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Cells from all domains of life express glycan structures attached to
lipids and proteins on their surface, called glycoconjugates. Cell-to-
cell contact mediated by glycan:glycan interactions have been
considered to be low-affinity interactions that precede high-
affinity protein—glycan or protein—protein interactions. In several
pathogenic bacteria, truncation of surface glycans, lipooligosac-
charide (LOS), or lipopolysaccharide (LPS) have been reported to
significantly reduce bacterial adherence to host cells. Here, we
show that the saccharide component of LOS/LPS have direct,
high-affinity interactions with host glycans. Glycan microarrays
reveal that LOS/LPS of four distinct bacterial pathogens bind to
numerous host glycan structures. Surface plasmon resonance was
used to determine the affinity of these interactions and revealed
66 high-affinity host—glycan:bacterial-glycan pairs with equilib-
rium dissociation constants (Kp) ranging between 100 nM and
50 pM. These glycan:glycan affinity values are similar to those re-
ported for lectins or antibodies with glycans. Cell assays demon-
strated that glycan:glycan interaction-mediated bacterial adherence
could be competitively inhibited by either host cell or bacterial gly-
cans. This is the first report to our knowledge of high affinity
glycan:glycan interactions between bacterial pathogens and the
host. The discovery of large numbers of glycan:glycan interactions
between a diverse range of structures suggests that these inter-
actions may be important in all biological systems.

lipooligosaccharide | lipopolysccharide | glycoconjugates | adherence

Host surface glycosylation is ubiquitous and is targeted by
pathogenic bacteria, viruses, fungi and parasites for adher-
ence and toxin binding and by glycosidases (1). Escherichia coli
type 1 fimbriae, FimH, is one of the most widely studied glycan-
recognizing protein adhesins, with specificity for monomannose to
oligomannose structures with the variability of the mannose
structure bound leading to different tissue tropism (2). Other
glycan-recognizing adhesins expressed by bacteria include the
following: Pseudomonas aeruginosa lectins 1 and 2 (PA-IL and
PA-IIL) that have specificity for galactose and fucose, re-
spectively (3); Helicobacter pylori SabA, specific for sialic acid
containing glycoconjugates including sialyLewis X; and BabA-
specific for fucosylated glycoconjugates including Lewis B (4, 5).
Although there are numerous known glycan binding adhesins, the
adhesins of some bacteria that interact with host surface glycans
remain unknown.

Direct interactions between surface glycans (glycan:glycan in-
teractions) have been reported in sea sponges as heterogenous
glycan interactions, and in mouse embryo development and cancer
where homodimers of Lewis X (LeX) or ganglioside structures play
arole in cell adhesion and growth factor receptor interactions (6, 7).
Outside of these reports, glycan:glycan interactions, when noted,
have generally been considered to be low-affinity, weak interactions
(8) that precede high-affinity protein:glycan or protein:protein in-
teractions (1, 2, 5, 9).
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Interestingly, there are specific reports of several bacteria
expressing truncated surface polysaccharides and oligosaccharides
that are significantly less adherent than wild-type equivalents
(10, 11), or that their adherence can be blocked by extracted
LOS/LPS (10), indicating a role for bacterial surface glycans in
adherence to host cells. This decreased adherence of rough strains
or blocking of adherence using the free lipooligosaccharide (LOS)/
lipopolysaccharide (LPS) in both cell-based and animal infection
models has been noted in a range of Gram-negative bacteria in-
cluding Campylobacter jejuni, Haemophilus influenzae, Salmonella
tphi, Salmonella enterica serovar Typhimurium, E. coli, Shigella
flexneri, Pseudomonas aeruginosa, and Serratia marcescens (10, 12—
20). Blocking of surface glycans with antibodies has also been shown
to inhibit adherence and invasion of cell layers in a range of bac-
teria, including S. flexneri (21-23). The cellular receptors for ad-
herence via these bacterial surface glycans have not been identified.
To address the hypothesis that there may be direct interactions
between bacterial and host glycans that mediate adherence, we
conducted glycan microarray screening of four different species
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of pathogenic bacteria with well-characterized surface glycan
structures: C. jejuni, H. influenzae, S. typhimurium, and S. flexneri.
These studies included whole live bacteria expressing wild-type
and LOS/LPS truncation mutants, as well as purified LOS/LPS
from the same set of bacteria.

Results

Bacterial LOS/LPS Recognize Host Surface Glycans and Truncations of
These Structures Reduce/Alter Binding. Fluorescently labeled whole
bacterial cells from all four species bound to many structures on
the glycan microarray, including blood group and Lewis antigens
and glycosaminoglycans (Figs. 1 and 2 and Dataset S1). The total
number and diversity of glycans bound by these bacteria were
reduced when the surface glycans (LOS/LPS) were truncated by
mutation. The truncated LOS/LPS mutant bacteria of S. flexneri
RMAZ2161 (containing an ArmID mutation; 44 structures bound
by wild-type reduced to 13 for AmmiD), C. jejuni (AwaaF; 104
structures bound by C. jejuni wild-type grown at 42 °C to 2
structures bound by AwaaF), and S. typhimurium bound fewer
than half the structures observed for wild-type bacteria (180-
AgalE; 89 structures bound by wild-type reduced to 27 in 180-
AgalE), whereas the loss of sialic acid from H. influenzae AsiaP
LOS altered the types of glycans recognized by these cells (Figs. 1
and 2 and Dataset S1). To test for a direct role of these LOS/LPS
structures in adherence of the bacteria to the glycans on the
microarray, the glycan microarray studies were repeated by using
purified LOS/LPS from this same set of bacterial strains. The
fluorescently labeled LOS/LPS structures bound to a large pro-
portion of the same subset of glycan structures bound by the
equivalent whole bacterial cells (Figs. 1 and 2 and Dataset S1).
This data suggest that a significant proportion of the glycan binding
observed in whole cells is mediated by bacterial surface glycans.
Surface plasmon resonance (SPR) was used to examine di-
rect binding among 80 different host-glycan:bacterial-LOS/LPS—

glycan pairs identified in the glycan microarray studies. Of the
interactions tested, 31 had affinities (equilibrium dissociation
constant; Kp) in the range of 140 nM-50 uM (Fig. 3, Tables S1-54,
and Dataset S2). Interactions with Kp, values less than 50 pM are
comparable to typical values observed for binding between lec-
tins or antibodies and glycans (2, 3, 24). For S. flexneri, wild-type
2a LPS, the highest affinity interaction was observed with the A
blood group antigen with a Kp of 0.81 pM, whereas C. jejuni
11168 LOS bound with the highest affinity to the B blood group
antigen (Kp = 0.14 pM; Fig. 3 and Tables S1 and S2). S. typhi-
murium was found to have 1.89-2.59 uM affinity for four dif-
ferent structures including all three ABO blood groups and
LewisX (Fig. 3 and Table S3), whereas H. influenzae showed
higher affinity binding to Lewis A antigen (8 pM) than ABO
blood group antigens (42-80 puM; Fig. 2 and Table S4). In-
terestingly, for S. flexneri, the increasing numbers of repeat units
of the O-antigen subunits in LPS corresponded to increased
binding constant, with 2—-6 repeats or fewer displaying reduced
affinity for all structures tested (Table S2). C. jejuni LOS dis-
played the highest affinity interaction observed in this study with
a 140 nM Kp for binding to blood group B tetrasaccharide.
Binding of C. jejuni LOS to negatively charged glycans, such as
chondroitin sulfate, was 100-fold stronger when sialic acid was
absent from the C. jejuni LOS molecule, suggesting that sialic acid
and other negatively charged components of glycans, including
sulfation, may inhibit or reduce the affinity of glycan:glycan in-
teractions (Fig. 3 and Table S1).

To determine whether the 31 high-affinity interactions de-
scribed above solely depended on the glycan components of LOS
and LPS and not due to or reliant on the lipid A portion of the
molecules, modified O-deacylated LOS/LPS were generated
from the purified LOS/LOS. The resulting O-deacylated oligo/
polysaccharides have no lipid A, and the nonreducing end of the
structures terminate after the KDO residue. Using established

Bacteria

LOS/LPS Structure

C. jejuni 11168-0°

CONeuSAca(2-3)

|
Galp(1-3)GalNAcP(1-4)Galp(1-3)Galp(1-3)Hepa(1-3)Hepa(1-5)Kdo-LipidA

C. jejuni 11168-0 Acgtd/neud

Galp(1-3)Galp(1-3)Hepa(1-3)Hepa(1-3)Kdo-LipidA

C. jejuni 11168-0 AwaaF

Hepa(1-5)Kdo-LipidA

C. jejuni 11168-0 Awlad-wiaT

Kdo-LipidA

(3/9)Ac
Shigella flexneri RMA2159 |

Gle a(1-4)  (6)Ac
I |

»[—2)Rhaa(1-2)Rhaa(1-3)Rhaa(1-3)GleNAcB(1-3)]Glea(1-3)Gala(1-3)Glea(1-3)Hepa(l-3)Hepu(1-5)Kdo-Kdo-LipidA

(3/Ac
Shigella flexneri RMA4328 | I

Glc a(1-4)

(6)Ac
|

ser.d—2)Rhaa(1-2)Rhaa(1-3)Rhaa(1-3)GleNAcB(1-3)]Glea(1-3)Gala(1-3)Glea(1-3)Hepa(1-3)Hepa(1-5)K do-Kdo-LipidA

Shigella flexneri RMA2161

Glea(1-3)Galu(1-3)Glew(1-3)Hepa(1-3)Hepa(1-5)Kdo-Kdo-Lipid A

OAc-(2)Abea(1-3)
S. typhimurium 180 !

GleNAca(1-2) Gala(1-6)
Glca(1-4/6) | I

o[2-)Mana(1-4)Rhaa(1-3)Gala(1]-4)Glea(1-2)Gleu(1-3)Glea(1-3)Hepu(1-3)Hepa(1-5)Kdo-LipidA

S. typhinurium 180 AgalE

Hep a(1-3)Hepa(l-5)Kdo-LipidA

H. influenzae 20197

(4)0Ac PPEtn(-4)
I I
ChoP(-6)Glep(1-4)1-Hep(ul-5)(P)Kdo-LipidA
|

PPEn(-6)Hepu(1-3)
|

NeuSAcu(2-3)Galp(1-4)Gle(OAc)u(1-2)Hep(OAc)u(1-2)

H. influenzae 2019 AsiaP®

(4)0Ac  PPEtn(-4)
| |
ChoP(-6)Glc(1-4)l-Hep(ul-5)(P)Kdo-LipidA
|
PPEtn(-6)Hepu(1-3)

|
GalB(1-4)Glc(OAc)u(1-2)Hep(OAc)a(1-2)

Fig. 1. Structures of LOS/LPS used in this study. LOS/LPS structures of the organisms used in this study. *, C. jejuni 11168-O is 90% sialylated at 37 °C and less
than 50% at 42 °C (59). The underlined section is the terminal structure used in the ITC experiment. #, H. influenzae 2019 LOS is phase variable only one

product is shown (60).
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Bacteria

C jejuni

S. flexneri
S. typhimurium
H. influenzae

Purified
LOS/LPS
11168 (37°C)
11168 (42°C)
11168-AcgtA
11168-AwaaF
WT-LOS (37°C)

AcgtA-LOS

Whole bacteria

AwaaF-1.OS

180-LPS
2019-LPS
AsiaP-LPS

AgalE -LPS
2019

RMA2159

RMA2161 (ArmiD)
RMA2159-LPS
ArmiD LPS
180
180-AgalE
2019-AsiaP

Glc<Smer
Glc>Smer

[ | wr-Los (42°C)

GlcNAc<Smer
GlcNAc>Smer \

a1-4Gal
B1-3Gal
B1-4Gal
B1-6Gal

Terminal structure

GalNAc

Mannose

A
B

0

ILeX

SLeX

ILeA

SLeA

ILeB

ILeY

02-3

a2-6

a2-8
[Hyaluronin
IDigest of HA
(Chondroitin
IDigests of Ch
IHeparin
IDigest of Hep

BGA

Lewis antigens

SA

GAGs

Fig. 2. Analysis of LPS/LOS glycan interactions with glycan array and SPR. Heat map of glycan binding from glycan array and SPR experiments. Comparison
between whole bacteria and isolated LOS/LPS molecules. Binding to glycans on the array have been grouped into common terminating structures; for a full
list of binding to individual structures see Dataset S1. Interactions are noted in red for binding or white if no binding was observed by glycan array analysis.

methods (25, 26), a primary amine was added to the nonreducing
end KDO, and this primary amine was used to covalently link
the O-deacylated oligo/polysaccharides CM7 SPR sensor chips.
These linked glycans were then analyzed by SPR to determine
the affinity of host—gycan:bacterial-glycan interacting pairs.
All 31 high-affinity interactions described above retained high-
affinity interactions with their respective host glycans after re-
moval of the lipid A portion of LOS/LPS. This data supports
the hypothesis of existence of direct interactions between bac-
terial and host glycans. In general, the affinities between the
host—gycan:bacterial-glycan pairs were improved by removal of
the lipid A (Fig. 3 and Tables S1-S4), with an additional four
pairs moving from the low-affinity interaction category into the
sub-50 uM Kp, range.

hese SPR studies
blood group B

structure (Fig. 4). The terminal antennae C. jejuni LOS is a
molecular mimic of the human ganglioside structure asialo-Gy;.
Isothermal calorimetry (nano-isothermal titration calorimeter)
was performed on commercially sourced, chemically synthesized
asialo-Gyy; and the blood group B tetrasaccharide (Fig. 4 and
Fig. S1). The ITC analysis revealed a Kp of 98 nM (+21 nM)
(Fig. 4 and Fig. S1). This affinity measurement is not significantly
different to the values obtained from SPR for LOS and
O-deacylated LOS (Fig. 3 and Table S1; P = 0.062).

Adherence of Bacterial Pathogens To Host Cells Can Be Inhibited with
Free Glycans from Host or Bacteria. To analyze the potential of
LOS/LPS mutations and glycan:glycan interactions to mediate
bacterial adhesion to host cells, cell association assays were per-
formed with C. jejuni, S. typhimurium, H. influenza, and S. flexneri
(Fig. 5).
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Fig. 3. Analysis of affinities of interactions between bacterial LOS/LPS structures and free host glycans by SPR. Heat map of affinities of binding between
bacterially derived LOS/LPS structures with various host glycans. Measurements were done with whole LOS/LPS and amine-modified O-deacylated LOS/LPS
glycans. Increased affinity is indicating by a darker color (see key). A white box with an “N” indicates that no concentration-dependent interaction could be

identified. Full K, measurements can be found in Tables S1-54.

Adherence of C. jejuni to Caco-2 intestinal epithelial cells could
be inhibited by free glycans from both host cell (free host glycans)
and bacterial (free bacterial glycans) surfaces in a dose-dependent
manner (Fig. 54). Inhibition of C. jejuni adherence to Caco-2
cells by host glycans was consistent with the hierarchy of struc-
tural interactions as determined by SPR (Fig. 2 and Table S1),
with the blood group B trisaccharide (Kp = 0.14 pM) inhibiting
most effectively, followed by the O (H-) disaccharide (Kp = 1.4 pM)
and the A trisaccharide (Kp = 8.0 pM; Fig. 54). C. jejuni cell
association could also be inhibited with free bacterial glycan, be-
cause a significant reduction in adherence was observed in the
presence of C. jejuni 11168-O O-deacylated LOS oligosaccharide
(C. jejuni OS) at a concentration of 3.3 pM, but not by 0.33 uM of
the C. jejuni OS (Fig. 54). The Caco-2 cells used in the C. jejuni
assays are known to express O-blood group antigen (27). This
surface expression of blood group antigen by the Caco-2 cells is
consistent with the cell association studies, because the A-blood
group showed little inhibition. The affinity of the C. jejuni for
A-blood group glycan is lower than the O-blood group glycan
expressed on the surface of the Caco-2 cells. We also observed
inhibition of adherence of C. jejuni to Caco-2 cells in the presence
of either an anti-blood group O antibody or anti-Gyy; antibody
(bacterial surface glycan), but not with a negative control anti-
blood group A antibody (Fig. 5D). The blood group antibodies do

Day et al.

not cross-react at high affinity with other blood group antigens or
nonfucosylated terminal galactose or GalNAc structures, making
the blood group A antibody a good low-affinity negative control
for Caco-2 cells in this assay.

Inhibition of cell association was observed for S. flexneri in
assays with T84 epithelial cells known to express the carci-
noembryonic antigen (28), with the blood group A-trisaccharide,
which had the highest affinity for S. flexneri LPS in SPR analysis
(Kp = 0.81 pM), inhibiting adherence to T84 cells better than the
blood group B or blood group H structures (both Kp ~80 pM;
Figs. 2 and 5B and Table S1). Both the complete LPS and
O-deacylated (polysaccharide component only) LPS significantly
reduced the adherence of S. flexneri to T84 cells (Fig. 3C). To
investigate the ability of smooth LPS (S-LPS) and rough LPS
(R-LPS) S. flexneri 2a bacteria to adhere to epithelial cells in the
presence of different competing glycans, polarized T84 cells were
initially infected with strains RMA2159 (S-LPS) and RMA2161
(R-LPS) in the presence of equivalent mass concentrations of
S. flexneri LPS and S. flexneri O-deacylated LPS (S-PS). The results
of Fig. 5 show that in the absence of any competing glycan
(untreated), smooth RMA2159 adheres significantly to T84 cells
~3x more than rough RMA2161 bacteria (P < 0.0001) (Fig. 5C).
The calculated percentage adherence of smooth RMA2159 and
rough RMA2161 to T84 cells was 0.342% and 0.104% of the
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Fig. 4. (A) Analysis of interactions between synthetic glycans of structures matching C. jejuni terminal LOS structure [asialoGu4]; (B) and blood group B tetra
saccharide (C) by isothermal calorimetry. Sigmoidal fit of the interaction with self interactions for aGy; and blood group B and heat of injection subtracted.

initial inoculum, respectively. In the presence of competing gly-
can, S-LPS showed the highest inhibition of bacterial adherence,
whereas R-LPS still showed significant inhibition of both bac-
terial strains (Fig. 5C). These results suggest that there are glycan
receptors for both S-LPS and R-LPS on the cell surface of T84. In
the presence of O-deacylated LPS (S-PS), adherence of smooth
RMA2159 was inhibited but not rough RMA2161, further sug-
gesting that there are two separate cell receptors (Fig. 5C). The
presence of equivalent molarity (4.3 pM) of each competing gly-
can was also tested and a similar trend was observed (Fig. 5C).
Interestingly, data represented in Fig. 5 show that in the absence
of competing glycan, the ratio of RMA2159:RMA2161 adherence
is 3:1, but in the presence of 4.3 pM S-LPS, 7.4 uM R-LPS, or
0.32 uM S-PS, the RMA2159:RMA2161 adherence ratio was
reduced to ~1:1 (Fig. 5). When equivalent molarity (4.3 pM) of
each competing glycan were used, 4.3 pM of S-LPS gave a ratio of
1.2:1, 4.3 pM of R-LPS gave a significant ratio of 3:1, and 4.3 pM
of S-PS gave a significant ratio of 0.4:1, suggesting that the oli-
gosaccharide component of S-LPS plays an important role in
S. flexneri adherence to cells (P < 0.0001) (Fig. 5C).

The ability of RMA2159 and RMA2161 to adhere to epithelial
cells in the presence of A, B, and O blood group oligosaccharides
was also performed (Fig. 5B). In the presence of increasing Kp
concentrations of A trisaccharide, the ratio of RMA2159:RMA2161
adherence was gradually reduced from 3:1 (untreated) to 0.9:1
(10x Kp), suggesting that A trisaccharide competes for the same
receptor as smooth RMAZ2159. In the presence of B tri-
saccharide, an effect on smooth RMA2159 adherence was only
observed at the highest 10x Kp concentration (ratio of ~1:1),
whereas the presence of O (H-) disaccharide did not have much
effect on smooth RMA2159 adherence to T84 (ratio of ~2.5:1 at
all Kp values tested). Overall, these results suggest that the oli-
gosaccharide component of S-LPS may interact with glycan re-
ceptors and also bind A trisaccharides.

Using fluorescently labeled S. flexneri type 2a O-deacylated
polysaccharide, we observed specific binding to cells located in
intestinal glands of the human ileum (Fig. 6), consistent with the
data of Arena et al (29). The Alexa-488 labeled polysaccharide
shows clear overlap with a monoclonal antibody to glycoprotein
2 (GP2), an M-cell specific marker (Fig. 6, 2-6), and indicates
that the polysaccharide-only portion of the LPS of S. flexneri is
sufficient to bind to the known cell target of S. flexneri (30), and
colocalizes with a protein that expresses a large amount of gly-
cosylation, including fucosylated structures (31-33). Fucosylated
structures were noted as a target for S. flexneri LPS in our array
and SPR analysis.

E7270 | www.pnas.org/cgi/doi/10.1073/pnas. 1421082112

For S. typhimurium adhering to Caco-2 cells, significant re-
duction in adherence was observed when using 10x the Kp for
the three blood group antigens (18.9-25.9 pM; Fig. 5E). Signif-
icant reduction in S. fyphimurium was also noted in the presence
of the blood group A and blood group O host glycans (P < 0.05)
but not in the presence of the B blood group glycan (Fig. 3E).

Association of H. influenzae To Host Cells Correlates with Changes to
LOS Structure. To test the role of LOS structural length in cell
association, a range of H. influenzae LOS mutants was tested for
changes in association to the bronchial epithelial cells 16HBE14.
H. influenzae 2019 producing a full-length LOS (Fig. 1) had
12.6% of the inoculum associating with cells at 2 h (Fig. 5F).
H. influenzae AsiaP, producing a full-length LOS that is not
sialylated, had 46.4% of the inoculum associated with cells at 2 h,
significantly more than the sialylated wild type. These data
demonstrate that alterations to the LOS structure of H. influ-
enzae can dramatically change the total number of bacteria as-
sociating with 16HBE14 cells. Interestingly, like H. influenzae
AsiaP, when using the sialic acid knockout C. jejuni 11168 AcgtA/
neuB, adherence almost doubled compared with wild-type
C. jejuni 11168-O (Fig. 5A).

Discussion

Reports of direct glycan:glycan interactions in the literature have
been limited to examples of sea sponge cell:cell interactions and
LeX:LeX histocompatibility antigens and ganglioside interac-
tions (6, 7). Glycan:glycan interactions in sea sponges have been
shown to play a role in the disassembly and reassembly of the
complex three-dimensional structure of the sea sponge, realigning
based on the surface glycans of each cell type and their neigh-
boring cells (7, 34). LeX:LeX interactions have been noted in
embryo development in mice. Blocking LeX:LeX interactions with
anti-LeX antibodies was shown to inhibit cell—ell interactions (6).
It has also been noted through the use of atomic force microscopy
that, in sea sponges, the glycan:glycan interactions between two
adjacent cells can be as strong as interactions between antibodies
and antigens (34). The strength of these interactions has been
ascribed to the polyvalency of these abundant surface glycans.
LeX-LeX interactions have been assessed by using SPR and were
shown to have an affinity of 0.54 pM (35), which is within the
ranges we have detected here for a much broader screen of glycan:
glycan interactions.

In this study, we have observed direct interactions between
single bacterial LOS/LPS molecules and single host glycans with
Kp values in the high nanomolar to low micromolar range. The
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Fig. 5. Adherence assays in the presence of free host or bacterial glycans. (A) C. jejuni 11168-O wild-type adherence to Caco-2 epithelial cells in the presence or
absence of free blood group antigens (A-trisaccharide 0.8 pM, 8 uM, 80 uM; B-trisaccharide 0.014 pM, 0.14 pM, 1.4 uM; or H-disaccharide 0.14 uM, 1.4 uM, 14 pM);
C. jejuni 11168-0 42 °C LOS oligosaccharide (Cj OS) at 0.33 and 3.3 pM. (B) S. flexneri adherence to T-84 epithelial cells in the presence or absence of free blood group
antigens (A-trisaccharide 0.08 M, 0.81 uM, 8.1 uM; B-trisaccharide 84.9 uM, 849 uM or H-disaccharide 803 pM). (C) S. flexneri adherence to T-84 epithelial cells in the
presence or absence of free bacterial oligo/polysaccharides Sf S-PS (0.32 or 4.3 pM) or Sf S-LPS (4.3 pM) or Sf R-LPS (7.4 or 4.3 pM). (D) C. jejuni adherence to Caco-2
epithelial cells in the presence or absence of antibodies to cell and bacterial surface glycans (A and O blood group antigens and Gy ganglioside) at 0.2 and 2 pg/mL.
The O blood group antibody will target the O-blood group antigen on the surface of Caco-2 cells with high affinity, the A blood group antibody will target the O
blood group and nonfucosylated a-GalNAc structures on the Caco-2 cells with low affinity and the anti-Gy; antibody will target structures on the Caco-2 cells and
C. jejuni 11168-O (Gm¢ mimic) with high affinity. (F) S. typhimurium 180 and Caco-2 cells in the presence or absence of free blood group antigens (A-trisaccharide
26 pM; B-trisaccharide 21 uM; or H-disaccharide 19 uM). (F) Cell association between H. influenzae LOS mutants and 16HBE14 bronchial epithelial cells expressed as a
percentage of the original inoculums at 2 h. H. influenzae WT (2019); H. influenzae AsiaP (siaP). *, significant difference compared with untreated/wild-type control.

nature of these interactions is not known; however, glycan:glycan
interactions involving intermolecular hydrogen bonding have
been noted in simple glycan crystals, with sucrose known to have

Day et al.

up to six intermolecular hydrogen bonds within a crystal (36),
and glucose forming two hydrogen bonds in a glucose crystal (37).
Chitin forms two interchain hydrogen bonds between the C=0
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Fig. 6. Labeling of human small intestines shows colocalization of S. flex-
neri type 2a Alexa 488-polysaccharide and the M-cell marker anti-GP2. Hu-
man ileum section viewed at 4x (7) and 40x objectives with phase contrast
optics (2 and 3). At 40x, cells were also viewed under fluorescence for Alexa
488-polysaccharide (4; green) and GP2 (5; red). Overlay images (3 and 6)
show areas of colocalization in yellow. Arrows point to cells enlarged for
better clarity (bottom corner of each frame).

E7272 | www.pnas.org/cgi/doi/10.1073/pnas. 1421082112

and NH groups and/or the C6-OH of neighboring sugars (38).
There are also no fewer than 16 hydrogen bonds between neigh-
boring lactose molecules in a lactose crystal, and this large
number of bonds is used to explain the hardness of the lactose
crystal (39). In polymers like DNA, these cumulative hydrogen
binding interactions result in a highly stable structure due to the
length of the molecule. Glycan:glycan interactions have the po-
tential to form similarly stable structures because of carbohydrate
chain length of single polymer molecules (e.g., lipopolysaccharide
in bacteria), or the valiancy resulting from the thousands of indi-
vidual glycans present on the surface of every cell.

A handful of previous studies have identified glycolipid:
glycolipid or glycan:glycolipid interactions in eukaryotic sys-
tems (6, 7, 34, 35). In this study, we initially demonstrated nu-
merous high-affinity LOS/LPS:host—glycan interactions by
SPR. Together these data suggested glycan:glycan binding may
be mediating the high-affinity interactions observed between
these biomolecules. However, in each case, a lipid component is
present. For example, lipid A on LOS/LPS or the ceramide lipid
attached to the glycan of a ganglioside. It is possible that the lipid
component of these biomolecules may be involved in these in-
teractions. To exclude this possibility, we prepared and tested
O-deacylated oligo/polysacchrides in our glycan:glycan interactions
studies. The initial screening of the lipid A containing LOS/LPS
with host glycans identified 31 host glycan:LOS/LPS pairs with
affinities less than 50 pM; all 31 of these interactions were retained
with affinities less than 50 pM when the lipid A was removed. Not
only were the 31 highest affinity interactions confirmed, but in
general, the affinities between glycans and O-deacylated oligo/
polysaccharides were higher than those observed for glycans and
LOS/LPS. These data support the hypothesis that the host gly-
cans are responsible for direct interactions with the glycan por-
tions of bacterial surface LOS/LPS structures.

Previous studies of these four pathogens have linked LOS/LPS
to adherence/virulence with full-length LOS/LPS for each of
these organisms is absolutely required for virulence in animal
models (40-43). S. flexneri LPS O-antigen is a virulence factor
whose chain length affects both serum resistance and the func-
tion of surface virulence factors; a role for LPS in cell invasion
has been reported (11, 44-46). S. flexneri infection has also been
blocked by both the addition of free LPS and treatment with
anti-LPS antibodies (11, 14, 21). These studies are a strong in-
dication that the LPS of S. flexneri is a key factor in adherence
and virulence. Interactions of S. flexneri LPS with host glycans, as
demonstrated here with glycan array and SPR, and that free
glycans from both host and bacteria can block more than 60% of
total bacteria:host—cell association. The fact that both the host
and bacterial glycans inhibited cell association is a strong in-
dication that these two glycans are interrupting the same in-
teraction; i.e., that the adherence of this bacteria to host cells
depends on glycan:glycan binding between the LPS and the host
surface glycome. Also the observation that blocking of adherence
by using the three blood group antigens follows the recorded
affinities of the S. flexneri polysaccharide for these host structures
adds further evidence to support the role of glycan:glycan in-
teractions. In terms of the pathogenesis of S. flexneri, binding to
host cells is not sufficient for invasion because the type-3 se-
cretion system is needed. However, as stated by Koéhler et al. that
S. flexneri interaction with the basolateral membrane domain of
polarized cells results in a mucosal inflammatory immune re-
sponse that is polysaccharide dependent (11) and, therefore,
based on this study may be glycan:glycan in nature. We have
shown direct interaction between the S. flexneri type 2a poly-
saccharide and GP2 on M cells in human ileum tissue sections.
GP2 is a heavily glycosylated protein that is an established
marker for M cells (47). Before the use of the GP2 antibody, this
protein was identified on M cells with UEA-1, a lectin with
specificity for the al-2-linked fucose structures found in the
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blood group antigens on this glycoprotein (33, 47-49). The in-
teraction of S. flexneri polysaccharide with GP2 provides further
evidence for a polysaccharide-dependent adherence mechanism
for S. flexneri that is likely to involve binding to host glycoconjugates
identified in our array screen and confirmed with SPR.

For C. jejuni, the most comprehensive studies of the role of
LOS in infection has been performed with the strain C. jejuni 81—
176. The results of mutations to the C. jejuni 81-176 LOS length
have varied; mutagenesis of cgt4 lead to increased invasion of
cell layers, whereas large truncation mutants had decreased in-
vasion (50, 51). In our study, adherence of the C. jejuni 11168
AcgtA/neuB was increased compared with wild type. This in-
crease may be due to removal of sialic acid from the LOS
structure, because it has been reported previously that when
Caco-2 cells are sialidase treated, adherence of wild-type
C. jejuni 11168 doubles (52). As well as the O-blood group an-
tigen, Caco-2 cells also express GAGs (53), which would provide
binding sites for 11168 Acgt4/neuB with higher affinity than the
wild-type C. jejuni 11168. Unfortunately, direct comparison be-
tween the C. jejuni 81-176 AcgtA mutant and the C. jejuni 11168
AcgtA/neuB mutant used in this study is not possible, because the
cgtA/neuB in C. jejuni 11168 is a bifunctional enzyme involved in
the synthesis of CMP-Neu5Ac and the translocation of GalNAc
(24). From the results obtained in this study for C. jejuni, it ap-
pears that the terminal galactose and N-acetylgalactosamine are
required for high-affinity interactions with blood group and
Lewis antigens, but actually inhibit interactions with GAGs
(Table S1). Interestingly it has already been noted that free host
glycans, such as breast milk glycans and H(O-) antigens, can
inhibit C. jejuni infection (54) and be used as a defense against
pathogenic bacteria. However, no C. jejuni surface receptor for
these glycans has been identified. Our results support this data
and suggest a mechanism of action of breast milk glycans inhib-
iting infection maybe through glycan:glycan interactions.

S. typhimurium LPS is also a major virulence factor with the
length of the O-antigen contributing to survival in the host (40,
55) and has been shown to play a role in adherence (56). We
found that host blood group glycans could inhibit the association
of S. typhimurium and Caco-2 cells when used at 10x the Kp of
the LPS:glycan interaction with 50% decreases in adherence
noted. We have shown that the LPS and the O-deacylated poly-
saccharide of S. fyphimurium can interact directly and that blood
group antigens free in solution may be inhibiting LPS-mediated
adherence.

H. influenzae showed the lowest affinity for blood group an-
tigens, instead preferring Lewis structures. In adherence assays,
the mutant lacking sialic acid (AsiaP) showed increased adher-
ence. The LOS isolated from the H. influenzae AsiaP mutant also
had eightfold or greater affinity for Lewis A and blood group O
glycans compared with that of wild-type LOS (Table S1) in
agreement with the increased adherence phenotype. This in-
creased adherence for H. influenzae AsiaP also supports the data
observed for C. jejuni, where removal of sialic acid increased
bacterial adherence to host cells. It is interesting to note that
negative charges on glycans can significantly reduce, inhibit, or
alter the types of structures involved in the glycan:glycan inter-
actions we have observed. It has been noted that sialic acid is an
important component expressed by red blood cells and meta-
static cancer cells and functions to inhibit direct interaction of
cells through charge repulsion (57, 58).

This study is the first report to our knowledge of extensive,
high-affinity, glycan:glycan interactions in biological systems. We
report more than 60 previously unidentified bacterial-glycan:
host—glycan high-affinity interactions, suggesting that glycan:
glycan interactions may be a widespread phenomenon rather
than being limited to the small number of interactions shown
previously (6, 7, 34). Our discovery may be used to guide de-
velopment of novel antiinfective therapeutics, vaccines, and
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glycan-based molecular probes. Moreover, it is important to note
that C. jejuni and H. infleunzae LOS glycans are archetypal ex-
amples of host molecular mimicry. These organisms express
multiple glycans on their LOS that are identical to human
glycoconjugates (e.g., Gy and asialo-Gyyy on C. jejuni LOS; refs.
24 and 59). The high-affinity glycan:glycan interactions observed
in Fig. 4, suggests that glycan:glycan interactions may also me-
diate mammalian cell:cell interactions on a much broader scale
and at a higher affinity than previously thought. Therefore, the
discovery of high-affinity glycan:glycan interactions in host:
pathogen biology has the potential to impact our understanding
of these interactions in a wide range of biological systems.

Materials and Methods

Bacterial Strains and Growth Conditions. The S. flexneri strains used in this
study are all derived from S. flexneri 2457T (serotype 2a) and are cured of
the virulence plasmid (VP-ve) and, hence, are noninvasive in Hela cell
monolayers. They are as follows: RMA2159 (S-LPS), RMA2161 rmiD::kan"
(R-LPS), and RMAA4328 [pHS2 wzzpys2:Tn5-Cml/wzz::kan', carrying pRMCD76
which encodes wzzoq39(0tnB)] (VS-LPS). C. jejuni 11168-O was sourced from
Diane Newell [Veterinary Laboratories Agency (VLA), London], C. jejuni
AcgtA/neuB were generated by insertion of a kanamycin-resistant cassette
into the cgtA/neuB gene of 11168-0. C. jejuni AwaaF and AwlaA-wlaT were
obtained from Julian Ketley (University of Leicester, Leicester, UK) and
transformed into C. jejuni 11168-0. S. typhimurium 180 and S. typhimurium
180 AgalE was obtained from Ifor Beacham (Griffith University). H. influ-
enzae 2019 and H. influenzae 2019 AsiaP have been published (60).

S. flexneri and S. typhimurium were grown in lysogeny broth (10 g/L
Tryptone, 5 g/L yeast extract, 5 g/L NaCl) with aeration for 16 h at 37 °C.
Eighteen-hour cultures were diluted 1/20 into fresh broth and grown with
aeration for 2 h at 37 °C to an optical density at 600 nm (ODgoo) of ~1.
S. flexneri were collected (5 x 10%) and washed twice with HBSS+ buffer
[HBSS containing Ca%* and Mg?* supplemented with 10 mM Hepes; Sigma).
C. jejuni was grown on Columbia blood agar and grown in microaerobic
conditions at either 37 or 42 °C for 16 h. H. influenzae were grown as de-
scribed by Johnston et al (60).

LPS/LOS Purification and Determination of LPS/LOS Concentration. LPS was
purified from RMA2159, RMA2161, and RMA4328 as described by Darveau
and Hancock (61), and hydrolyzed by heating in 1% (vol/vol) acetic acid for
90 min at 100 °C, followed by ultracentrifugation at 142,000 x g for 5 h at
4 °C. The supernatant containing the oligosaccharide was then freeze-dried
and stored at 4 °C. LPS molarity concentration was determined by using the
Purpald assay as described by Lee and Tsai (62), and 2-keto-3-deoxyoctonate
was used to construct a standard curve. Oligosaccharide molarity concen-
tration was determined by using the bicinchoninate assay as described by
Doner and Irwin (63), and maltose was used to construct a standard curve.
C. jejuni LOS was purified, hydrolyzed, and quantified as described in Sem-
chenko et al. (59). S. typhimurium LPS was purified as described by Darveau
and Hancock (61), and H. influenzae LPS was purified as described by
Johnston et al. (60).

Glycan Array Analysis of Bacteria and Purified LOS/LPS. Glycan arrays were
prepared as per Arndt et al (64). For whole bacteria, 10° cells were labeled
with CFDA-SE, Bodipy 558-SE, or FITC for 30 min in 1x PBS with washing and
application to the array performed as described by Day et al. (52).

FITC labeling and formalin fixing of Shigella strains was performed by
pelleting 1 x 10°%/mL of bacteria and labeling with 0.5 mg/mL FITC (Sigma no.
F4274) in 0.1 M sodium carbonate buffer (pH 9) for 2 h at room temperature,
followed by several washes in 0.1 M sodium carbonate buffer (pH 9) to
remove excess FITC, and then resuspended in PBS containing 2 mM MgCl,,
2 mM CaCl, and 1% (wt/vol) paraformaldehyde.

LOS/LPS was labeled with lipophilic Bodipy methyl ester 595/625 as de-
scribed in Semchenko et al. (65). Arrays were performed with 1 pg of LOS and
rough mutant LPS or 10 pg of LPS with arrays performed as described in
Semchenko et al (24). Scanning was performed by using a Proscan four laser
Microarray scanner and the Scanarray express software. Yes/no binding was
determined by four positive replicate spots in three replicate experiments.
Positive binding was determined by spots being significantly greater than
negative control spots by two-tailed t test in Microsoft Excel.

SPR Analysis of Glycan:Glycan Interactions of LOS/LOS. SPR was performed by
using the Biacore T100 system and series S L1 sensor chips. LOS/LPS from
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isolated from wild-type and rough mutant strains of S. flexneri, C. jejuni,
H. influenzae, and S. typhimurium were captured onto the L1 chip at con-
centrations of 0.75 mg/mL and using unglycosylated lipid A from E. coli as
the negative control on flow cell 1 as described in Semchenko et al (24). The
running buffer used was 1x PBS (containing 2 mM MgCl,, 2 mM CaCl,) at a
flow for analysis of 30 pL/min. A new layer of LOS/LPS/lipid A was captured
for each sample. Single-cycle kinetics was used to generate the Kp of the
interaction with each individual sugar concentration being optimized for
the LOS/LPS used. Initial screening was done with 1:5 dilution series from
80 nM to 50 pM. Adjustments up or down in concentration were made before
a 1:2 dilution series, completed using single-cycle kinetics using double refer-
enced data (Dataset S2). All SPR experiments were performed a minimum of
three times.

Modification of 0-Deacylated LPS/LOS for SPR Analysis. LOS/LPS (500 pg) from
C. jejuni 11168, C. jejuni 11168 AwaaF, H. influenzae 2019, H. influenzae
2019 AsiaP, S. typhimurium 180 and S. typhimurium 180 AgalE, and
S. flexneri RMA2159 and RMA2161 was O-deacylated as above, and the
glycan only containing supernatant was freeze dried overnight. The dried
glycan was resuspended to a final concentration of 20 pg/15 pL with 15 pL
labeled with 2-aminobenzamide (2AB) through a Schiff's base reaction with
sodium cyanoborohydride (25, 26). The free 2AB was removed from the
samples by using GlycoProfile Glycan Clean-Up Cartridges.

SPR Analysis of Modified 0-Deacylated LPS/LOS. O-deacylated LOS/LPS labeled
with 2AB were immobilized onto a CM7 chip by using NHS/EDC coupling
with 15 min of contact time at 5 pL/min flow rate with the remaining
unreacted surface being blocked with ethanolamine. Between 80 and 200
response units of each bacterial glycan was immobilized to the surface with
flow cell 1 on each chip being left as a blank ethanolamine surface as a
control. Analytes were run in a 1:5 dilution series from 16 nM up to 10 uM by
using single cycle kinetics with double-reference subtraction. All SPR ex-
periments were performed in triplicate.

Isothermal Calorimetry Analysis of Glycan:Glycan Interactions. ITC was per-
formed by using TA Instruments nano-ITC with the small (170 pL) capacity cell.
The interaction was performed with a concentration of 0.2 M asialo-GM1
(Elicityl; GLY102) in the cell and 2 M blood group B tetrasaccharide (Elicityl;
GLYO038) in the syringe. A total of 20 injections of 2.5 uL were performed and
interactions of both blood group B into PBS, and PBS injected into asialio-
GM1 were run for subtraction. These subtractions runs were as follows: 2 M
blood group B in PBS was injected in 20 injections of 2.5 pL into PBS buffer
only; this data was then background subtracted from the B:GM1 interaction
with injection per injection subtraction. Then PBS buffer only was injected into
0.2 M asialio-GM; measuring the changes in temperature caused by an in-
jection of liquid into asialio-GM1 (dilution effects), providing a single value for
subtraction. Analysis was performed by using the NanoAnalyze program (TA
Instruments). Kp values were defined by using data from three independent
experiments and displayed with an error of 1 SD.

Free Glycan Competition Assays of C. jejuni and S. typhimurium Infection
of Caco-2 Monolayers and S. flexneri Infection of T84 Intestinal Epithelial
Monolayers and Cell Association Studies of H. influenzae with 16HBE14
Bronchial Epithelial Cells. T84 intestinal epithelial cells were grown in 1:1
mixture of DMEM (Life Technologies no. 12430-054) and Ham’s F-12 nutrient
mixture (Life Technologies no. 11765-054) supplemented with 12.5 mM
Hepes, 14 mM NaHCOs, 10% (vol/vol) FCS, 100 U/mL penicillin/streptomycin,
8 pg/mL ampicillin, and 2 mM L-glutamine. Inverted monolayers were grown
on 5 pM polycarbonate membrane inserts (Costar no. 3421, 24 well trays)
precoated with 0.5 pg of rat tail collagen (Sigma no. C3867), and used 7-10 d

1. Lehmann F, Tiralongo E, Tiralongo J (2006) Sialic acid-specific lectins: Occurrence,
specificity and function. Cell Mol Life Sci 63(12):1331-1354.
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variation of the FimH adhesin. Proc Nat/ Acad Sci USA 95(15):8922-8926.

. Gilboa-Garber N, Sudakevitz D (1999) The hemagglutinating activities of Pseu-
domonas aeruginosa lectins PA-IL and PA-IIL exhibit opposite temperature pro-
files due to different receptor types. FEMS Immunol Med Microbiol 25(4):
365-369.

4. llver D, et al. (1998) Helicobacter pylori adhesin binding fucosylated histo-blood
group antigens revealed by retagging. Science 279(5349):373-377.

. Mahdavi J, et al. (2002) Helicobacter pylori SabA adhesin in persistent infection and
chronic inflammation. Science 297(5581):573-578.
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after seeding (transwell media were refreshed every second day). A steady-
state transepithelial cell resistance of ~800-1,500 Q-cm? was reached in all
monolayers used. Infection of T84 monolayers was performed as described
by Kohler et al (2002) (11). Inverted T84 cell monolayers were washed twice
with HBSS+ buffer, and bacterial samples were administrated to the baso-
lateral surface of the T84 cell monolayer at an MOI of 25 bacteria per epi-
thelial cell, followed by the addition of the required concentration of
competing glycan. Infected monolayers were then incubated for 90 min at
37 °C with 5% CO,, extensively washed (9x) and lysed with 1% (vol/vol)
Triton X-100 in PBS. Viable counts were performed by plating onto LB agar
and expressed as the number of adhered cells (CFU).

Caco-2 cells were grown in MEM and seeded for infection studies as de-
scribed in Day et al. (2009) with C. jejuni grown at 42 °C (52). S. typhimurium
was added at an MOI of 100 bacteria per epithelial cell, and infected
monolayers were then incubated for 30 min at 37 °C with 5% CO,, washed
(three times) and lysed with 1% (vol/vol) Triton X-100 in PBS. Viable counts
were performed by plating onto LB agar and expressed as the number of
adhered cells (CFU). Competing glycans were added at listed concentrations,
and the infection was carried out for 30 min. Cells washed and lysed and the
CFU determined as per Day et al (52).

Human bronchial epithelial cells 16HBE14 were cultured as described (66).
Infection was carried out with 1 x 107 CFU of H. influenzae and AsiaP mutant
on 1 x 10° confluent 6HBE 14 bronchial epithelial cells in 24-well plates. Two-
hour association assays were performed in a 1-mL volume, wash three times
in 1 mL of PBS after 2 h of association time, lysed in 5% saponin, and viable
counts were performed and cell numbers were expressed as a percentage of
the original inoculums.

Conjugation of S. flexneri O-Deacylated Polysaccharide with Alexa 488.
O-deacylated S. flexneri LPS (25 pM) was mixed with 10 uM Alexa 488 hy-
droxylamine (Life Technologies no. A30629) and 100 mM aniline in 0.1 M
sodium phosphate buffer (pH 7.0), followed by incubation at room tem-
perature for 16 h (covered in foil). The labeled conjugate mix was then di-
alyzed against 5 L of MQ water twice over a 24-h period to remove
unconjugated Alexa 488 hydroxylamine reagent. The resultant fluorescent
Alexa 488-polysaccharide conjugate was stored at —20 °C until use.

Staining of Human lleum Sections with S. flexneri Alexa-488 Polysaccharide and
Immunofluorescence Staining. Paraffin embedded human ileum sections
sourced from Zyagen (no. HP-311) were rehydrated, blocked with 10% (volivol)
FCS, and incubated with Alexa 488-polysaccharide conjugate (~10 pM) and
monoclonal anti-GP2 antibodies (MBL) (1:500) for 30 min at 37 °C. Sections
were then washed three times with PBS, incubated with Alexa 594-conjugated
donkey anti-mouse secondary antibodies (Molecular Probes) (1:100) for 1 h
at 37 °C, and rewashed with PBS. Cellular nuclei in the section was counter-
stained with 0.1 pg/mL 4,6-diamidino-2-phenylindole (DAPI) (Sigma). Sections
were mounted with square coverslips by using Mowiol 4-88 (Calbiochem)
containing 20 pg/mL p-phenylenediamine (Sigma) and examined with an
Olympus IX-70 microscope with phase-contrast optics using 4x objective and
40x oil immersion objective. Fluorescence and phase contrast images were
captured and false color merged by using Metamorph software program
(version 7.7.1.0; Molecular Devices).
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