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Introduction

Summary

Dendritic cells (DCs) play an essential role in immunity against bacteria
by phagocytosis and by eliciting adaptive immune responses. Previously,
we demonstrated that human monocyte-derived DCs (MDDCs) express a
high content of cell surface a2,6-sialylated glycans. However, the relative
role of these sialylated structures in phagocytosis of bacteria has not been
reported. Here, we show that treatment with a sialidase significantly
improved the capacity of both immature and mature MDDCs to phagocy-
tose Escherichia coli. Desialylated MDDCs had a significantly more mature
phenotype, with higher expression of MHC molecules and interleukin
(IL)-12, tumour necrosis factor-a, IL-6 and IL-10 cytokines, and nuclear
factor-kB activation. T lymphocytes primed by desialylated MDDCs
expressed more interferon-y when compared with priming by sialylated
MDDCs. Improved phagocytosis required E. coli sialic acids, indicating a
mechanism of host—pathogen interaction dependent on sialic acid moie-
ties. The DCs harvested from mice deficient in the ST6Gal.1 sialyltransfer-
ase showed improved phagocytosis capacity, demonstrating that the
observed sialidase effect was a result of the removal of «2,6-sialic acid.
The phagocytosis of different pathogenic E. coli isolates was also enhanced
by sialidase, which suggests that modifications on MDDC sialic acids may
be considered in the development of MDDC-based antibacterial therapies.
Physiologically, our findings shed new light on mechanisms that modulate
the function of both immature and mature MDDCs, in the context of
host—bacteria interaction. Hence, with particular relevance to DC-based
therapies, the engineering of a2,6-sialic acid cell surface is a novel possi-
bility to fine tune DC phagocytosis and immunological potency.
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antigen internalization.” These processes elevate the effi-
ciency of bacterial antigen presentation to T lymphocytes,

Dendritic cells (DCs) are essential for defence against
invading pathogens by triggering and regulating host
immune responses. Immature DCs actively internalize
microbial antigens and undergo a maturation program
leading to the initiation of T-lymphocyte responses.
Phagocytosis is an important mechanism for bacterial
internalization' that encompasses several sequential, com-
plex events initiated by the mutual interaction of multiple
components at DC and bacterial cell surfaces.

Dendritic cell maturation is characterized by profound
phenotypic and physiological changes, including cytokine
secretion, up-regulation of the expression of MHC and
co-stimulatory molecules and down-regulation of further

which is essential for the induction of specific responses
to fight bacterial pathogens.” Because of the pivotal role
of DCs in the elicitation of adaptive immune responses,
DC-based procedures are now being exploited as thera-
peutics to boost immunity against pathogens.*® Never-
theless, further studies are warranted to better elucidate
DC-pathogen interactions and to improve the efficacy of
these novel therapeutics.

Sialic acids are a family of sugars that occur predomi-
nantly at the terminal position of oligosaccharide chains
attached to a wide variety of proteins and lipids.”” Sialy-
lated moieties mediate selective cell-receptor recognition
and play an immunomodulatory role in host-bacteria
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interactions.'” "> When expressed by bacteria, sialic acids
work both ways: by evading host recognition'® and by
favouring recognition through inhibitory host lectin
receptors.'” Moreover, desialylation mediated by sialidases
of either bacterial or endogenous sources may unmask
immune host cell receptors, resulting in enhanced bacte-
rial adherence and uptake or enhanced toxin penetration
into the host cells.'® We previously demonstrated that the
surfaces of human monocyte-derived DCs (MDDCs) were
highly sialylated, and removal of these sialic acids resulted
in induction of MDDC maturation and concomitant
decreased macropinocytosis capacity.'>**  Conversely,
MDDC maturation also resulted in decreased native
sialylation."®*

Inactivation of either the ST3Gal.l or the ST6Gal.l
sialyltransferase resulted in a more mature phenotype
and subsequent macropinocytosis down-regulation in
murine DCs.'”** Together, these observations suggest a
tight correlation between DC maturation, macropinocy-
totic functions and the state of cell surface sialylation.
Enforcing the idea of sialic acids as complex endocytic
modulators, we also provided evidence for the existence
of membrane ectosialyltransferases that can rapidly
restore cell surface sialylation and modulate human
MDDC macropinocytosis.*>

In this paper we intended to highlight the effect of sia-
lic acid deficiency in the phagocytic capacity and immu-
nological function of DCs.

Materials and methods

Generation of human MDDCs

Monocytes were isolated by positive selection using anti-
CD14-coated magnetic beads (Miltenyi Biotech, Bergisch
Gladbach, Germany) from peripheral blood mononuclear
cells of healthy volunteers, provided and ethically
approved by the Portuguese Blood Institute. The col-
lected monocytes (CD14" peripheral blood mononuclear
cells) were then cultured for 6 days in RPMI-1640
(Sigma, St Louis, MO) supplemented with 2 mm r-gluta-
mine, 1% non-essential amino acids, 1% pyruvate,
100 pg/ml penicillin/streptomycin (Gibco, Grand Island,
NY), 50 um 2-mercaptoethanol, 10% fetal bovine serum
(FBS) from Sigma and interleukin-4 (IL-4) and granulo-
cyte—-macrophage colony-stimulating factor (GM-CSF)
from R&D Systems (Minneapolis, MN), to be differenti-
ated into immature MDDCs, as described elsewhere.”**
Whenever needed, mature MDDCs (mMDDCs) were
induced at day 5 with 5 ug/ml lipopolysaccharide (LPS)
(Sigma). Staining with anti-human CD14, BDCA-1 and
HLA-DR antibodies (BioLegend, San Diego, CA) fol-
lowed by flow cytometry analysis was used to monitor
monocyte isolation, MDDC differentiation and matura-
tion state.

Bacterial strain and labelling

An Escherichia coli K12-derived strain was mainly used in
this work. In some experiments, pathogenic E. coli iso-
lates from blood cultures and haemocultures obtained
from different patients either with urinary infection or
septicaemia and identified through a Vitek 2 system
(Biomérieux, Durham, NC) were used. Overnight cultures
were heated at 95° for 1 hr and fluorescently labelled with
0-1 mg/ml of FITC from Molecular Probes-Invitrogen
(Leiden, the Netherlands) in the presence of 0-1 m
sodium carbonate buffer (pH 9-0). Bacteria were then
incubated for 1 hr, with PBS, with continuous shaking
and stored at —20°.

Sialidase treatment

Human MDDCs or mMDDCs were resuspended in FBS-
free medium (5 x 10° cell/ml) and treated with 200 mU/
ml sialidase from Clostridium perfringens (Roche Diagnos-
tics, Basel, Switzerland) for 90 min at 37°. In parallel,
control samples were incubated without sialidase. Identi-
cal results were obtained with heat-inactivated sialidase.
Cell surface desialylation was confirmed by staining with
FITC-labelled Sambucus nigra lectin (SNA) and Maackia
amurensis lectin (MAA) (Vector Laboratories, Peterbor-
ough, UK). In some experiments the bacterial surface was
desialylated with 13-5 U/ml of a sialidase from Arthrob-
acter ureafaciens (Sigma), according to the manufacturer’s
instructions.

Generation of murine bone marrow DCs

To obtain bone-marrow-derived DCs (BMDCs), tibiae
and femurs from C57BL/6] [wild-type, from Jackson Lab-
oratories, Bar Harbor, ME| and ST6Gal.1-deficient (SiatI-
null) mice*”>° were removed and the bone marrow was
flushed out with RPMI-1640 with Glutamax-I"™ (Invitro-
gen, Grand Island, NY), as described previously.22 The
collected cell suspension was strained and pelleted, and
erythrocytes and platelets were lysed with a hypo-osmotic
solution. Cells were then cultured in RPMI-Glutamax-I™
supplemented with 5% (volume/volume) FBS, 50 ug/ml
gentamicin sulphate (Cellgro, Mediatech Inc., Manassas,
VA), 50 um 2-mercaptoethanol (Invitrogen) and 10 ng/
ml murine GM-CSF (R&D Systems) for 7 days. The
resulting BMDCs were then monitored for proper
CD11b, CD11c and MHC expression with flow cytometry
assays.

Phagocytosis assay

Human MDDCs/mMDDCs or mouse BMDCs (5 x 10°
cell/ml) were incubated with 5 x 10° FITC-bacteria, for
1 hr, at 37° or 4°. Incubation time was terminated by
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adding trypan blue to quench surface-attached fluores-
cence. The phagocytosis was analysed by flow cytometry
or confocal microscopy. The internalized bacteria were
estimated by flow cytometry, by measuring the mean flu-
orescence intensity (MFI) of the cells. When appropriate,
the MFI values obtained at 4° were subtracted from the
37° values.

In some experiments, phagocytosis was conducted with
human MDDCs incubated with 50 ug/ml of either SNA
or MAA lectins, or, alternatively, in the presence of
10 um cytidine 5’-monophospho-N-acetylneuraminic acid
(CMP-5-NeuAc) (Sigma). In competitive binding assays,
10 mm free synthetic sialic acid (Sigma) was added
30 min before the endocytic agent and left during the
assay.

Confocal laser scanning microscopy

Human MDDCs were allowed to adhere to concanavalin-
A-coated cover glasses and then, paraformaldehyde-fixed
and permeabilized with 0-1% Triton-X (Sigma). The cell
cytoskeleton was stained with phalloidine Alexa Fluor 633
(Molecular Probes-Invitrogen). Images were acquired
with a TCS SP2 AOBS confocal microscope (Leica Micro-
system, Mannheim, GmbH, Deutschland) with x 40 oil
immersion optics and 488 nm and 633 nm laser lines for
FITC and Alexa Fluor 633 excitation, respectively. Images
were assembled and analysed with the Leica Confocal
software LCS Lite 2.6 (Leica Microsystem).

T-lymphocyte priming assay

Human T-lymphocytes were obtained during the mono-
cyte isolation procedure (CD14~ peripheral blood mono-
nuclear cell fraction) and maintained in complete RPMI
medium until autologous monocytes differentiated into
MDDCs. After the phagocytosis assay, MDDCs were co-
cultured with T lymphocytes at a DC : T-lymphocyte
ratio of 1 : 4. T-lymphocyte stimulation was assessed by
determining interferon-y (IFN-y) gene expression after
48 hr of co-culture.

Isolation of RNA and Real-time PCR

Expression of cytokine genes was analysed by real-time
PCR. Total RNA was extracted using the RNeasy Mini Kit
and the RNase-Free DNase Set to eliminate genomic DNA,
all from Qiagen (Manchester, UK). Using the High Capac-
ity cDNA Reverse Transcription Kit (Applied Biosystems,
Carlsbad, CA), 1 ug of total RNA was reverse transcribed
with random primers. Real-time PCR was performed with
Master Mix, TagMan probes and primers from Applied
Biosystems. The assay IDs provided by the manufacturer
were: Hs00174131_m1 (IL-6); Hs00168405_m1 (IL-12x);

Hs00174128 _m1 [Tumour necrosis factor (TNF)-o];

Desialylation improves DCs phagocytosis

Hs00174086 _m1 (IL-10); Hs00174143_m1 (IFN-y) and
4352935E (f-actin). The relative mRNA levels were nor-
malized against the arithmetic mean of the f-actin and
GAPDH expression and calculated by the adapted formula
274 % 1000, which infers the number of mRNA mole-
cules of the gene of interest per 1000 molecules of the
endogenous controls.” AC, represents the difference
between the cycle threshold of the target gene and that of
the endogenous control genes. The efficiency for each pri-
mer/probe was above 95% (as determined by the manufac-
turer).

Nuclear factor-kB translocation

Human MDDCs were adhered to cover-slip glasses, fixed
and then permeabilized, blocked with 3% BSA for 15 min
and then stained with rabbit anti-nuclear factor-kB (NF-
kB) p65 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), diluted 1 : 100, for 1 hr at room temperature. After
washing with a PBS + 0-05% Tween-20 (Sigma) solution,
goat anti-rabbit 568 (Molecular Probes-Invitrogen)
diluted 1 :400 was used as secondary antibody. The
nucleus was stained with 4',6-diamidino-2-phenylindole
(DAPI)  (Molecular  Probes-Invitrogen).  Fluorescent
images were obtained with a DMRA2 fluorescent micro-
scope (Leica Microsystem) and merged with MAGE] soft-
ware (National Institutes of Health, Bethesda, MD). The
percentage of cells with translocation of the NF-xB to the
nucleus was determined through the analysis of at least
600 cells in each condition.

Rho GTPases activation assay

Human MDDCs were FBS-starved for 24 hr, to set the
basal state of the GTPase activation, and then treated
under various conditions. Cell lysates (0-6 mg/ml of total
protein) were prepared and the Racl and Cdc42 activa-
tion was determined using the G-LISA Activation Assay
Biochem Kit (Cytoskeleton, Denver, CO), according to
the manufacturer’s instructions. The final reaction was
measured by absorbance at 490 nm. Parallel positive
(Racl or Cdc42 protein) and negative (no protein) con-
trols were also assayed. The amounts of activated Racl
or Cdc42 (arbitrary units) are based on the optical den-
sity values obtained after subtracting negative control
values.

Statistical analysis

Experimental data were analysed using the GRAPHPAD PRISM
statistical analysis package (GraphPad Software, Inc., San
Diego, CA). Statistical differences were analysed using
Student’s f-test or one-way analysis of variance at 95%
confidence level, as appropriate. A P-value < 0-05 was
considered statistically significant. All data were expressed
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as means + standard errors of independent assays, i.e.
using cells from different donors.

Results

Desialylated MDDCs and mMDDCs exhibit an
improved phagocytic capacity for E. coli

To investigate whether removal of cell surface sialic acids
affected phagocytosis, we analysed the capacity of siali-
dase-treated MDDC:s to internalize a K12-derived strain of
E. coli. Flow cytometry analysis revealed that desialylated
MDDCs phagocytosed significantly more E. coli (MFI =
499-90 + 66-92) than fully sialylated MDDCs (MFI =
382-80 £ 38-94) (Fig. la). Sialidase intervention also
resulted in an increase in the number of MDDCs that
internalized bacteria (73-74% =+ 3-9 as compared with
58-92% =+ 3-8 in the control assays) (see Supplementary
material, Fig. S1). To assess the effect of sialidase treat-
ment in already mature MDDCs, i.e. mMDDCs, we desial-
ylated MDDCs after stimulation with LPS, a potent
inducer of MDDC maturation. An established hallmark of
DC maturation is the loss of internalization capacity,”*
so, as expected, pre-stimulation of MDDCs with LPS
(mMDDCs) decreased phagocytosis in ~ 60% (Fig. la).
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However, sialidase treatment significantly lowered the typ-
ical decrease in phagocytic capacity of LPS-matured
MDDCs (Fig. la). Equivalent phagocytosis results were
obtained for TNF-a-matured MDDCs (see Supplementary
material, Fig. S3). Together these observations suggest that
phagocytosis can be altered by the removal of sialic acids
regardless of the maturation state of the DCs.

The differences in phagocytosis were exclusively the
result of antigen internalization and could not be attrib-
uted to differences in adhesion of the antigen to the cell
surface, based on quenching experiments with trypan
blue and negative control assays performed at 4°. Analy-
sis of phagocytosis by confocal microscopy further con-
firmed the intracellular localization of the fluorescent
bacteria (Fig. 1b and see Supplementary material, Fig.
S2). Sialidase treatment led to desialylation of the MDDC
surface, as confirmed by lectin-staining assays, namely
with SNA (binding to 02,6-linked sialic acids) and MAA
(binding to ©2,3-linked sialic acids). In fact, it was
observed that sialidase treatment significantly decreased
SNA and MAA binding to the MDDC surface (Fig. 1c),
whereas no significant alterations in the level of lectin
staining were observed in MDDCs due to the maturation
induction by LPS or to the incubation with E. coli
(results not shown).

(b) Phagocytosis by MDDCs

Untreated Sialidase-treated

Green: E. coli  Red: actin filaments

Figure 1. Sialidase treatment improves phagocytosis by human monocyte-derived dendritic cells (MDDCs) and mature MDDCs. Immature
MDDCs and lipopolysaccharide (LPS) -matured MDDCs (mMDDCs) were treated with sialidase or left untreated, following incubation with
fluorescent Escherichia coli, for 1 hr at 4° or 37°. (a) The phagocytic capacity by MDDCs and mMDDCs was evaluated by flow cytometry as the
mean fluorescence intensity (MFI) and values obtained at 4° were subtracted. Values represent the means of at least 20 independent assays. Statis-
tical significance (¥**P < 0-001 or ***P < 0-0001) refers to the difference between untreated and sialidase-treated MDDCs or mMDDCs. (b) Rep-
resentative confocal microscopy images showing MDDCs with internalized E. coli (green). Actin filaments of the MDDCs’ cytoskeleton were
stained with Phalloidin Alexa Fluor 633 (red). (c) MDDCs were stained with Sambucus nigra lectin (SNA; recognizing «2,6-sialic acids) and
Maackia amurensis lectin (MAA; recognizing 02,3-sialic acids) lectins following sialidase treatment and analysed by flow cytometry. Values
represent the means of the MFI of at least three independent assays. Statistical significance (*P < 0-05) refers to the difference between untreated
and sialidase-treated MDDCs.
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Desialylation affects the MDDC cytoskeleton
organization and the activation of Rho GTPases upon
E. coli stimulation

Depending on the receptors involved, the phagocytosis
often requires significant remodelling of the actin cytoskel-
eton and the activation of small GTPases of the Rho family,
namely Cdc42 and Racl.’>** After observing that desialyla-
tion improves phagocytosis, we asked whether desialylation
could affect the cytoskeleton organization or increase the
level of Cdc42 and Racl GTPases activation. As shown in
Fig. 2(a), desialylation did not affect the cytoskeleton orga-
nization of MDDCs. However, in the presence of E. coli,
desialylated but not fully sialylated MDDCs showed a dis-
organization of actin filaments with a tendency to aggregate
and form clusters (Fig. 2a). Sialidase treatment did not
affect the basal level of active Cdc42 and Racl GTPases in
MDDCs (Fig. 2b). However, no increase in the activation
of Cdc42 and Racl upon E. coli phagocytosis was observed
when the MDDCs were sialidase-treated (Fig. 2b).
Together these data indicate that increased phagocytosis
upon removal of cell surface sialic acids by sialidase was
not the result of improved MDDC cytoskeleton dynamics.

Desialylated MDDCs show enhanced immunological
function

We then asked whether the immunological function
of MDDCs following phagocytosis would change by
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removing sialic acids. Interestingly, we observed that desi-
alylation and E. coli phagocytosis have an additive effect
in the expression of both MHC (see Supplementary mate-
rial, Fig. S4) and cytokines by MDDCs (Fig. 3a). The
expression of IL-10, IL-12, TNF-o. and IL-6 considerably
increased following phagocytosis (Fig. 3a) but the highest
level of cytokine expression was reached by the MDDCs
challenged with E. coli that were previously desialylated
(Fig. 3a). This suggests that
removal of cell surface sialic acids beyond improving
E. coli phagocytosis, also promotes MDDC cytokine
expression.

remarkable observation

To see how the sialidase treatment might influence
the activation of NF-xB, a key transcription factor of
DC maturation,*** we followed the sub-cellular distri-
bution of p65 (RelA). RelA is a component of the NF-
KB transcription complex detectable in the cytoplasm of
MDDCs that translocates to the nucleus upon DC mat-
uration.”® Following phagocytosis, nuclear translocation
of NF-xkB was observed in ~ 89% of sialidase-treated
MDDCs and in ~ 80% of untreated MDDCs. Upon
sialidase treatment, NF-xB nuclear translocation was
limited to ~ 30% of the cells (Fig. 3b). The percentage
of MDDCs with NF-xB translocated to the nucleus was
comparable with the cytokine levels mentioned above,
suggesting the involvement of NF-xB transcription fac-
tor in the sialidase-induced increase of cytokine gene
expression.

(b) Rho GTPases activation of MDDCs
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Figure 2. Sialidase affects the cytoskeleton organization and the activation of Rho GTPases. Monocyte-derived dendritic cells (MDDCs) were
treated with sialidase or left untreated, and then incubated or not (control) with Escherichia coli for 15 min at 37°. (a) The MDDC cytoskeleton
was stained with Phalloidin Alexa Fluor 633 (red) and analysed by confocal microscopy. (b) The Rho GTPase activation level was measured in

MDDC lysates, as described in the Materials and methods section. The level of active Racl or Cdc42 (in arbitrary units) is based in optical den-

sity values obtained at 490 nm after subtracting negative control values. Values represent the means of at least four independent assays. Statistical
significance (*P < 0-05) refers to the difference between control MDDCs and MDDCs incubated with E. coli.
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Figure 3. Sialidase treatment improves the immunological function of monocyte-derived dendritic cells (MDDCs). MDDCs were treated with
sialidase or left untreated, and then incubated or not (control) with Escherichia coli. (a) The expression of interleukin-10 (IL-10), IL-12, tumour
necrosis factor-o (TNF-o) and IL-6 cytokine genes was evaluated by quantitative real-time PCR in total RNA extracted MDDCs (following siali-
dase and 1-hr incubation with E. coli). The mRNA levels of each cytokine are expressed as the permillage (9,,) of the expression of the endoge-
nous positive control, f-actin. Values represent the means of at least six independent assays. Statistical significance (*¥*P < 0-05) refers to the
difference between untreated and sialidase-treated MDDCs following E. coli phagocytosis. (b) Representative images of the nuclear factor-xB
(NF-kB) transcription factor nuclear translocation. Translocation was assessed by labelling MDDCs (following sialidase and a 15-min incubation
with E. coli) with anti-NF-xB p65 (red) and staining the cell nucleus with DAPI (blue). Cells were then fixed and analysed by combining colours
through microscopy. At least 600 cells in each condition were analysed. (c) Interferon-y (IFN-y) gene expression was evaluated by quantitative
real-time PCR in total RNA extracted from a 48 hr co-culture of MDDCs, (following sialidase and a 1-hr incubation with E. coli) and autologous
T lymphocytes, in a DC : T-lymphocyte ratio of 1 : 4. The IFN-y mRNA levels are expressed as the permillage (9,) of the expression of the
endogenous positive control, ff-actin. Values represent the means of at least seven independent assays. Statistical significance (¥*P < 0-05) refers to
the difference between untreated and sialidase-treated MDDCs following E. coli phagocytosis.

To assess how desialylation might influence the ability
of MDDCs to stimulate a T-lymphocyte response, we
measured IFN-y mRNA levels in co-cultures of MDDCs
and autologous T lymphocytes (Fig. 3c). Interferon-y
mRNA was not detected in unstimulated T lymphocytes
or in MDDCs cultured alone, irrespective of them being
challenged or not with E. coli (results not shown). In co-
cultures of T lymphocytes with untreated MDDCs that
did not experience phagocytosis, [IFN-y mRNA expression
was also barely detectable. However, in T lymphocytes in
the presence of MDDCs experiencing E. coli internaliza-
tion, or pre-treated with sialidase, or both, IFN-y mRNA
was dramatically increased. In fact, desialylated MDDCs
in response to E. coli exposure stimulate T lymphocytes
to produce 70% more IFN-y mRNA than fully sialylated
MDDCs. These results associate well with the expected

downstream events accompanying maturation, including
the increased cytokine and MHC expression observed in
desialylated MDDCs following phagocytosis.

Enhanced phagocytosis induced by desialylation is
mediated by sialic acid moieties

To further understand how MDDC cell surface sialic acids
influence phagocytic activity, we examined the capacity of
desialylated MDDCs to internalize E. coli in the presence
of competitive free sialic acid. Interestingly, the enhanced
phagocytosis observed in sialidase-treated MDDCs was
completely inhibited by the presence of free sialic acid
(Fig. 4a). When SNA and MAA lectins were used to block
cell surface 02,6-linked and 2,3-linked sialic acids, respec-
tively, in lieu of cleaving sialic acids moieties by sialidase,
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the E. coli phagocytosis was not improved (Fig. 4b). These
results suggest that the improved phagocytosis requires
the removal of sialic acid and not the simple masking of
cell surface sialic acid by lectins.

If covalently linked cell surface sialic acids were
involved in modulation of phagocytic activity, we pre-
dicted that restoration of sialic acids should undermine
the sialidase activation of phagocytosis. To this end, we
exploited the presence of an MDDC cell surface sialyl-
transferase activity that we had reported earlier,”> which
would mediate the reconstruction of cell surface sialic
acid linkages in the presence of the donor substrate,
CMP-5-NeuAc. As expected, the presence of CMP-5-Neu-
Ac abolished the improvement of E. coli phagocytosis by
desialylated MDDCs (Fig. 4c), through the observed res-
toration of MDDC surface sialylation, and substantiated
the idea that sialic acids act as phagocytic modulators.

A sialic acid-dependent mechanism for the binding of
sialylated bacteria to desialylated immune cells has been
reported.'® "> As the E. coli-K12-derived strain used in

Desialylation improves DCs phagocytosis

the present work contains sialic acids (results not shown),
we then wished to determine if improved phagocytosis
was dependent on the E. coli surface sialic acids. As
shown in Fig. 4(d), phagocytosis was not significantly
improved upon desialylation of E. coli, suggesting a
mechanism of phagocytosis mediated by sialic acids from
both MDDC and E. coli.

Phagocytosis of pathogenic E. coli isolates is also
improved in desialylated MDDCs

We then asked whether MDDC desialylation could
improve the internalization of pathogenic strains. We
used different pathogenic E. coli isolates (designated here
as I, II, III, IV) obtained from urine cultures and haemo-
cultures of patients either with a urinary infection or sep-
ticaemia. Interestingly, after treating MDDC with
sialidase, the phagocytosis of all four pathogenic isolates
was enhanced. In fact, as in the case of the K12-derived
strain, an improvement of 29%, 29%, 17% and 30% in

(a) Effect of free sialic acid in phagocytosis  (b) Effect of blocking lectins in
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Figure 4. Escherichia coli phagocytosis is influenced by sialic acid moieties. Monocyte-derived dendritic cells (MDDCs) were treated with sialidase
or left untreated, and then incubated or not (control) with E. coli for 1 hr at 4° or 37°. (a) The influence of free sialic acid on phagocytosis was
determined by evaluating the phagocytic capacity of MDDCs in the presence or absence of this sugar. Values, representing phagocytosis, calcu-
lated as the percentage (%) of the mean fluorescence intensity (MFIL; obtained by flow cytometry) normalized with respect to untreated MDDCs
incubated without free sialic acid. Values represent the means of at least five independent assays. Statistical significance (**P < 0-001) refers to
the difference between sialidase-treated and untreated MDDCs. (b) The effect of hiding surface 22,6-linked and 02,3-linked sialic acids in
phagocytosis was determined by incubating untreated MDDCs in the absence (control) or in the presence of Sambucus nigra lectin (SNA) or
Maackia amurensis lectin (MAA) blocking lectins. Values represent the means of MFI of at least three independent assays. (c) The influence of
ectosialyltransferase activity in phagocytosis was assessed by conducting the assay in the presence or absence of the sialyltransferase substrate, cyti-
dine 5'-monophospho-N-acetylneuraminic acid (CMP-5-NeuAc). Values represent the means of MFI of at least five independent assays. Statistical
significance (**P < 0-001) refers to the difference between sialidase-treated and untreated MDDCs. (d) The participation of sialic acids from
E. coli surface on phagocytosis was determined by comparing the capacity of MDDCs to internalize E. coli when sialidase-treated or left
untreated. Values represent the means of MFI of at least three independent assays. Statistical significance (**P < 0-001) refers to the difference
between sialidase-treated and untreated MDDCs.
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the phagocytosis of pathogenic isolates I, II, IIT and IV,
respectively, was observed when MDDCs were treated
with sialidase (Fig. 5). These results suggest not only a
role for sialic acid as a modulator of phagocytosis by
MDDCs, but also that this property has potential thera-
peutic utility against pathogenic E. coli infections.

BMDCs from ST6Gal.1-deficient mice have improved
phagocytic capacity for E. coli

To further document the correlation between cell surface
sialic acid and the phagocytic capacity of DCs without
using sialidases, we used BMDCs harvested from sialyl-
transferase ST6Gal.1 knockout (SiatI-null) mice,* with a
genetic inability to produce in «2,6-linked sialic acid
structures on galactose termini.”’ *° As shown in Fig. 6,
SiatI-null BMDCs, showed an approximately twofold
improvement in their capacity to phagocytose E. coli
compared with BMDCs from the wild-type mice. These
results corroborate the data from human desialylated
MDDCs, linking phagocytic capacity with cell surface
sialylation status. Furthermore, the data suggest a specific
contribution of ¢2,6-sialic acids to this process.

Discussion

Antibiotic resistance among Gram-negative pathogens has
been on the rise and the current gold-standard for the
treatment of bacterial infections — the use of antibiotics
— is under serious threat.’” Pathogenic variants of E. coli
are known to easily acquire resistance, especially for anti-
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Figure 5. Sialidase treatment improves the capacity of monocyte-
derived dendritic cells (MDDCs) to phagocytose pathogenic
Escherichia coli isolates. MDDCs were sialidase-treated or left
untreated and incubated for 1 hr, at 4° or 37°, with pathogenic
E. coli isolates (I, II, III, IV). The phagocytic capacity was evaluated
by flow cytometry as the MFI and values obtained at 4° were sub-
tracted. Values represent the means of at least 10 independent assays.
Statistical significance (**P < 0-001 or ***P < 0-0001) refers to the
difference between sialidase-treated and untreated MDDCs.
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Figure 6. Siatl-null bone marrow-derived dendritic cells (BMDCs)
have improved phagocytic capacity compared with wild-type (WT).
BMDCs were harvested from Siatl-null and WT mice and incubated
in presence of Escherichia coli, for 1 hr, at 4° and 37°. The data rep-
resent the means of the MFI values, obtained by flow cytometry; of
at least four independent assays (values obtained at 4° were sub-
tracted). Statistical significance (*¥**P < 0-0001) refers to the differ-
ence between WT and Siatl-null BMDCs.

microbial agents that have long been in use in humans.
Hence, while the search for new antibiotics continues,
there is an urgent need for effective combat strategies
against risk-associated Gram-negative bacteria. Reinforce-
ment of the immune system through a synergy of cellular
stimulation, anti-microbial action, and long-lasting anti-
bacterial protection is considered an interesting choice.
Through their potent immunoregulatory capacities, DCs
are promising therapeutic targets to boost sufficiently
robust and long-lasting immunity against pathogenic bac-
teria. Therefore, understanding the mechanisms that
modulate the pivotal DC—pathogen interaction is, nowa-
days, a fundamental goal.

Recent reports show that human MDDCs are highly
sialylated,® ** and a growing body of evidence has impli-
cated a role for their sialylated structures in the modulation
of MDDC functions®® such as endocytosis mechanisms.*
Here, we addressed the question of whether MDDC sialic
acids are particularly relevant for phagocytosis. Physiologi-
cally, it is already accepted that cell surface sialic acid con-
tent can be modulated by endogenous sialidases such as
Neu1” and by sialidases from exogenous sources released
by pathogenic bacteria or virus during the course of an
infection. Regarding phagocytosis, it was reported that
mouse cell surface Neul activates phagocytosis by macro-
phages and DCs through desialylation of cell surface recep-
tors.'® In addition surface desialylation by influenza virus
sialidase stimulates the internalization of target virus-
infected cells by mouse macrophages.*’

In this work we reported for the first time that the
phagocytosis by human MDDCs could also be modulated
by cell surface sialic acids. We demonstrated that sialidase
treatment significantly improved E. coli phagocytosis
regardless of the state of DC maturation. As sialidase
treatment led to actin cytoskeleton disorganization and
did not lead to increased activation of the Rho family of

242 © 2012 The Authors. Immunology © 2012 Blackwell Publishing Ltd, /mmunology, 138, 235-245



GTPases, we inferred that desialylation influenced phago-
cytosis through an actin-independent mechanism. How-
ever, further investigations are necessary to fully
understand the supportive mechanisms.

We showed that the enhanced phagocytosis induced by
desialylation was inhibited by free sialic acid and was
dependent on E. coli sialic acids. Moreover, this phenome-
non was not observed by simply hiding cell surface sialic
acid by the use of lectins, suggesting that actual removal
of cell surface sialic acid residues was needed for phagocy-
tosis improvement. Concordantly, phagocytosis improve-
ment could be reversed by regeneration of cell surface
sialic acid linkages by means of an ectosialyltransferase
activity present on DC surfaces.

One possible hypothesis to explain the sialidase phe-
nomenon is the engagement of receptors that become
more accessible after sialidase treatment. This mechanism
is supported by previous suggestions that sialylation con-
tent, modulated by Neul sialidase, is a new important
parameter controlling interactions between macrophage
receptors, their ligands and signalling proteins.'®

Bacterial pathogen-associated molecular patterns are
recognized by a variety of pathogen-recognition receptors,
which include several sialylated receptors and receptors
that recognize sialylated structures. Toll-like receptors
(TLRs) recognize several microbial ligands, leading to the
activation of intracellular signalling cascades. Interestingly,
endogenous or exogenous sialidases have an essential role
in LPS-induced TLR4 activation by cleaving specific sialic
acid residues.’>*"** Sialic acid binding immunoglobulin-
like lectins (Siglecs) are receptors that specifically recog-
nize sialic acids and are involved both in endocytosis and
cellular signalling functions.*’ Siglecs are usually masked
by cis interactions with sialic acids expressed on the same
cell membrane, which can be unmasked following
exposure to sialidase or, in some cases, by cellular activa-
tion."” Most Siglecs possess cytoplasmic tails harbouring
immunoreceptor tyrosine-based inhibitory motifs with an
important immunoregulatory role. Indeed, some Siglecs
from the CD33-related family can suppress the TLR-
dependent production of TNF-o and IL-6 pro-inflamma-
tory cytokines and enhance the production of the
anti-inflammatory cytokine IL-10.** On a related note,
many pathogens are known to possess, or acquire, sialic
acid to interact with Siglec-expressing leucocytes thus
advantageously modulating the immune response.'®'"!"?
Taking these characteristics into account, and considering
that E. coli exhibit some ligands for members of both
TLRs and Siglecs (Guadalupe Cabral M and Paula A.
Videira, unpublished data), these are candidate receptors
involved in the observed improvement of E. coli phagocy-
tosis by desialylated MDDCs. Nevertheless, it is probable
that a complex combination of receptors is simulta-
neously engaged following MDDC desialylation resulting
in the observed up-regulation of phagocytosis.

Desialylation improves DCs phagocytosis

Our studies with BMDCs deficient for ST6Gal.1, which
mediates the synthesis of the 2,6-sialyl linkages, strongly
implicates the influence of specifically u2,6-sialic acids in
this process and further suggests a role for the expression
of the ST6Gal.l enzyme in regulating DC phagocytic
activity. ST6Gal.1 is one of the most highly expressed sial-
yltransferases in human MDDCs.”> One of the best-
known products of ST6Gal.l is the counter-receptor of
CD22 Siglec on B lymphocytes.*> Besides the humoral
responses, the maintenance of myeloid homeostatic bal-
ance,””*® T-lymphocyte functionality,*® and integrin sig-
nalling®” are just a few of the physiological processes that
also implicate ST6Gal.l participation. The specific
ST6Gal.1 acceptor substrates are still not identified in
DCs but it is possible to involve key a2,6-sialylated recep-
tors or «2,6-sialylated ligands engaged in cis-interactions
with endogenous receptors.

There is a possibility that E. coli receptors or compo-
nents actively participating and interacting with desialy-
lated MDDCs are irrelevant because, in this work, we
adopted an experimental design that involved exclusively
heat-killed not live bacteria.

Cytokines produced by DCs are known to be important
in regulating the adaptive immune response, directing it
to either a pro-inflammatory immune response or to an
anti-inflammatory immune response. It has been reported
that Gram-negative bacteria induce MDDCs towards a
pro-inflammatory response, with secretion of IL-12, TNEF-
o, IL-6 and IL-10.*® In fact, here we observed that desial-
ylation of MDDCs followed by E. coli phagocytosis not
only significantly improves the expression of IL-12, IL-6
and TNF-o, which are potent pro-inflammatory cytokines
able to stimulate cytotoxic T cells, but also improves the
expression of IL-10, which helps the production of B-cell
immunoglobulin.*® This cytokine profile recalls the idea
that sialidase triggers distinct intracellular signals, with
relevant functional impact on the anti-pathogenic
response. We further confirm the high immunological
potency of sialidase-treated MDDCs following phagocyto-
sis by demonstrating the high ability of these cells in
priming T lymphocytes. In agreement with previous
work,*? the matured phenotype of MDDCs, acquired
through desialylation per se, activate the NF-xB pathway,
which explains the increased cytokine gene expression.

Of note, we found that desialylation also improved the
capacity of MDDCs to internalize pathogenic E. coli
isolates, suggesting the sialidase mechanism to be ubiqui-
tous regarding other E. coli. According to the data shown
above, this mechanism should be restricted, at least, to
bacteria that express cell surface sialylated structures.
However, further studies are necessary to elucidate if this
mechanism is E. coli restricted or could be extended to
other sialylated Gram-negative bacteria.

In summary, data from the present study indicate that
desialylation, and in particular depletion of 2,6-sialic
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acids, improves the capacity of human MDDCs to inter-
nalize E. coli, independently of their maturation stage.
Sialidase-mediated cleavage of sialic acid residues remark-
ably potentiates DC maturation and cytokine production
via NF-xB translocation, resulting in an increased ability
to activate T lymphocytes. Further studies are still
required to illuminate the details of the involved mecha-
nisms, but the present work lays the foundation insight
for the importance of cell surface sialic acids of DC at the
critical interface between bacterial challenges and the
mobilization of host adaptive immune responses.

We believe that these findings are relevant in adding to
the knowledge required for the establishment of efficient,
antibiotic substitutes and immunotherapies, which are
particularly important in fighting antibiotic-resistant
Gram-negative pathogens.
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