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Attana, Björnnäsvägen 21, 11419 Stockholm, Sweden
‡

S Supporting Information
*

ABSTRACT: Recognition of bacterial surface epitopes by host
receptors plays an important role in the infectious process and is
intimately associated with bacterial virulence. Delineation of
bacteria−host interactions commonly relies on the detection of
binding events between puriﬁed bacteria- and host-target
molecules. In this work, we describe a combined microarray
and quartz crystal microbalance (QCM) approach for the
analysis of carbohydrate-mediated interactions directly on the
bacterial surface, thus preserving the native environment of the
bacterial targets. Nontypeable Haemophilus inf luenzae (NTHi)
was selected as a model pathogenic species not displaying a
polysaccharide capsule or O-antigen-containing lipopolysaccharide, a trait commonly found in several important respiratory
pathogens. Here, we demonstrate the usefulness of NTHi
microarrays for exploring the presence of carbohydrate structures on the bacterial surface. Furthermore, the microarray approach
is shown to be eﬃcient for detecting strain-selective binding of three innate immune lectins, namely, surfactant protein D, human
galectin-8, and Siglec-14, to diﬀerent NTHi clinical isolates. In parallel, QCM bacteria-chips were developed for the analysis of
lectin-binding kinetics and aﬃnity. This novel QCM approach involves capture of NTHi on lectin-derivatized chips followed by
formaldehyde ﬁxation, rendering the bacteria an integrated part of the sensor chip, and subsequent binding assays with label-free
lectins. The binding parameters obtained for selected NTHi-lectin pairs provide further insights into the interactions occurring at
the bacterial surface.

B

glycome.10,11 More focused libraries that incorporate synthetic
or natural bacterial glycans have also been developed.12,13 Still,
glycans’ presentation and density in the array may substantially
diﬀer from their natural arrangement, a factor reported to aﬀect
recognition, particularly in the case of weak binders.14,15 Thus,
the real accessibility and density of each glycan on the bacterial
surface is not assessed. Furthermore, a possible binding to the
entire bacteria arising from a simultaneous recognition of
diﬀerent molecules will be unnoticed in a carbohydrate
microarray setup, where binding to individual glycans is tested.
The accessibility of glycans on bacterial surfaces has been
previously examined using a sophisticated microarray assay
involving capturing of bacteria by array-printed lectins and

acterial surfaces are coated with a variety of carbohydraterich structures that usually serve to typify strains.1−3 The
accessibility and density of glycans on the bacterial surfaces
make them key targets for recognition by host receptors and/or
soluble molecules, for triggering defense responses or as
mechanism exploited by the pathogen for attachment, cell
surface reorganization and subsequent entry, or self-protective
host signaling subversion.4−6 Indeed, the virulence degree of
serological types distinguished by their surface carbohydrate
structures appears to correlate with the recognition, or lack of
recognition, of such structures by lectins of the innate immune
system.5 A variety of biophysical and biochemical methods have
been used to identify the glycoepitopes recognized by these
lectins, including diﬀerent glycan microarray platforms.7−9 A
main limitation of most of these platforms is that they are
largely built with mammalian-like glycan libraries, whereas
bacteria are known to display unique monosaccharide units and
carbohydrate structures not present in the mammalian
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investigated using a newly developed application of the quartz
crystal microbalance (QCM) technology. QCM biosensors
have proved to be powerful tools for label-free and real-time
analysis of interactions under dynamic conditions, enabling the
study of binding kinetics. Similar to microarrays, traditional
biosensors are based on individual puriﬁed biomolecules, so the
information obtained may not be extrapolated to their
biological context. To overcome this limitation, QCM cell
biosensors have been recently developed by directly growing
cells on polystyrene-coated QCM chips or by capturing the
cells onto lectin-coated chips, making possible the evaluation of
biomolecular interactions on cell surfaces and thereby more
closely mimicking a biological environment.24−27 In addition,
binding of bacteria to diﬀerent lectin-coated QCM chips has
been reported and used for typing carbohydrate structures on
the cell surface.28 On the basis of these precedents, we
developed a novel system for the kinetic analysis of lectin
binding to bacteria, involving capturing of NTHi on
concanavalin A (ConA)-derivatized chips, ﬁxation of the
ConA-bacteria chips, and subsequent binding assays with
label-free lectins. The results obtained for the selected NTHilectin pairs were in agreement with the binding trends observed
in the microarray assays and provided additional insights into
the interactions occurring at the bacterial surface.

detection of bound bacteria using lectin-conjugated gold
nanoparticles, followed by silver deposition to enhance the
resonance light scattering of the particles.16 As alternative, we
recently developed a simpler approach based on the generation
of bacteria microarrays.17 Bacteria were directly printed on
nitrocellulose-coated glass slides, and the binding of a panel of
lectins with diverse carbohydrate-binding speciﬁcities was
examined using the widely employed biotin/streptavidin system
for detection. The human pathogen Klebsiella pneumoniae was
used as model bacterium, proving the eﬃcacy of the approach
for investigating the glycosylation patterns of the bacterial cell
surface, as well as for detecting recognition by anti-Klebsiella
antibodies and by the complement component C1q. K.
pneumoniae is a Gram-negative bacterium displaying a
carbohydrate-rich coat predominantly composed of a capsular
polysaccharide and a lipopolysaccharide (LPS) comprising lipid
A, a core oligosaccharide, and an O-polysaccharide chain. Other
Gram-negative bacteria, however, are nonencapsulated and/or
do not express O-antigen-containing LPSs, therefore presenting
diﬀerent or sometimes more limited number of carbohydrate
structures at their surface. This is the case for nontypeable
(noncapsulated) Haemophilus inf luenzae (NTHi). This Gramnegative opportunistic pathogen is a common source of
respiratory infection, a primary causative agent of pediatric
otitis media, and is associated with chronic obstructive
pulmonary disease (COPD) exacerbation.18 NTHi LPS
contains no repetitive O-antigen chains and is referred to as
lipooligosaccharide (LOS). It comprises a membrane-anchoring
lipid A linked by a single 2-keto-3-deoxyoctulosonic acid (Kdo)
to a conserved heptose (Hep) trisaccharide inner core. Each
Hep can be a point for addition of a hexose or further chain
extensions that constitute the outer core. NTHi genes involved
in LOS biosynthesis relevant to this study are opsX, encoding a
heptosyltransferase adding the ﬁrst L-glycero-D-manno-heptose
to Kdo; lgtF and lpsA, encoding glycosyltransferases responsible
for adding glucose (Glc) or galactose (Gal) to Hep I and III,
respectively; and lic2A, encoding a glycosyltransferase that adds
Gal as part of a digalactose epitope (Figure S-1). NTHi LOS
can also contain sialic acid (5-acetyl-neuraminic acid or
Neu5Ac) as terminal sugar residue. The siaB gene encodes a
synthetase that catalyzes the formation of CMP-Neu5Ac, the
nucleotide sugar donor used by sialyltransferases. The LOS
molecule participates in several aspects of the NTHi-host
interplay.19 In particular, the digalactose moiety confers
resistance to killing by complement and antimicrobial
peptides,20 and expression of two digalactoses may enhance
bacterial virulence.21 Sialylated LOS glycoforms promote serum
resistance22 and play a role in bioﬁlm growth.23 Moreover,
opsX, lgtF, and lpsA contribute to bacterial resistance to
antimicrobial peptides and lung infection; opsX and lgtF
participate in epithelial infection; and lgtF is involved in bioﬁlm
growth.19
In this work, we examined the potential and sensitivity of our
bacteria microarray approach for exploring the glycosylation
patterns of NTHi. We took advantage of NTHi strain 375
(hereafter referred to as NTHi375), an isolate for which the
LOS structure has been determined, and a panel of previously
generated mutants defective for a range of LOS-speciﬁc
enzymes. The results evidenced lectin- and strain-speciﬁc
binding patterns, prompting the comparative analysis of the
glycosignatures of NTHi clinical isolates and of their
recognition by selected innate immune lectins. In addition,
binding kinetics for representative NTHi-lectin pairs were

■

EXPERIMENTAL SECTION
Microarray Binding Assays. Robotic arrays were prepared
by printing SYTO-13-labeled bacteria suspensions and Cy3containing control (glyco)protein solutions as triplicates in a
dose−response format on 16-pad nitrocellulose-coated glass
slides, essentially as described.17 Bacterial strains printed in the
arrays (Table S-1), conditions used for bacteria growth and
SYTO-13 labeling, and further details on the preparation of
microarrays are described in the Supporting Information. The
arrays were scanned for SYTO-13 and Cy3 signals. When
required, bacteria ﬂuorescence was normalized to wild type
NTHi375, by multiplying the experimental ﬂuorescence by the
ratio of labeling eﬃciencies of NTHi375 to the respective
strain. The arrays were validated by testing the binding of rabbit
polyclonal anti-NTHi serum, as described in the Supporting
Information. To test the binding of biotin-labeled lectins, slides
were incubated with the lectins in the absence or presence of
the appropriate hapten (Table S-2), and bound lectins were
next detected by incubation with AlexaFluor-647 (AF647)labeled streptavidin. For monitoring the binding to the arrays of
His-tagged human surfactant protein D (SP-D) and galectin-8
(hGal-8), the arrays were incubated with a mouse antipoly-His
antibody, followed by incubation with biotinylated antimouse
IgG, and ﬁnal incubation with AF647-streptavidin (Figure S-2).
For chimeric Siglec-14-Fc, slides were incubated with Siglec-14Fc preincubated with biotinylated mouse antihuman IgG1 Fc
(Figure S-2), and binding was detected with AF647streptavidin. See the Supporting Information for full
information on lectins and experimental conditions used in
the microarray binding assays.
QCM Binding Analyses. For the preparation of bacteriacapturing chips, ConA was immobilized on the surface of LNB
(Low Nonspeciﬁc Binding) chips (Attana AB) using the Amine
Coupling Kit (Attana AB), as detailed in the Supporting
Information. The surfaces were then incubated with the
bacteria suspensions (chip A) or buﬀer alone as reference
(chip B), followed by ﬁxation with formaldehyde. Cell coverage
on the surfaces was evaluated by staining bacterial nucleic acids
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with DAPI (4′,6-diamidino-2-phenyl-indole) and ﬂuorescence
microscopy. Kinetic and aﬃnity studies were performed in an
Attana Cell 200 QCM biosensor by consecutive duplicate
injections of increasing concentrations of the lectins tested. In
the competition experiments, the lectins were preincubated
with their speciﬁc hapten before injection. Retention of the
bacteria on the chips after the binding assays was assessed ex
situ by DAPI imaging. In addition, lectin binding to the chips
was visualized by incubation with ﬂuorescein-labeled ConA and
ﬂuorescence microscopy. For details on the experimental
procedures, please see the Supporting Information.

inhibitory potential of the tested sugars were observed (Figure
1, upper panel). No or very low inhibition was detected for 7 of
the lectins, what could derive from a very strong carbohydratemediated binding to the bacterial surface, or reﬂect the
occurrence of noncarbohydrate-mediated interactions. In
contrast, the binding of 9 lectins was inhibited to a
moderate/large extent. As a consequence, the pattern of
hapten-inhibitable lectin binding (Figure 1, lower panel) clearly
diﬀered from that of total binding. This sugar-inhibitable
binding unambiguously revealed the presence on the bacterial
surface of carbohydrate structures speciﬁcally recognized by the
lectins. In particular, the noticeable binding of the Gal-speciﬁc
lectins VAA and RCA evidenced the availability of Galcontaining structures; binding of MAL-I pointed to the
presence of a lactose epitope, which could also account, at
least in part, for WFA binding; and the sialic acid-binding
lectins WGA, PSqL and SNA revealed the availability of this
sugar moiety for lectin binding. Both Gal and sialic acid
residues are integral constituents of NTHi375 LOS (Figure S1), which also contains Glc and hepto-mannose residues that
might serve as docking points for ConA.29,30 Therefore, the
LOS could be a possible target for these lectins, prompting us
to analyze their binding to a set of isogenic mutant strains
expressing sequentially truncated LOS19 (see Figure S-1 and
Table S-1 for description). Those lectins exhibiting hapteninhibitable binding, in terms of ﬂuorescence intensity, of 1 ×
103 or above (denoted by the horizontal line in Figure 1, lower
panel) were selected for further study. As shown in Figure 2,

■

RESULTS AND DISCUSSION
Proﬁling of Accessible Glycan Chains on the Surface
of NTHi375. NTHi microarrays proved to be eﬃcient for
detecting binding of an anti-NTHi serum (described in the
Supporting Information, section SI-7 and Figure S-3), paving
the way to the analysis of the availability on the bacterial surface
of carbohydrate epitopes for lectin recognition. We ﬁrst
examined the binding to NTHi375 of a panel of 19 lectins
exhibiting a diversity of carbohydrate-binding speciﬁcities
(Table S-2). Notable diﬀerences in the binding were detected
(Figure 1, upper panel), evidencing the unavailability of ligands

Figure 2. Relative binding strength of selected reference lectins to
NTHi375 mutant strains. Binding of biotinylated lectins to NTHi375
wild type and mutant strains (see Table S-1 for description) printed
onto nitrocellulose-coated glass slides was assessed simultaneously,
and the relative binding strength was calculated as percentage taking
for each lectin the binding to wild type NTHi375 as 100%. Data
shown corresponds to mean values calculated from binding intensities
of triplicate samples of at least two diﬀerent experiments to bacteria
dilutions at OD600 of 1 and 0.6. Standard deviations of the mean are
given.

Figure 1. Binding of reference lectins to NTHi375. Upper panel:
NTHi375 was printed as triplicates at OD600 = 1 and binding of biotinlabeled lectins was assayed in the absence (white) and presence (gray)
of the respective lectin hapten (Table S-2). Lectin binding was
assessed by incubation with AF647-streptavidin. Data shown
correspond to the mean of at least two diﬀerent experiments and
error bars indicate the standard deviation of the mean. Lower panel:
hapten-inhibitable binding calculated from data shown in the upper
panel. The horizontal line marks the threshold at ﬂuorescence intensity
1 × 103.

LOS truncation had diﬀerential consequences on lectin binding.
The most truncated mutants, lacking extensions on Hep I and
III (ΔlgtFΔlpsA) or all core sugars (ΔopsX) showed a moderate
to strong decrease in lectin binding compared to the wild type
strain, supporting the notion that the LOS could be a target for
the tested lectins. Deletion of the extension at Hep III (ΔlpsA)
also resulted in decreased binding for most lectins, whereas
shorter truncations, as those in ΔsiaB, ΔlgtF, and Δlic2A, had
disparate lectin-speciﬁc consequences, with both reduced and
enhanced binding compared to wild type NTHi375.

with the appropriate structure/accessibility for meaningful
recognition by 3 of the tested lectins, although they were
strongly bound to the proper control glycoproteins also printed
in the arrays. Speciﬁcity of the detected binding was assessed in
parallel assays carried out in the presence of the suitable hapten
for each lectin (Table S-2). Again, notable diﬀerences in the
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Figure 3. Preparation and validation of bacteria chips for QCM lectin binding assays. (A) Scheme of the steps followed for the preparation of ConAcaptured bacteria chips and lectin binding assays, as detailed in the Experimental Section. (B) Bacteria coverage of the prepared chip surfaces was
evaluated before (a) and after (b) 30 lectin binding assays and regeneration cycles by ex situ DAPI staining of bacterial nucleic acids and visualization
using ﬂuorescence microscopy; (c) FITC-ConA binding to the bacteria chips after the lectin binding assays. (C) Representative sensograms of the
binding to NTHi375 of RCA injected at 0.3, 0.6, 1.25, 2.5, and 5 μg/mL (a), and of WGA injected at 6.25, 12.5, 25, 50, and 100 μg/mL (b), from
bottom to top. The black lines represent the experimental data and the red lines the ﬁts obtained using 1:1 (RCA) or 1:2 (WGA) models.

The LOS of ΔsiaB cannot be sialylated. Consistently, the
binding of the sialic acid-speciﬁc lectins WGA, PSqL, and SNA
decreased signiﬁcantly. The capability of these lectins to
recognize other sugar epitopes as, e.g., GlcNAc for WGA31 or
lactose for PSqL32 and SNA,33 could account for their binding
to this mutant. Conversely, the absence of sialic acid residues
masking Gal or GalNAc groups might explain the signiﬁcant
increase in the binding of SBA, RCA, and VAA. A similar
shielding eﬀect of sialic acid on the binding of SBA was
reported in cell binding and histochemical studies.34,35
Moreover, it is known that substitutions at position 3 of Gal,
as found in NTHi375 LOS, abolish RCA and VAA binding
because this is a key position for recognition.36,37 In contrast,
MAL-I tolerates substitutions at position 3, sialylation or
sulfation even increasing the binding aﬃnity,38 thus explaining
that no increase in the binding to ΔsiaB was observed for this
lectin, a behavior also exhibited by WFA. Of note, mono- and
disialylated species have been reported to represent 9% and 5%,
respectively, of the total LOS species in wild type NTHi375,39
whereas the majority of LOS molecules are expected to display
a terminal Gal residue that could be potentially targeted by Galspeciﬁc lectins. Moreover, besides the LOS, other Gal/GalNAccontaining structures on the bacterial surface could serve as
lectin docking points. A relevant example is the high molecular
weight glycoprotein HMW1A, which contains Glc and Gal
residues linked to multiple asparagine glycosylation sites.40
Indeed, the lectin-binding pattern to Δlic2A, lacking the
glycosyltransferase adding Gal to the Glc residue bound to
Hep III, is diﬃcult to rationalize without considering
recognition of other carbohydrate structures. Thus, although
binding of VAA to Δlic2A was decreased compared to the wild
type strain, no signiﬁcant eﬀect on the binding of RCA, MAL-I,
or WFA was observed.
A complex lectin-binding pattern was also observed for
ΔlgtF, lacking the glycosyltransferase responsible for adding Glc
to Hep I. Here, binding of VAA and SBA was enhanced, what
could be tentatively explained by an increase in accessibility of

recognized epitopes on the bacterial surface, as also observed
for the anti-NTHi serum (Figure S-3), whereas that of RCA,
MAL-I, and WFA decreased. Of note, this mutant strain was
found to be reactive to mouse antiphosphorylcholine (PCho)
antibody TEPC-15, suggesting that, in the absence of Glc
added to Hep I, PCho could be linked to the Glc attached to
Hep III.19 Moreover, this mutant was also found to exhibit an
altered behavior compared to wild type NTHi375 in terms of
resistance to antimicrobial peptides, bioﬁlm growth, and
epithelial and lung infection,19 evidencing that this apparently
small LOS truncation has major phenotypic consequences. The
reduced bioﬁlm formation by ΔlgtF was particularly unexpected, as this strain is supposed to display sialic acid
residues at the Hep III extension, acknowledged to be
important for bioﬁlm growth.41,42 Interestingly, ΔlgtF exhibited
a signiﬁcantly decreased binding of the sialic acid-binding
lectins WGA, PsqL, and SNA, indicating a lower availability of
sialic acid residues on the bacterial surface for lectin
recognition. Possible explanations could be a major change in
the three-dimensional presentation of the LOS upon removal of
PCho-Glc at Hep I or a decrease in the sialic acid content of the
LOS molecule due to dynamic compensatory changes in
response to the truncation.
The strain-binding pattern of ConA was also complex, with
enhanced recognition of ΔsiaB, Δlic2A, and ΔlgtF and similar
or slightly decreased binding to the strains with shorter LOS
versions (ΔlpsA, ΔlgtFΔlpsA, and ΔopsX). Increased ConA
binding following desialylation was previously reported in
histochemical studies,35 while Δlic2A and ΔlgtF display
terminal Glc and Hep moieties, respectively, that could serve
as docking points for ConA, thereby explaining the increased
binding to these strains. On the other hand, the small
diﬀerences in ConA binding to the most truncated strains
compared to wild type NTHi375 suggest that other surface
carbohydrate structures, besides the LOS, are recognized by
ConA.
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To conﬁrm lectin recognition and strain-speciﬁc binding
trends using a complementary approach, we developed a novel
application of the QCM technology, using RCA, WGA, and
ConA, as representative lectins with Gal-, sialic acid-, and Man/
Glc-binding speciﬁcities, respectively, and NTHi375 and
ΔlgtFΔlpsA (the latter showing in general the weakest binding
signals for the tested lectins) as reference strains.
QCM Analysis of Lectin Binding to NTHi375 and
ΔlgtFΔlpsA Strains. For QCM analysis of lectin binding to
bacteria, lectin-captured bacteria chips were developed. On the
basis of the comparable binding of ConA to NTHi375 and
ΔlgtFΔlpsA in the microarray assays (Figure 2), this lectin was
selected as a bacteria capturer. ConA covalently immobilized on
activated LNB-carboxyl QCM chips via amine coupling was
previously found to be operative for ex situ capture of cancer
cells,26 supporting the applicability of this setup. Using a similar
protocol, bacteria cells were captured onto the surface of ConAderivatized QCM chips (Figure 3A). Following capture, chips
were ﬁxed in formaldehyde, so that bacteria become an
integrated part of the sensor chip. Fixation is key to allow the
use of eﬃcient regeneration solutions for completely removing
bound lectins between successive binding assays. Regeneration
of nonﬁxed mammalian cell chips following lectin-binding
assays using a high concentration of a competitive sugar has
been reported.26,27 Still, the use of the cell chip was limited to a
few injection cycles. Furthermore, cell outﬂow might occur if
the sugar competes with the capturing-lectin−cell interaction.
In contrast, the formaldehyde-ﬁxed ConA-bacteria chips here
developed could be completely regenerated using a pulse
injection of 10 mM glycine, pH 1.2, 0.5 M NaCl, were stable for
more than 50 injection cycles, and could be stored at 4 °C for
further use.
Bacteria coverage of the chip surface before and after the
binding assays was assessed by DAPI staining of nucleic acids
and ﬂuorescence microscopy (Figure 3B), showing a widespread capture of cells over the entire surface and proving
retention of the bacteria after injection and regeneration cycles.
Furthermore, lectin binding was visualized by ﬂuorescence
microscopy following ex situ incubation with FITC-ConA,
evidencing the availability of ligands for ConA on the bacterial
surface all over the chip (Figure 3B).
Having conﬁrmed the eﬃciency of ConA-derivatized chips
for bacteria capturing, the stability of the formaldehyde-ﬁxed
ConA-bacteria chips, and their applicability for lectin binding
studies, we examined the interaction of RCA, WGA, and ConA
with NTHi375 and ΔlgtFΔlpsA chips. After stabilization of the
resonant frequency under a continuous ﬂow of running buﬀer,
lectins were injected in a range of increasing concentrations.
Examples of the recorded sensograms are shown in Figure 3C
and Figure S-4. Strain- and lectin-speciﬁc responses were
observed. A ﬁrst parameter deserving attention was the
frequency shift induced by injection of each lectin. The
amplitude of the response was proportional to the amount of
lectin bound to the chip as well as to the molecular mass of the
respective lectin. Since the three lectins were tested on the
same surfaces (i.e., against the same amount of bacteria on the
chip), the maximum frequency shift can be used to compare
lectin binding to each strain after normalization for the
molecular mass. As detailed in Table 1, WGA and specially
RCA bound to the NTHi375 chips to a signiﬁcantly greater
extent than ConA. The observed trend was analogous to that
found for the hapten-inhibitable binding in the microarray
assays (Figure 1). Indeed, ConA binding to the QCM chips was

Table 1. Maximum QCM Frequency Shifts for the Binding
of RCA, WGA, and ConA to NTHi375 Wild Type and
ΔlgtFΔlpsA Strains
lectin

strain

−Δfa (Hz)

normalized −Δfb(Hz kDa−1)

RCA

NTHi375
ΔlgtFΔlpsA
NTHi375
ΔlgtFΔlpsA
NTHi375
ΔlgtFΔlpsA

47 ± 1.5
19.5 ± 1.5
12 ± 1
4.01 ± 0.02
3.14 ± 0.02
4.45 ± 0.07

0.39
0.16
0.33
0.11
0.03
0.04

WGA
ConA

Frequency shifts recorded upon injection of 5 μg/mL of RCA, 100
μg/mL of WGA, or 150 μg/mL of ConA. bCalculated by dividing −Δf
by the molecular mass of each lectin: RCA, 120 kDa; WGA, 36 kDa;
ConA, 104 kDa.
a

completely abolished when the lectin was preincubated with
methyl α-D-mannopyranoside before injection (Figure S-4).
Binding of ConA to the NTHi375 arrays, however, was only
inhibited to a small extent in the presence of this hapten,
suggesting that after the primary carbohydrate-mediated
interaction detected in the dynamic QCM analysis, further
interactions are established at the longer contact times of the
static microarray binding assays. Compared to NTHi375, the
binding of RCA and WGA to ΔlgtFΔlpsA chips was noticeably
smaller (42% and 31%, respectively, of the binding to the wild
type strain), whereas for ConA a small increase was observed
(Table 1). Therefore, the smaller frequency shift induced by
injection of RCA and WGA over the mutant chips should not
be simply ascribed to a lower bacteria content but to a diﬀerent
availability on the bacterial surface of carbohydrate structures
recognized by each lectin. Moreover, the observed trend was
again analogous to that found in the microarray binding assays,
with ConA being the less aﬀected by the ΔlgtFΔlpsA truncation
and WGA the most (Figure 2), supporting the validity of the
QCM approach for interstrain comparisons.
For calculation of the kinetic parameters (ka and kd), the
experimental data were ﬁtted using 1:1 or 1:2 binding models
(Figure 3C and Figure S-4). The ﬁrst model was found suitable
for ﬁtting the binding proﬁles of RCA. Its binding kinetics to
NTHi375 was characterized by a relatively fast association rate
(1.75 × 105 M−1 s−1) and an extremely slow dissociation rate, in
the order of 10−7 s−1 (Table S-3). This kd indicates the
formation of an extremely stable complex that does not
dissociate over the time frame of the experiment, leading to a
very high binding aﬃnity. Worth to be mentioned, dissociation
rates slower than 10−7 s−1 would require extremely long
measurement times to observe a signiﬁcant shift in the
dissociation phase, making these strong binding events diﬃcult
to quantitate. In comparison, the association rate to ΔlgtFΔlpsA
was similar but dissociation was 100-fold faster (Table S-3),
resulting in a proportionally lower binding aﬃnity. On the
other hand, a 1:2 model was required for ﬁtting the
experimental data obtained for WGA and ConA, what could
indicate binding to diﬀerent targets with dissimilar binding
aﬃnities, diﬀerent accessibilities of the bound target due to
speciﬁc microenvironments, or uneven clustering of the target
on the bacterial surface, locally favoring multivalent interactions. The diﬀerence in aﬃnity between the two sets of
binding sites on the surface of both NTHi375 and ΔlgtFΔlpsA
primarily arises from a faster dissociation rate from the lowaﬃnity sites, with kd values on the order of 10−2 s−1, whereas
the ka values for both low- and high-aﬃnity sites were in the
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range of 104 M−1 s−1 (Table S-3). On the other hand,
dissociation rates for the high-aﬃnity sites were faster for
ΔlgtFΔlpsA than for the wild type strain, resulting in a lower
binding aﬃnity of both WGA and ConA toward the mutant.
The dissociation constants calculated from the kinetic
parameters were around 10−6 M for the low-aﬃnity sites of
WGA and ConA and ranged from 10−7 to 10−9 M for the highaﬃnity sites, while for RCA KD values in the order of 10−10−
10−12 M were obtained (Table S-3). Although these aﬃnities
are noticeably higher than those exhibited by these lectins when
binding to puriﬁed glycan structures, they are comparable to
those reported for the binding to cell surfaces. As an example,
KD values in the 10−7−10−9 M range were determined by QCM
for the binding of RCA, WGA, ConA, and other lectins to a
diversity of cancer cells.24−27 It seems reasonable to presume
that the complex mixture and density of epitopes displayed on
the cell surfaces may favor the establishment of high-aﬃnity
interactions. In contrast, KD values in the 10−4 to 10−5 M range
were also determined for the binding of HPA and Ulex
europaeus agglutinin I to certain cancer cells,24 evidencing that
high-aﬃnity interactions are lectin- and cell-speciﬁc. Similarly,
the aﬃnities here determined for the binding of RCA, WGA,
and ConA to NTHi375 and ΔlgtFΔlpsA were lectin- and strainspeciﬁc, the three lectins exhibiting a higher aﬃnity for the wild
type strain than for the mutant (Table S-3).
Overall, the QCM results fully agreed with the binding
trends observed in the microarray analysis, supporting the
utility of both approaches to assess accessibility for lectin
recognition of carbohydrate structures on the bacterial surface.
A hallmark of H. inf luenzae is its interstrain genomic and
phenotypic heterogeneity.43,44 To explore the potential of our
microarray approach to detect interstrain diﬀerential glycosignatures, we next analyzed the lectin-binding pattern of six
NTHi clinical isolates.
Proﬁling of Accessible Glycans on NTHi Clinical
Isolates. NTHi LOS outer core is highly variable due to the
presence/absence and phase variation of genes responsible for
initiating extensions from the three inner core Hep residues,45
leading to variable outcomes on the pathogen colonization,
persistence, or acute infection.46 We selected four genotypically
distinct clinical isolates of two frequent pathological origins
(Table S-1), otitis media (strains 375 and 86-028NP) and
COPD (strains 398 and 1566). These strains have been
previously genome sequenced and present heterogeneous
genomic contents. In addition, we selected two NTHi isolates
from pediatric healthy carriers, strains 131 and 133, which
present diﬀerent pulse ﬁeld gel electrophoresis (PFGE) proﬁles
(data not shown). Analysis of the binding to the array-printed
isolates of those lectins exhibiting signiﬁcant hapten-inhibitable
binding to NTHi375 (Figure 1, lower panel) revealed diﬀerent
binding patterns (Figure 4).
A clear-cut dissection of the glycoepitopes recognized by the
tested lectins goes beyond the scope of this work, particularly
considering that detailed information on the LOS structure for
all these strains is not available. Still, the lectin-binding
ﬁngerprints of strains from healthy carriers (131 and 133)
deserve to be highlighted, as they yielded the strongest binding
signals for RCA, revealing a high availability of ligand(s) for this
lectin. In contrast, binding of VAA was noticeably smaller,
clearly indicating that RCA and VAA recognize diﬀerent Galcontaining ligands. A relationship between Gal exposure on the
bacterial surface and NTHi colonization of the upper airway is
currently unknown and will be the subject of future study. PSqL

Figure 4. Lectin ﬁngerprint of NTHi clinical isolates. Isolates from
otitis media (strains 375 and 86-028NP) and COPD (strains 398 and
1566) patients and from pediatric healthy carriers (strains 131 and
133) were printed in the arrays, and the binding of selected lectins was
examined. Data shown corresponds to mean values of the ﬂuorescence
intensity of AF647-streptavidin signals (in arbitrary units × 10−3) at
the highest concentration of bacteria tested (OD600 = 1), calculated
from triplicate samples of two diﬀerent experiments. Standard
deviations of the mean are given.

also gave strong binding signals to strains 131 and 133, the
latter being the most intense signal among all strain−lectin
pairs tested (Figure 4). This behavior points to a high content
of sialic acid-bearing ligands, what could be tentatively
connected with a role of sialylation in masking epitopes
targeted by host receptors, thereby favoring the bacterium to
camouﬂage by presenting host-like epitopes and contributing to
colonization and persistence. At any rate, the microarray lectinbinding assays evidenced the availability of Gal, sialic acid, and
Man/Glc residues on the bacterial surface, which could be
recognized by lectins of the innate immune system. To conﬁrm
this hypothesis, we analyzed the binding of SP-D, hGal-8, and
Siglec-14, exhibiting Man/Glc, Gal, and sialic acid binding
speciﬁcities, respectively, as representative lectins with the
required nominal binding speciﬁcities.
SP-D is a calcium-dependent lectin of the collectin family
involved in surfactant homeostasis and pulmonary immunity,47,48 which recognizes pathogen-associated molecular
patterns of a variety of microorganisms. Galectins have also
been shown to participate in defense against microbial
pathogens, through regulation of innate and adaptive immunity.
They also interact directly with pathogens leading to either
enhancement or blockage of microbial infection or to
microbicidal activity.49,50 In particular, a direct microbicidal
eﬀect of hGal-8 on NTHi strain 2019 was demonstrated.13 A
variety of interactions with bacterial, viral, and protozoan
pathogens have also been described for Siglecs, which also have
important innate and adaptive immune functions.51,52 Binding
of NTHi2019 to Siglec-14, expressed on neutrophils and
monocytes, was found to enhance inﬂammation, triggering
COPD exacerbation.53 Of note, compared to NTHi375, the
NTHi2019 LOS has, as distinctive structural features, the
presence of Galβ(1-4)Glcβ(1-4) linked to the proximal Hep I
and of Galβ(1-4)Glcβ(1-4)Glcα(1-3) and truncated versions
thereof linked to the middle Hep II, posing the question of the
extrapolability of Siglec-14 and, especially, hGal-8 binding to
other NTHi strains. Analysis of the binding to the array-printed
NTHi clinical isolates revealed a dose-dependent and strainspeciﬁc recognition by the three lectins (Figure 5), providing
the ﬁrst experimental evidence for direct binding of SP-D to
NTHi and also demonstrating the binding of hGal-8 and Siglec5955
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selection of relevant lectin-bacteria pairs for further analysis.
In turn, QCM-derived information served to validate the results
of the microarray approach and provided additional insights
into the interactions occurring at the bacterial surface. To our
knowledge, this is the ﬁrst report of QCM bacteria-chips used
for a full binding kinetic analysis of bacteria−lectin interactions.
Importantly, both approaches explore lectin-binding events
to bacterial epitopes in their natural environment, thus closely
reﬂecting the real lectin−bacteria interplay. Focusing on NTHi,
its extensive interstrain genomic and phenotypic heterogeneity
is likely to be key to the commensal and disease-causing
behavior of the bacterium. Unraveling the binding patterns of
lectins of the innate immune system will serve as a starting
point for further mechanistic and functional analyses regarding
resistance to- or subversion of- these lectins. Other important
opportunistic respiratory pathogens, such as Neisseria meningitidis and Moraxella catarrhalis, also present a structurally
variable LOS that plays an important role in the host−pathogen
interplay. Comparison of their interstrain glycosignatures and
recognition by endogenous lectins may aid in the establishment
of functional and clinical correlations. In a broader context, the
combined microarray and QCM approach can help in the
typiﬁcation of bacterial strains by lectin ﬁngerprinting based on
both binding pattern and binding aﬃnity, thereby adding a
further level of discrimination between strains. Moreover,
identiﬁcation of high-aﬃnity strain-selective binders may
facilitate the development and optimization of lectin-based
biosensors for bacteria detection in clinical, environmental, and
food samples.

Figure 5. Binding of innate immune lectins to NTHi clinical isolates.
Bacterial strains were printed as triplicates at four diﬀerent dilutions
(1−4, corresponding to OD600 of 1, 0.6, 0.3 and 0.1, respectively).
Slides were overlaid with SP-D (upper panel), hGal-8 (middle panel),
or Siglec-14 (lower panel), and lectin binding was detected as
described in the Experimental Section.

■

14 to NTHi strains other than NTHi2019. Although the
diﬀerent binding-detection protocols used for the three lectins
(see the Experimental Section) make inappropriate an
interlectin comparison of binding intensities, strain-speciﬁc
binding patterns observed for each lectin can be conﬁdently
compared. In all cases, the smallest binding signals were
observed for NTHi1566. Interestingly, despite the presence of
the phase-variable lic2A gene in frame, no reaction of a
digalactoside-speciﬁc monoclonal antibody was observed in a
dot-blot analysis of NTHi1566,43 what could result from a lack
of accessibility of this LOS epitope for recognition. For the
other isolates tested, lectin-speciﬁc trends were observed,
indicating that the availability of the respective recognized
epitopes varies from strain to strain. Overall, the results
evidence the usefulness of the microarray approach for
exploring the binding of lectins of the innate immune system
to NTHi, and point to a strain-speciﬁc binding of SP-D, hGal-8,
and Siglec-14, further supporting the diversity of NTHi
phenotypic traits.
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Notes

CONCLUSIONS
Two complementary methods were successfully employed for
detection of carbohydrate epitopes on bacterial surfaces and
analysis of their recognition by lectins. First, bacteria microarrays proved to be eﬃcient for screening glycosignatures of a
bacterium lacking capsular polysaccharides and large O-antigencontaining LPSs, thereby broadening the applicability of this
approach beyond capsulated and/or LPS-expressing bacteria.
Second, novel QCM bacteria-chips were designed and
developed for real-time and label-free analysis of lectin binding
to bacteria, thereby providing information on binding kinetics
and aﬃnity. Of note, the two methods beneﬁt from each other.
Thus, the microarray screening yielded useful information for
the successful development of QCM bacteria-chips and
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(43) Martí-Lliteras, P.; López-Gómez, A.; Mauro, S.; Hood, D. W.;
Viadas, C.; Calatayud, L.; Morey, P.; Servin, A.; Liñares, J.; Oliver, A.;
Bengoechea, J. A.; Garmendia, J. PLoS One 2011, 6, e21133.
(44) De Chiara, M.; Hood, D.; Muzzi, A.; Pickard, D. J.; Perkins, T.;
Pizza, M.; Dougan, G.; Rappuoli, R.; Moxon, E. R.; Soriani, M.;
Donati, C. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 5439−5444.
(45) Hood, D. W.; Deadman, M. E.; Cox, A. D.; Makepeace, K.;
Martin, A.; Richards, J. C.; Moxon, E. R. Microbiology 2004, 150,
2089−2097.
(46) Schweda, E. K. H.; Richards, J. C.; Hood, D. W.; Moxon, E. R.
Int. J. Med. Microbiol. 2007, 297, 297−306.
(47) Waters, P.; Vaid, M.; Kishore, U.; Madan, T. In Target Pattern
Recognition in Innate Immunity, Kishore, U., Ed.; Springer: New York,
2009; pp 74−97.
(48) Seaton, B. A.; Crouch, E. C.; McCormack, F. X.; Head, J. F.;
Hartshorn, K. L.; Mendelsohn, R. Innate Immun. 2010, 16, 143−150.
(49) Chen, H.-Y.; Weng, I. C.; Hong, M.-H.; Liu, F.-T. Curr. Opin.
Microbiol. 2014, 17, 75−81.
(50) Baum, L. G.; Garner, O. B.; Schaefer, K.; Lee, B. Front. Immunol.
2014, 5, 284.
(51) Chang, Y.-C.; Nizet, V. Glycobiology 2014, 24, 818−825.
(52) Macauley, M. S.; Crocker, P. R.; Paulson, J. C. Nat. Rev.
Immunol. 2014, 14, 653−666.
(53) Angata, T.; Ishii, T.; Motegi, T.; Oka, R.; Taylor, R.; Soto, P.;
Chang, Y.-C.; Secundino, I.; Gao, C.-X.; Ohtsubo, K.; Kitazume, S.;
Nizet, V.; Varki, A.; Gemma, A.; Kida, K.; Taniguchi, N. Cell. Mol. Life
Sci. 2013, 70, 3199−3210.

funded by Marie Curie contracts from the European
Commission. We thank Pau Morey for technical work.

■

REFERENCES

(1) Peterson, P. K.; Quie, P. G. Annu. Rev. Med. 1981, 32, 29−43.
(2) Hsu, K.-L.; Pilobello, K. T.; Mahal, L. K. Nat. Chem. Biol. 2006, 2,
153−157.
(3) Kilcoyne, M.; Twomey, M. E.; Gerlach, J. Q.; Kane, M.; Moran,
A. P.; Joshi, L. Carbohydr. Res. 2014, 389, 123−133.
(4) Kumar, H.; Kawai, T.; Akira, S. Int. Rev. Immunol. 2011, 30, 16−
34.
(5) Sahly, H.; Keisari, Y.; Crouch, E.; Sharon, N.; Ofek, I. Infect.
Immun. 2008, 76, 1322−1332.
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