hemorrhage, sepsis, and ultimately death (1). The disease is char-
acterized by the nonspecific release of several pro- and anti-
inflammatory cytokines (described as a “cytokine storm”) (2–4)
and by an inability of peripheral blood mononuclear cells (PB-
MCs) to respond to stimulation with leishmanial antigens that
recovers after treatment (5). It is intriguing that while VL is highly
lethal, the majority of human infections do not result in disease (6,
7). Although several factors of hosts, vectors, and parasites have
been implicated as determinants of VL (reviewed in reference 8),
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the mechanisms that account for distinct outcomes after infection
are not completely understood.

Elevated synthesis of immunoglobulins by patients with VL
results from a polyclonal activation of B cells (9) with the produc-
tion of parasite-specific and nonspecific antibodies (10, 11), as
well as the formation of immune complexes (ICs) and rheumatoid
factors (RF) (9, 12). The impact of B lymphocytes and antibodies
on different outcomes of Leishmania infections remains poorly
studied. While depletion of B cells rendered mice more resistant to
infections with L. donovani or L. infantum (13, 14), these studies
did not address the contributions of the various types of Fc recep-
tors (FcRs) and of immunoglobulin subclasses to disease progres-
sion. Indeed, antibody effector functions, which range from pro-
inflammatory to regulatory responses, rely heavily on interactions
of an antibody class or subclass with specific type I and type II FcR
expressed by innate and adaptive immune cells (15, 16). In this
context, interaction of IgG1 with Fc�RIII was shown to be detri-
mental in a mouse model of L. mexicana infection but not inter-
actions of IgG2a/c or IgG3 (17). Moreover, uptake of IgG-
opsonized L. major parasites by dendritic cells was mediated by
Fc�RI and Fc�RIII and facilitated protective immunity in another

mouse model (18), leading to contrasting conclusions about the
role of IgG and Fc�R in infections with Leishmania.

In addition to the variables within FcR and immunoglobulin
classes and subclasses, interactions of IgG molecules with cellular
receptors or the complement-activating protein mannan-binding
lectin (MBL) are regulated by the nature of N-linked, biantennary
glycan structures attached to Asn 297 of the IgG heavy chain (19,
20). These carbohydrate structures of Fc regions vary with regard
to the presence of a core fucose or bisecting N-acetylglucosamine
(GlcNAc) residues and to the degree of sialylation (N-
acetylneuraminic acid) and galactosylation (Fig. 1A) (19). IgG Fc
on which fucose is absent or bisecting GlcNAc residues are present
increase their affinity for human Fc�RIIIa and enhance IgG-
mediated antibody-dependent cellular cytotoxicity (ADCC) (21,
22). A recent study with transgenic mice revealed that binding of
sialylated IgG Fc to dendritic-cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) promoted the pro-
duction of interleukin-33 (IL-33) by splenic macrophages, fol-
lowed by an expansion of IL-4� basophils and consequent up-
regulation of Fc�RIIb (23). Additionally, terminal Fc galactose
residues were shown to mediate a cooperative activity between

FIG 1 MALDI-TOF mass spectra of tryptic IgG Fc N-glycopeptides. (A) Schematic structure of a biantennary N-glycan of the IgG Fc region. IgG subclasses 1,
2, and 3 present peptide sequence differences. (B) Mass spectrometric profiles of Fc N-glycopeptides of IgG from the serum of an adult with VL before treatment
(left) and 180 days after the beginning of treatment (right). Continued arrows represent IgG1 glycopeptides, and dashed arrows represent IgG2 and -3
glycopeptides. Glycan names indicate the presence of N-acetylneuraminic acid (S1), fucose (F), and bisecting N-acetylglucosamine (N) (linked to the central core
mannose residue) and the number of galactoses (G0, G1, and G2). Structural schemes consist of pep (peptide moiety), blue squares (N-acetylglucosamine), red
triangles (fucose), green circles (mannose), yellow circles (galactose), and purple diamonds (N-acetylneuraminic acid).
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Fc�RIIb and dectin-1, which inhibited complement C5a-induced
inflammation (24). Indeed, aberrant levels of agalactosylated IgG
Fc glycoforms have been described in several inflammatory con-
ditions (25–30). For instance, serum samples from patients with
rheumatoid arthritis present elevated levels of IgG lacking Fc ga-
lactose residues, which are associated not only with markers of
systemic inflammation (28, 29) but also with disease progression
and severity (30).

In view of the lack of information about the precise role of
antibodies in different clinical outcomes of infection by L. infan-
tum chagasi, we hypothesized that individuals who progress to
disease could produce antibodies with impaired properties, such
as IgG Fc N-glycosylation, which in turn could result in defective
effector and regulatory functions. In the present work, we report
for the first time that, compared with asymptomatic L. infantum
chagasi-infected individuals and with healthy endemic and non-
endemic controls (persons who live in areas where VL is endemic
and in areas where VL is not endemic, respectively), VL patients
present with a marked change in global IgG Fc N-glycosylation in
serum. This change correlates with levels of serum cytokines and
of the inflammation marker C-reactive protein (CRP). We also
fitted univariate and multivariate ordinal logistic regression mod-
els that demonstrate the ability of intracorrelated serum media-
tors and IgG Fc N-glycosylation features to predict categories of
disease severity among VL patients. Importantly, we observed that
Fc N-glycosylation profiles change after treatment.

RESULTS
IgG Fc N-glycopeptide profiling by MALDI-TOF MS. To deter-
mine whether a given outcome after infection with L. infantum
chagasi (VL, asymptomatic infection) correlates with distinct pro-
files of IgG Fc N-glycosylation, we performed high-throughput
purification of IgG from serum samples from untreated patients
with VL, asymptomatic individuals, and controls and from
plasma of treated patients who were monitored for up to 180 days
(Table 1). IgG was trypsinized, and the resulting Fc glycopeptides
were registered by matrix-assisted laser desorption ionization–
time of flight (MALDI-TOF) mass spectrometry (a typical spec-
trum is shown in Fig. 1B). The cleavage of IgG2 and IgG3 by
trypsin results in identical Fc N-glycopeptides; therefore, these
two subclasses were determined together, while IgG4 was not de-

termined because of overlaps with other signals (26, 31). Sixteen
IgG1 Fc glycoforms and 11 IgG2 and -3 Fc glycoforms could be
detected (see Table S1 in the supplemental material), whereas
structural assignment of the glycoforms detected was performed
on the basis of the literature on IgG N-glycosylation (32–36). A
standard IgG sample was added in triplicate to each sample plate
in order to determine the intra- and interbatch variations of the
analytical method for IgG1 and IgG2 and -3 Fc N-glycosylation
features. The levels of galactosylation, sialylation, bisection (inci-
dence of bisecting GlcNAc), and fucosylation were calculated (see
Materials and Methods), and the relative standard deviation was
�5% for each sample plate (intrabatch) and between plates (in-
terbatch) for both IgG1 and IgG2 and -3 (see Fig. S1 in the sup-
plemental material).

Patients with VL exhibit an altered global IgG Fc
N-glycosylation phenotype. The calculation of the relative abun-
dances of IgG1 and IgG2 and -3 Fc glycoforms bearing one or two
terminal galactose residues revealed a significant reduction of the
overall galactosylation of Fc in VL patients compared to that in
asymptomatic individuals or controls (Fig. 2A and B; see the me-
dians in Table S2 in the supplemental material). Moreover,
asymptomatic individuals showed a significant decrease in the lev-
els of Fc galactosylation from both subclasses compared to those
of nonendemic controls but exhibited a profile similar to that of
endemic controls (Fig. 2A and B; see Table S2). Next, we evaluated
the levels of sialylation and bisection of IgG1 and IgG2 and -3 Fc
regions, which were also significantly reduced in VL patients com-
pared to those of the other clinical-epidemiological groups
(Fig. 2C to F; see Table S2). The ratio of sialic acid to galactose
residues demonstrates that Fc from VL patients also presented
reduced sialylation of Fc galactoses (Fig. 2G and H; see Table S2).
Conversely, IgG1 molecules from VL patients presented a signifi-
cant increase in the prevalence of Fc fucose residues, while asymp-
tomatic individuals and controls presented similar phenotypes
(Fig. 2I; see Table S2).

Age dependency of IgG Fc N-glycosylation features. To ad-
dress if the altered Fc N-glycan profiles observed in patients could
be confounded by factors known to affect IgG Fc N-glycosylation
patterns under physiological conditions (31), we evaluated the age
dependency of IgG Fc N-glycosylation features. In accordance

TABLE 1 Human sample groups used in this study

Groupa

Untreated subject serum Treated VL patient plasmab

Total
no.

Mean age,
yr (SD)

No. (%) of:
No. (%) with
clinical severityc of:

Total
no.

Mean age,
yr (SD)

No. (%) of:
No. of days after
beginning of treatment

Males Females U-VL C-VL S-VL Males Females 0 5 90 180

VL 187 27.2 (18.0) 128 (68) 59 (32) 43 (35) 65 (52) 16 (13) 23 35.2 (12.1) 13 (56) 10 (44) 23 23 19 12
ASYMPd 177 36.4 (17.8) 62 (35) 115 (65) NAe NA NA NA NA NA NA NA NA NA NA
ECf 116 35.4 (19.6) 36 (31) 80 (69) NA NA NA NA NA NA NA NA NA NA NA
NCg 43 29.6 (10.1) 20 (46) 23 (54) NA NA NA NA NA NA NA NA NA NA NA
a VL patients (VL), asymptomatic individuals (ASYMP), and endemic controls (EC) were residing in Aracajú-SE or Teresina-PI (northeast), whereas nonendemic controls (NC)
were from Ribeirão Preto-SP (southeast).
b Plasma samples were collected at 0, 5, 90, and 180 days after the beginning of treatment.
c Categories of clinical severity: U-VL, uncomplicated VL; C-VL, VL with complications (patients who required additional therapy, such as antibiotics or blood products); S-VL,
severe VL (patients who had hemorrhagic complications and whose laboratory data indicated an increased risk of death).
d Asymptomatic individuals were identified by a positive Montenegro skin test and/or positive antibody reactivity with L. infantum chagasi antigens.
e NA, not applicable.
f Endemic controls were identified by a negative Montenegro skin test and negative antibody reactivity with L. infantum chagasi antigens.
g Nonendemic controls were identified by a negative Montenegro skin test and negative antibody reactivity with L. infantum chagasi antigens.

IgG Fc N-Glycosylation in Visceral Leishmaniasis

November/December 2014 Volume 5 Issue 6 e01844-14 ® mbio.asm.org 3

mbio.asm.org


with previous reports, the overall levels of Fc galactosylation and
sialylation presented a negative correlation with age for all groups
(Fig. 3A to D), regardless of clinical-epidemiological status. An
exception occurred in glycopeptides containing bisecting GlcNAc,
where, surprisingly, the age correlation differed between patients
and the other clinical-epidemiological groups: VL patients
showed a negative correlation between age and bisection (Fig. 3E
and F). Moreover, IgG1 Fc fucosylation increased with age in pa-
tients but decreased in asymptomatic individuals (Fig. 3G). Strat-
ification of groups by sex resulted in similar age dependency of Fc
N-glycosylation features (data not shown). Overall, these results
demonstrate that the patterns of Fc glycosylation observed for VL
patients do not simply reflect the age of individuals but are indeed
induced with disease.

Reactivity of IgG with L. infantum chagasi antigens and cor-
relations with Fc N-glycosylation features. Since antibody effec-
tor functions are also affected by features such as specificity, reac-

tivity (37, 38), and affinity, we sought to evaluate the reactivity of
IgG with soluble Leishmania antigens (SLA), regardless of whether
they were induced by normal cognitive interactions between B
and T cells or by means of polyclonal B cell activation (9). For this,
we serially diluted serum samples (dilutions of 1:50, 1:100, and
1:400) and determined whether reactivity with SLA correlates
with levels of Fc N-glycosylation. As expected, patient-derived IgG
presented higher levels of SLA-specific antibodies, while asymp-
tomatic individuals presented intermediate levels that were signif-
icantly higher than those of endemic controls (Fig. 4). Interest-
ingly, Spearman’s rank correlations demonstrated that, in
patients, the level of SLA-specific IgG was significantly associated
with the overall decreases in levels of Fc galactosylation, sialyla-
tion, and bisection (see Fig. S2A to F in the supplemental mate-
rial). In addition, fucosylation of the IgG1 Fc region from patients
presented a weak but significant positive correlation with higher
levels of SLA-specific IgG (see Fig. S2G). Levels of SLA-specific

FIG 2 Changes in IgG Fc N-glycosylation features with VL. Levels of galactosylation (A), sialylation (C), bisection (E), sialic acid/galactose ratio (G), and
fucosylation (I) of IgG1, as well as levels of galactosylation (B), sialylation (D), bisection (F), and sialic acid/galactose ratio (H) of IgG2 and -3 are shown for
nonendemic controls (NC), endemic controls (EC), asymptomatic individuals (ASYMP), and patients with VL. Statistically significant differences were evaluated
by Kruskal-Wallis test, followed by Dunn’s post-hoc test; median values and significance levels are shown (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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antibodies from asymptomatic individuals, while significantly
higher than those of endemic controls, did not correlate with the
levels of any Fc glycosylation feature.

Altered abundance of IgG Fc N-glycans is associated with lev-
els of inflammatory and regulatory serum mediators. We next
determined whether the modified IgG Fc N-glycan phenotype
found herein could also be associated with serum cytokine and

CRP levels. First, compared to asymptomatic and control individ-
uals and in agreement with other studies (2–4), we found in-
creased concentrations of IL-1�, IL-6, tumor necrosis factor alpha
(TNF-�), IL-12p70, gamma interferon (IFN-�), IL-17, IL-10,
IL-5, and CRP in serum samples from VL patients (see Fig. S3A to
H and Table S2 in the supplemental material). Furthermore,
asymptomatic individuals presented higher TNF-� levels than en-
demic controls (see Fig. S3C and Table S2). Serum samples from
both patients and asymptomatic individuals showed a trend to-
ward higher concentrations of IL-4 than endemic controls (see
Fig. S3I and Table S2). Additional analyses demonstrated that in
patients, but not in asymptomatic or uninfected individuals, the
concentrations of serum mediators are associated with IgG1 and
IgG2 and -3 Fc N-glycosylation features (Table 2; see Fig. S4).
Whereas IgG1 Fc galactosylation and sialylation were correlated
only with the levels of TNF-� and CRP, these same features in
IgG2 and -3 Fc were correlated with the levels of several cytokines
(Table 2; see Fig. S4A to H). Interestingly, IgG1 Fc bisection was
significantly correlated with the levels of all of the serum media-
tors that were measured, showing the strongest correlation with
IL-6 (Table 2; see Fig. S4I to L). In contrast, IgG2 and -3 Fc bisec-
tion presented weaker correlations with fewer mediators (Ta-
ble 2). IgG1 Fc fucosylation presented weak associations with lev-
els of IFN-�, IL-1�, and IL-10 (Table 2).

Relationship between clinical severity and IgG Fc
N-glycosylation features and serum mediators. We hypothe-

FIG 3 Age dependence of IgG Fc N-glycosylation in patients, asymptomatic individuals, and controls. Levels of galactosylation (A), sialylation (C), bisection
(E), and fucosylation (G) of IgG1, as well as levels of galactosylation (B), sialylation (D), and bisection (F) of IgG2 and -3 are plotted versus age for endemic
controls (EC; green circles), asymptomatic individuals (ASYMP; blue squares), and VL patients (VL; red triangles). Spearman’s rank correlation coefficients (r
values), linear regression lines, and significance levels are shown (*, P � 0.05; **, P � 0.01; ***, P � 0.001).

FIG 4 Levels of SLA-specific IgG. The reactivity of IgG with SLA in three
different dilutions of serum from endemic controls (EC; green circles), asymp-
tomatic individuals (ASYMP; blue squares), and patients with VL (VL; red
triangles) is shown. Statistically significant differences were evaluated by
Kruskal-Wallis test, followed by Dunn’s post-hoc test; median values and sig-
nificance levels are shown (***, P � 0.001).

TABLE 2 Correlations between Fc N-glycosylation features and concentrations of serum mediators from VL patientsa

Glycosylation feature IL-6 IL-1� TNF-� IL-12p70 IFN-� IL-17 IL-10 IL-5 IL-4 CRP

IgG1
Gal �0.07 �0.11 �0.27* 0. 00 �0.24 �0.05 �0.15 0.24 �0.13 �0.36*
Sial 0.05 �0.10 �0.22† 0.05 0.01 �0.01 �0.10 0.05 �0.13 �0.31*
BisGlcNAc �0.43* �0.23* �0.23* �0.35* �0.38* �0.27* �0.37* �0.16‡ �0.32* �0.15‡
Core Fuc 0.12 0.18† 0.10 0.08 0.18† 0.10 0.15‡ 0.03 0.10 0.13

IgG2 and -3
Gal �0.23† �0.23† �0.42* �0.19† �0.14 �0.14 �0.30* �0.14 �0.17‡ �0.41*
Sial �0.13 �0.16‡ �0.32* �0.07 �0.06 �0.04 �0.21† �0.05 �0.13 �0.33*
BisGlcNAc �0.26* �0.10 �0.17‡ �0.08 �0.26* �0.12 �0.24† 0.08 �0.16‡ �0.13

a Spearman’s rank correlation coefficients are shown for the levels of Fc galactosylation (Gal), sialylation (Sial), bisecting N-acetylglucosamine (BisGlcNAc), and core fucosylation
(Core Fuc), and significance is shown as follows: *, P � 0.001; †, P� 0.01; ‡, P� 0.05.
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sized that severity of VL could be predicted by differential concen-
trations of serum biomarkers (4), concomitantly with the relative
abundances of IgG Fc N-linked glycans. To determine which fac-
tors could be related to the severity of VL, 124 patients were clas-
sified into three categories of clinical severity (Table 1). Patients
with severe disease presented significantly lower levels of IgG1 and
IgG2 and -3 Fc galactosylation and sialylation (see Fig. S5A to D in
the supplemental material) than patients with uncomplicated VL,
while the levels of IL-6, TNF-�, IFN-�, IL-17, IL-10, and CRP
were significantly higher in patients with complicated and severe
VL (see Fig. S5E to J). The relative abundances of IgG Fc
N-glycosylation features and serum mediators were introduced as

predictors of disease severity in univariate ordinal logistic regres-
sion models. Higher odds of increased IgG1 Fc galactosylation,
sialylation, and IgG2 and -3 sialylation were found in less severe
clinical outcomes of VL (Table 3). In contrast, the odds of in-
creased concentrations of serum IL-6, TNF-�, IFN-�, IL-17, IL-
10, and CRP were higher in more severe clinical outcomes (Ta-
ble 3). All of these mediators were highly intracorrelated among
this group of patients (see Fig. S6A to L), and variables presenting
colinearity were evaluated. Subsequently, a multivariate logistic
regression model was fitted to determine the contribution of fac-
tors to disease severity. A stepwise backward elimination proce-
dure was used to select variables that contribute the most to the
model. The associations of the relative abundance of IgG1 Fc
galactosylation, serum IL-6, and CRP with the categories of sever-
ity were retained as predictors of disease severity (Table 3).

IgG Fc N-glycosylation changes after treatment of patients
with VL. Since clinical severity was correlated with IgG1 and IgG2
and -3 Fc N-glycosylation profiles, in addition to the cross-
sectional data, we analyzed the effect of treatment upon these fea-
tures. For this, we evaluated plasma samples from an initial group
of 23 patients, the majority of whom could be monitored for
90 days, whereas 12 patients were monitored for 180 days after the
beginning of treatment (Table 1). Representative MALDI-TOF
MS profiles of the same patient before and after treatment are
shown in Fig. 1B. The relative abundances of Fc glycans before and
5 days after the beginning of treatment did not show significant
differences (data not shown); therefore, we treated the mean value
of the relative abundance of Fc glycosylation features at days 0 and
5 for each patient as one group (0 and 5). As a result, we found that
the levels of IgG1 Fc galactosylation and sialylation increased sig-
nificantly at day 180 after the beginning of treatment (Fig. 5A and
B), while the incidence of bisecting GlcNAc increased at 90 days
and was maintained 180 days after the beginning of treatment

TABLE 3 Relationship between (i) Fc N-glycosylation features and
serum mediators and (ii) clinical severitya

Predictors OR 95% CI � P value

Univariate models
IgG1 Fc Gal 0.11 0.02–0.52 �2.24 0.006
IgG1 Fc Sial 0.35 0.16–0.78 �1.05 0.010
IgG2 and -3 Fc Sial 0.24 0.09–0.64 �1.43 0.005
IL-6 2.98 1.74–5.12 1.09 �0.001
TNF-� 3.11 1.77–5.45 1.13 �0.001
IFN-� 2.31 1.37–3.91 0.84 0.002
IL-17 3.87 1.65–9.07 1.35 0.002
IL-10 2.41 1.50–3.87 0.88 �0.001
CRP 11.38 3. 23–40.0 2.43 �0.001

Multivariate model
IgG1 Fc Gal 0.12 0.02–0.63 �2.12 0.012
IL-6 2.60 1.49–4.56 0.96 0.001
CRP 9.05 2.45–33.5 2.20 0.001

a Significant statistical associations of predictors with categories of severity were
evaluated by using univariate and multivariate ordinal logistic regression models. CI,
confidence interval; Gal, level of galactosylation; OR, odds ratio; Sial, level of sialylation;
�, estimative coefficient.

FIG 5 Changes in IgG Fc N-glycosylation features with treatment. (A, B, C, and D) IgG1 levels of galactosylation, sialylation, bisection, and fucosylation,
respectively. (E, F, and G) IgG2 and -3 levels of galactosylation, sialylation, and bisection, respectively. The mean glycosylation levels on days 0 and 5 after the
beginning of treatment are shown (0 and 5) next to the glycosylation levels at 90 days (90) and 180 days (180) after the beginning of treatment. Statistically
significant differences were evaluated by Kruskal-Wallis test, followed by Dunn’s post-hoc test, and significance levels are indicated (*, P � 0.05; **, P � 0.01; ***,
P � 0.001).
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(Fig. 5C). IgG1 Fc fucosylation presented a significant decrease at
90 days; nevertheless, its incidence at 180 days after the beginning
of treatment did not differ significantly from that at earlier stages
(Fig. 5D). Of note, IgG2 and -3 Fc galactose residues differed sig-
nificantly after the beginning of treatment but Fc sialylation or
bisection did not (Fig. 5F and G). Overall, our results indicate that
disease remission is accompanied by changes in subclass-specific
IgG Fc N-glycosylation features.

DISCUSSION

The contribution of B cells and antibody responses to the different
outcomes after infection with L. infantum chagasi has yet to be
established. In addition, hypergammaglobulinemia is a hallmark
of VL. Knowledge is lacking about particular properties of anti-
bodies produced during active disease or asymptomatic infection.
Using a robust method of IgG Fc N-glycopeptide profiling (39),
we demonstrate that the overall IgG Fc N-glycan profiles are sub-
ject to profound alterations and obtained insights into the role of
antibodies in potentially protective and pathogenic immune re-
sponses. Our results can be discussed in terms of studies of Fc
N-glycans in infectious diseases; their roles in B cell activation and
regulation, in inflammation, and in antibody-mediated effector
functions; the processes that result in different Fc N-glycan pro-
files; and the mechanisms through which Fc N-glycan profiles can
affect the severity of VL or assist in treatment.

Association of IgG Fc N-linked glycan profiles with out-
comes of infectious diseases. In this study, distinct glycosylation
features of IgG1 and IgG2 and -3 that determine the inflammatory
and regulatory functions of IgG molecules and possibly cognate
functions of antibodies were associated with outcomes of infec-
tions with L. infantum chagasi. Several studies have addressed the
composition and role of IgG Fc N-glycans in human infectious
diseases; e.g., global IgG galactosylation is significantly perturbed
in patients with tuberculosis (25); patients with hepatitis C virus
who develop cirrhosis present increased levels of agalactosylated
IgG specific for alpha-Gal epitope [Gal-1-3Gal1-(3)4GlcNAc-R]
(40); antiviral activity is modulated by natural variations in Fc
glycosylation of HIV-specific antibodies (27); the opsonizing ca-
pacity of IgG for hepatitis B virus depends on the profile of Fc
glycosylation, which is also associated with clinical outcomes of
infection with this virus (41); and individuals asymptomatically
infected with Wuchereria bancrofti had significantly lower levels of
disialylated IgG than endemic controls and patients with pathol-
ogy (42). However, the analytical techniques applied in those
studies did not discriminate between IgG subclasses and/or regis-
tered overall glycosylation but not Fc-specific glycosylation or did
not detail specific Fc glycosylation profiles.

Role of IgG Fc N-linked glycan profiles in B cell functions, in
inflammation, and in effector immune mechanisms that may
limit infections with L. infantum chagasi. Collectively, our data
are in line with defective activation of B lymphocytes in VL pa-
tients, which affects not only the synthesis of immunoglobulins
but also important processes such as posttranslational modifica-
tions. Asymptomatic individuals examined in this study presented
significantly higher levels of SLA-specific antibodies than unin-
fected controls; however, they did not present any correlation be-
tween antibody titers and Fc N-glycan profiles, indicating an ap-
propriate B cell activation and regulation of antibody responses.
Our data also suggest that, conversely, IgG-mediated regulation of
B cell proliferation and activation is disrupted in VL patients. The

observed reduced levels of IgG Fc sialylation in VL may have an
impact upon inhibition of B cell proliferation (43). In addition,
the increased abundance of IgG1 Fc fucose residues may affect the
tonicity of the engagement of IgG with the inhibitory Fc�RIIb (44)
in such a manner as to impair the regulatory mechanisms of B cell
activation that this receptor mediates (45). Although the hyperac-
tive synthesis of immunoglobulins by B cells could be implicated
in the changes of IgG Fc N-glycosylation features of VL patients,
previous reports did not find significant correlations between the
total serum IgG concentration and an altered Fc N-glycosylation
phenotype in other conditions (25, 46).

These findings suggest that in order for a humoral response to
be effective against VL development (i.e., disease), antibodies
must present a range of glycosylation profiles without a bias to-
ward certain types of glycans. This balance could achieve destruc-
tion of parasites with minimal inflammatory damage. Recent
studies demonstrated the development of an antigen-dependent
shift in IgG Fc N-glycosylation and consequent antibody function
(27, 47). In this context, it is also important to evaluate whether
Leishmania-specific antibodies and autoantibodies of the IgG sub-
classes from patients and asymptomatic individuals present dif-
ferent patterns of Fc N-glycosylation such as those found in this
study for total IgG1 and IgG2 and -3. Our data show that VL
patients present both an increased frequency of IgG1 Fc fucosyla-
tion and a reduced incidence of IgG1 and IgG2 and -3 Fc bisection,
changes that are known to impact the effectiveness of ADCC (21,
22). IgG-mediated ADCC was shown to be an effective mecha-
nism to control Trypanosoma cruzi (48), a trypanosomatid proto-
zoan like L. infantum chagasi; however, the importance of this
mechanism in outcomes of infections with Leishmania parasites
has not been thoroughly evaluated. Recently, an in vitro model of
enhanced killing of L. amazonensis was shown to require a syner-
gistic response of IFN-�, parasite antigens and nonspecific soluble
IgG2a ICs. The presence of ICs activated the Fc�R common chain
in mice macrophages, which culminated in the generation of NA-
DPH oxidase-dependent superoxide, an important mediator
against L. amazonensis (49).

Notably, L. infantum chagasi opsonized with serum of patients
with VL induced the production of intracellular IL-10 by human
monocytes in vitro (50), which may play a role in disease progres-
sion. However, the effects of serum samples from asymptomatic
individuals on IL-10 production by monocytes were not exam-
ined. The contribution of Fc N-glycosylation profiles should also
be evaluated with specific subsets of monocytes that are responsi-
ble for IgG-dependent effector functions in vivo (51). Since the
uptake of L. major by dendritic cells and the production of IL-12
and of protective responses required parasite-reactive IgG and
interactions with Fc�RI and Fc�RIII in a mouse model (18), the
effect of Fc N-glycosylation upon these phenomena should also be
examined in cells from humans and experimental models of VL.
Furthermore, the significant correlation between high reactivity
to SLA and an altered Fc glycosylation profile in patients suggests
that immune complexes composed of L. infantum chagasi-specific
antibodies could induce responses that differ from those seen in
asymptomatic individuals, depending on the patterns of IgG Fc
N-glycans and also on the type of innate immune cells that ICs
interact with.

A further perspective is given by recent studies that show that
changes in the constant region of antibodies can also affect the
secondary structure and thus the recognition capacity of antibod-
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ies (37, 52). Indeed, the conformation and degree of flexibility of
Fc CH2 domains depend on the N-glycans attached to the Fc at
Asn 297 (53), so it is reasonable to speculate that secondary struc-
ture of antigen-binding regions might depended on Fc
N-glycosylation profiles. No differences were observed between
the binding affinities of a platelet-specific monoclonal antibody
enriched or nonenriched for sialic acid (54); however, other spec-
ificities were not examined and neither was the effect of the other
carbohydrate residues that are part of the Fc N-glycosylation pro-
files.

Mechanisms that affect IgG Fc N-linked glycan profiles. A
recent genome-wide association study with an IgG glycome found
nine gene loci to be significantly associated with the profiles of
glycans of this protein. Four of those loci contained genes coding
for glycosyltransferases (ST6GAL1, B4GALT1, FUT8, and
MGAT3) (55). Currently, there is little knowledge of mechanisms
that regulate the production and activity of glycosyltransferases,
and our data indicate that profiles of IgG Fc N-linked glycans in
VL patients could be influenced or influence the production of
cytokines via activating FcRs (12). Consistent with our findings,
Jeddi and colleagues (46) showed that mice overexpressing IL-6
produce lower levels of galactosylated IgG, presumably because of
a defective interaction between galactosyltransferases and IgG.
Also consistent with our findings, humans suffering from inflam-
matory arthritis and undergoing treatment with anti-TNF anti-
bodies present with increased levels of galactosylated IgG (56).
Asymptomatic infected individuals, who presented intermediate
levels of TNF-� relative to those of controls and VL patients, pre-
sented higher levels of sialylated IgG than VL patients. In addition,
signaling by cytokines was able to modulate the composition of
IgG1 Fc N-linked glycans in an in vitro B cell microenvironment
(57). These findings suggest that the balance of pro- and anti-
inflammatory IgG Fc N-glycan profiles is complex and depends
on or affects the balance between a set of cytokines.

To date, no studies have verified the association of circulating
levels of cytokines with IgG Fc N-glycan profiles in humans or
experimental animals infected with L. infantum chagasi. Similar to
this study, several others have shown that several cytokines, in-
cluding those with proinflammatory effects, are abnormally
higher in persons with VL than in healthy, uninfected individuals
(2–4). However, only the present study and another, by Peruhype-
Magalhães and colleagues (2), examined levels of serum cytokines
in infected asymptomatic individuals. Both studies found that in
asymptomatic individuals, the levels of all of the cytokines mea-
sured were similar to those of uninfected healthy controls. The
exception was TNF-� levels, which in the present study, but not in
that by Peruhype-Magalhães and colleagues, were significantly
lower than those in VL patients but significantly higher than the
levels seen in controls, as pointed out above. The present study,
however, examined almost 10-fold more individuals presenting
with symptomatic and asymptomatic infections with L. infantum
chagasi than that conducted by Peruhype-Magalhães and col-
leagues and therefore may have achieved greater statistical signif-
icance.

Association of IgG Fc N-linked glycan profiles with severity
of VL. The abundance of terminal Fc galactose residues strongly
influences the interaction of IgG with cellular receptors and MBL
(20, 24, 58), which is thought to be a disease-enhancing opsonin
for intracellular pathogens (59, 60). We have previously shown the
association of genetic polymorphisms causing high levels of MBL

with severe disease in human VL (60). Therefore, the interaction
of MBL with IgG molecules in patients with VL would be facili-
tated because of a low abundance of terminal Fc galactose residues
and could be involved in the exacerbation of disease. However, we
emphasize that the activity of Fc hypogalactosylated IgG was un-
impaired in MBL-null mice but was dependent on Fc�R (58).
Interestingly, previous studies have found large amounts of circu-
lating RF in individuals with VL (12). The presence of RF, together
with the observed high abundance of Fc-agalactosylated IgG, may
contribute to a detrimental nonspecific and systemic inflamma-
tory response (61).

Antibodies were implicated in complement cascade activation
with further generation of C5a and exacerbation of disease in a
mouse model of VL (14). In view of this fact, investigations using
experimental models of VL should verify if phenotypes of IgG Fc
N-glycosylation similar to those found herein occur and whether
generation of C5a is affected by Fc N-glycan profiles. This hypoth-
esis is supported by the demonstration that ICs composed by
highly galactosylated IgG1 promoted cooperation between
Fc�RIIb and dectin-1 on neutrophils and inhibited C5a-mediated
inflammation (24). Also of interest, another study reported that
B-cell-deficient mice were resistant to infection with L. donovani
but developed neutrophil-mediated destruction of the liver (13).
Transfer of normal or chronic-infection serum was able to abro-
gate this tissue pathology and minimally impacted the resistance
to infection, thus suggesting a regulatory role for antibodies in this
model (13).

The overall low abundance of Fc galactosylation and/or sialy-
lation that we describe in VL patients, as well as the high levels of
proinflammatory and regulatory serum mediators reported
herein and by others (2–4), indicates that severe VL should be
regarded as a systemic inflammatory response syndrome (62).
However, it remains to be determined whether the altered IgG Fc
N-glycosylation phenotype of individuals with VL is a cause or
consequence of imbalanced responses.

The evaluation and stratification of clinically characterized pa-
tients according to requirement of additional therapy or presence
of severe clinical symptoms retrieved significant associations with
levels of IgG Fc galactosylation and sialylation, as well as inflam-
matory and regulatory serum mediators that have been previously
associated with the progression and severity of VL (4, 63). One can
speculate that the levels of proinflammatory and regulatory serum
mediators, together with the composition of IgG Fc N-glycans,
may influence systemic and/or site-specific molecular mecha-
nisms. For example, IL-10 was significantly correlated with the
incidence of IgG1 Fc fucosylation and bisecting GlcNAc and all
IgG2 and -3 Fc N-glycosylation features in VL patients (Table 2).
This cytokine has been implicated in the pathogenesis of VL (63),
and it is a growth and differentiation factor for activated B lym-
phocytes (64) and therefore could also contribute to the mainte-
nance of differentiated plasma cells that produce IgG with aber-
rant Fc N-glycosylation features. Strong correlations between the
serum IL-10 and IFN-� levels of patients concur with findings that
show that Th1 cells are the main source of IL-10 during VL; in-
duction of IL-10 is believed to promote the regulation of excessive
damage caused by inflammatory mediators (65, 66). In patients
with rheumatoid arthritis, levels of CRP and IL-6 were found to be
correlated with a higher abundance of agalactosylated IgG, as well
with MBL2 polymorphisms (28). We found that levels of IL-6
correlate with IgG1 Fc bisecting GlcNAc and IgG2 and -3 Fc galac-
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tosylation and bisection, while CRP levels were associated mostly
with overall levels of IgG Fc galactosylation and sialylation (Ta-
ble 2). In a more detailed analysis, IgG1 Fc galactosylation, IL-6,
and CRP were significantly associated with the degree of severity
(Table 3), thus indicating that a chronic inflammatory response
might account for systemic damage in more severe stages of the
disease. Of interest, in comparison with healthy controls, ICs iso-
lated from VL patients induced increased production of pro- and
anti-inflammatory cytokines, such as IL-6 and IL-10, by PBMCs.
However, the effect of such ICs was more proinflammatory when
the levels of individual cytokines and their natural inhibitors were
compared (67).

Recently, IL-6 was implicated in the alternative activation of
macrophages by inducing an increased response to IL-4 (68), the
signaling pathways of which lead to STAT6 phosphorylation (69).
Indeed, L. donovani has been shown to induce STAT6-dependent
expression of host arginase 1. Furthermore, alternative activation
of macrophages, amplified by the addition of IL-4, contributed to
impaired control of infection in a hamster model (70). Interest-
ingly, differential glycosylation of CRP activates complement-
mediated hemolysis of erythrocytes in patients with VL and tuber-
culosis (71). The extent to which the whole serum glycome of
patients with VL might be altered and how these differences could
be associated with the evolution and outcome of infection and
with the severity of the disease is intriguing and merits investiga-
tion. Our data suggest that tightly regulated responses should
cover parasite control concomitantly with containment of immu-
nopathology caused by strong inflammatory responses. This con-
cept is further supported by the intermediate TNF-� levels seen in
the serum of asymptomatic individuals, which were higher than
those of endemic controls but lower than those of VL patients.

IgG Fc N-linked glycan profiles as biomarkers of active VL
and new treatment options. The evaluation of serum mediators
has been useful for identifying biomarkers of active VL or remis-
sion after treatment (3), and IgG Fc N-glycosylation may help
with further stratification of patients. Our analysis demonstrated
that the relative abundances of IgG1 Fc galactosylation, sialyla-
tion, and bisecting GlcNAc and IgG2 and -3 Fc galactosylation are
significantly modified in patients after successful therapy, al-
though levels of Fc glycosylation features did not reach the levels
observed in controls within the 6-month observation period after
initiation of treatment. Differences in the activity of glycosyltrans-
ferases due to polymorphisms in genes coding for these enzymes
may explain this and also contribute to the development of VL.
Therefore, the IgG N-glycome of these individuals may depend on
their genotypes, as well on their pathophysiologic status. Overall,
these observations raise new perspectives for the treatment of pa-
tients, at least those with severe VL. For instance, therapy with
intravenous immunoglobulin enriched with sialic acid (72) might
provide an efficient tool with which to overcome the complica-
tions that result from an excessive nonspecific inflammatory re-
sponse in VL.

Future perspectives and conclusion. Previous studies with
mice have demonstrated that IgG-mediated effects are signifi-
cantly dependent on the genetic background (18, 50). Therefore,
the role of antibodies among different experimental models of VL
could also depend on the genetic background of the host. Accord-
ingly, the determination of IgG Fc N-glycosylation features in ex-
perimental mouse models of VL should be carried out with several
inbred mouse strains with variable resistance or susceptibility to

the disease. Treatment of purified IgG from normal and chronic-
infection serum with glycosidases prior to transfer to infected
hosts could reveal whether Fc N-glycans indeed influence the reg-
ulatory or inflammatory functions of IgG in experimental models
of VL. Overall, this study introduces a new concept contributing
to an improved understanding of antibody responses in infections
with Leishmania parasites and provides new insights into the pa-
thology of human VL.

MATERIALS AND METHODS
Study groups and ethics statement. Serum samples were collected from
patients with symptoms of VL admitted to the University Hospital, UFS,
Aracajú-SE, or the Natan Portella Institute of Tropical Diseases, UFPI,
Teresina-PI, Brazil. Diagnosis was confirmed by identification of Leish-
mania amastigotes in Giemsa-stained smears of bone marrow aspirate,
and patients diagnosed with VL received therapy with pentavalent anti-
mony and/or amphotericin B according to Brazilian guidelines (73). One
hundred twenty-four patients with VL were further classified into three
categories of disease severity (Table 1) as reported previously (60). Addi-
tional study subjects included healthy individuals living in the same areas
and considered to be infected with L. infantum chagasi (asymptomatic
individuals), who were identified by a positive Montenegro skin test
(MST�) and the presence of specific antibodies (Table 1). Controls in-
cluded a group of individuals residing in the same areas where VL is not
endemic (endemic controls) and individuals living in Ribeirão Preto-SP,
an area where VL is not endemic (nonendemic controls), who were MST�

and negative for the presence of specific antibodies (Table 1). Plasma
samples were collected from a cohort of patients before and up to 180 days
after the beginning of treatment according to Brazilian guidelines (73)
(Table 1). This study was approved by the Research Ethics Committee of
the Clinics Hospital of the Ribeirão Preto School of Medicine—USP (pro-
tocol 2347/2012), and written informed consent was obtained from all of
the participants or their parents or legal guardians.

Parasite and antigens. Promastigotes of the L. infantum chagasi refer-
ence strain (MHOM/BR/74/PP75) were cultured in Schneider’s medium
supplemented with 10% inactive fetal bovine serum, 2% human urine,
2 mM L-glutamine, 100 U/ml penicillin, and 100 U/ml streptomycin.
Late-log-phase promastigotes were enriched on the basis of negative ag-
glutination by peanut agglutinin, and SLA were extracted. Briefly, pro-
mastigotes were washed with sterile phosphate-buffered saline, resus-
pended in Tris-HCl (pH 7.5) supplemented with a protease inhibitor
cocktail (Roche Diagnostics), and submitted to five cycles of freeze-
thawing with a liquid nitrogen bath. The lysate was sonicated, homoge-
nized, and centrifuged at 14,000 � g for 5 min at 4°C.

ELISA for antibody reactivity with Leishmania antigens. Enzyme-
linked immunosorbent assay (ELISA) plates (Corning) were sensitized
with 20 �g/ml SLA (2 �g/well) diluted in 0.5 M carbonate/bicarbonate
buffer, pH 9.6. Plates were blocked with 5% bovine serum albumin for 2 h
and treated successively with 1:50, 1:100, and 1:400 dilutions of serum for
1 h at 37°C. Following two washes with Tris-buffered saline and Tween 20,
plates were incubated with recombinant protein G-peroxidase conjugate
(Thermo Scientific Pierce) diluted 1:15,000 for 1 h at 37°C. After another
washing step, the reactions were revealed by addition of the substrate
3,3=,5,5=-tetramethylbenzidine and stopped with 0.2 N H2SO4. Optical
densities at 450 nm were registered.

Quantification of serum cytokines and CRP. Serum cytokine mea-
surements were performed with the MILLIPLEX MAP Human Cytokine
Magnetic Bead Assay (EMD Millipore). IFN-�, IL-1�, IL-4, IL-5, IL-6,
IL-10, IL-12p70, IL-17A, and TNF-�, were quantified via a MAGPIX plat-
form and calculated by MILLIPLEX Analyst software (EMD Millipore). A
range of 3.2 to 10,000 pg/ml recombinant cytokines was used to establish
standard curves and the sensitivity of the assay. To measure CRP levels, a
turbidimetric assay was performed according to the manufacturer’s (Wie-
ner Lab) instructions.
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IgG Fc N-glycosylation analysis. IgG isolation from serum or plasma,
digestion with trypsin, and glycopeptide purification were performed as
described elsewhere (26, 31). The resultant tryptic IgG Fc N-glycopeptides
were analyzed by MALDI-TOF MS. Briefly, IgG Fc N-glycopeptide sam-
ples were spotted onto an MTP 384 polished steel target plate (Bruker
Daltonics) and allowed to dry at room temperature. Subsequently,
4-chloro-�-cyanocinnamic acid (5 mg/ml in 70% acetonitrile; Bionet Re-
search) was added to each sample spot and allowed to dry. Glycopeptides
were analyzed on an UltrafleXtreme MALDI-TOF/TOF mass spectrome-
ter (Bruker Daltonics) operated in negative-ion reflectron mode, and ions
between m/z 1,000 and 3,800 were recorded. Mass spectra were internally
calibrated by using a peptide calibration standard (Bruker Daltonics).
Data processing and evaluation were performed with FlexAnalysis soft-
ware (Bruker Daltonics) and Microsoft Excel. Relative intensities of IgG
Fc glycopeptides were obtained by integrating and summing four isotopic
peaks; this was followed by normalization to the total subclass-specific
glycopeptide intensities. The degrees of Fc galactosylation (G), sialylation
(S), bisection (N), and fucosylation (F) of IgG1 and IgG2 and -3 were
calculated as previously described (28). The following formulas were
used: Fc galactosylation, (G1 � G1F � G1FN � G1N � G1S1 � G1FS1)
� 0.5 � G2 � G2F � G2FN � G2N � G2S1 � G2FS1 for the IgG1
subclass and (G1F � G1FN � G1S1 � G1FS1) � 0.5 � G2F � G2FN �
G2FS1 for the IgG2 and -3 subclasses; Fc sialylation, (G1S1� G1FS1�
G2S1 and G2FS1 for the IgG1 subclass and G1S1� G1FS1� and G2FS1
for the IgG2 and -3 subclasses). The percentage of sialic acid residues
present on galactose moieties (sialic acid/galactose ratio) was calculated
by dividing the prevalence of Fc sialylation by twice the level of galactosy-
lation; bisection, G0N � G1N � G2N � G0FN � G1FN and G2FN for
IgG1 and G0N � G0FN � G1FN � and G2FN for IgG2 and -3; fucosy-
lation, G0F � G0FN � G1F � G1FN � G1FS1 � G2F � G2FN � G2FS1.
The incidence of IgG2 and -3 fucosylation was not evaluated, as a large
portion of the afucosylated IgG2 and -3 glycoforms could not be deter-
mined because of mass overlap with isomeric IgG4 glycoforms (31).

Statistical analysis. Data analysis was performed with IBM SPSS Sta-
tistics V.20.0 and GraphPad Prism V 5.0. The Kruskal-Wallis test with
Dunn’s multiple-comparison test was used to evaluate differences among
independent groups, and Spearman’s rank correlation was applied to as-
sess nonparametric associations. Variables were checked for colinearity by
examining tolerance and the variance inflation factor. Ordinal logistic
regression models were used to identify the relationship between (i) IgG
Fc N-glycosylation features and serum mediators and (ii) clinical severity.
P values of less than 0.05 were considered significant.
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