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Surface Glycans Regulate Salmonella Infection-Dependent
Directional Switch in Macrophage Galvanotaxis Independent of
NanH
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aDepartment of Dermatology, School of Medicine, University of California, Sacramento, California, USA
bDepartment of Internal Medicine, School of Medicine, University of California, Sacramento, California, USA
cDepartment of Chemistry, University of California, Davis, California, USA
dOffice of Research, School of Medicine, University of California, Davis, Sacramento, California, USA
eDepartment of Ophthalmology, School of Medicine, University of California, Sacramento, California, USA

ABSTRACT Salmonella invades and disrupts gut epithelium integrity, creating an infec-
tion-generated electric field that can drive directional migration of macrophages, a process
called galvanotaxis. Phagocytosis of bacteria reverses the direction of macrophage galvano-
taxis, implicating a bioelectrical mechanism to initiate life-threatening disseminations.
The force that drives direction reversal of macrophage galvanotaxis is not understood.
One hypothesis is that Salmonella can alter the electrical properties of the macrophages
by modifying host cell surface glycan composition, which is supported by the fact that
cleavage of surface-exposed sialic acids with a bacterial neuraminidase severely impairs
macrophage galvanotaxis, as well as phagocytosis. Here, we utilize N-glycan profiling by
nanoLC-chip QTOF mass cytometry to characterize the bacterial neuraminidase-associ-
ated compositional shift of the macrophage glycocalyx, which revealed a decrease in
sialylated and an increase in fucosylated and high mannose structures. The Salmonella
nanH gene, encoding a putative neuraminidase, is required for invasion and internaliza-
tion in a human colonic epithelial cell infection model. To determine whether NanH is
required for the Salmonella infection-dependent direction reversal, we constructed and
characterized a nanH deletion mutant and found that NanH is partially required for
Salmonella infection in primary murine macrophages. However, compared to wild type
Salmonella, infection with the nanH mutant only marginally reduced the cathode-oriented
macrophage galvonotaxis, without canceling direction reversal. Together, these findings
strongly suggest that while neuraminidase-mediated N-glycan modification impaired both
macrophage phagocytosis and galvanotaxis, yet to be defined mechanisms other than
NanH may play a more important role in bioelectrical control of macrophage trafficking,
which potentially triggers dissemination.

KEYWORDS galvanotaxis, glycan, infection, macrophages, salmonella

S almonella enterica is a common bacterial species that causes human diseases
ranging from gastroenteritis to systemic infections. Salmonella spp. invade gut

epithelia, preferentially by targeting the relatively small number of M cells located in
the follicle-associated epithelium (1–3). Damage to enterocytes releases chemoat-
tractive substances that attract immune cells such as neutrophils and macrophages
—a process known as chemotaxis (4–7). Subsequent phagocytosis and clearance of
the pathogens by immune cells usually stops the infection, resulting in no or mild
symptoms. However, Salmonella has developed strategies, such as its type III secre-
tion systems (8–12), to evade macrophage killing and survive inside the macrophage
(13–16). Survival within the macrophage allows the pathogen to escape from its
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entry site as soon as it reaches the bloodstream and spread systemically, resulting in
life-threatening consequences (17–19).

Bioelectric signals have been implicated in development (20–23), wound healing
(24–26), and regeneration (27, 28). In our initial study investigating the bioelectrical
activities that contribute to active bacterial infections, we detected a Salmonella infection-
generated electric field (IGEF) at the gut epithelium that drives anodal directional migration
of primary murine macrophages in vitro (galvanotaxis: electric field-directed cell migration
[21]). Such directional migration of macrophage galvanotaxis can be further reversed to the
cathode upon Salmonella infection, implicating an alternative mechanism, other than
chemotaxis, by which macrophages harboring live Salmonella egress from the original
infection sites to initiate disseminated infections (29). The molecular elements that drive
this Salmonella infection-dependent direction reversal in macrophage galvanotaxis, how-
ever, are not known. One hypothesis is that Salmonella can change the electrical proper-
ties of the macrophages by modifying host cell surface glycan composition, since cleav-
age of surface-exposed sialic acids with a bacterial neuraminidase leads to severely
defective macrophage galvanotaxis. The nanH gene in Salmonella enterica subsp. enterica
serovar Typhimurium LT2 (KEGG ID: stm:STM0928) encodes a putative neuraminidase with
specificity to NeuAc (30). The critical role of NanH for Salmonella invasion has been identified
recently by demonstrating the importance of glycan desialylation during epithelial pene-
tration, which is independent of the SPI-1 type III secretion system (31). We conducted
glycomic analysis of macrophages and loss-of-function assessment of a nanH mutant in
macrophage galvanotaxis to test this hypothesis.

RESULTS
Neuraminidase impairs macrophage galvanotaxis. Previously, we developed a

mouse cecum model and detected a Salmonella infection-generated electric field (IGEF) at
the gut epithelium. When applied in vitro, IGEF drove macrophage galvanotaxis to the an-
ode, which was reversed to the cathode upon Salmonella infection (29). We confirmed that
treatment with a potent bacterial neuraminidase significantly reduced macrophage surface
negativities and severely impaired macrophage galvanotaxis (29) (Fig. 1A and B), resulting in
83% of the macrophages losing their polarity and 5% reversing polarity to the cathode
(Fig. 1C). In contrast, the majority of the mock-treated control macrophages were polarized
to the anode (86%) with a distinct morphology characterized by a leading pseudopodium
of a dense actin meshwork and a rearward uropod (Fig. 1A and C).

Neuraminidase impairs macrophage phagocytosis. To learn if the neuraminidase
treatment affects macrophage phagocytotic capacity, we challenged the macrophages
with fluorescently labeled microspheres (1 mm, a similar size to Salmonella) before and
after incubation with neuraminidase. We confirmed the potency of the reconstituted
neuraminidase by assessing reduction in surface sialylated glycans by immunofluores-
cence labeling with Maackia amurensis lectin II (MAL-2, specifically binds to sialic acid in
an a-2,3 linkage) (Fig. 1A and B), consistent with the role of this neuraminidase (32). We
then quantified the number of cells containing beads and found that treatment with
neuraminidase significantly (P , 0.01 by x 2 test) reduced macrophage phagocytosis
(mean percentages: 3.02, treated versus 19.83, not treated) (Fig. 1D). Together, these data
suggest that the negatively charged surface glycans are not only critical for the electric
field-guided directional migration but also important for their functional phagocytotic
activities.

Neuraminidase modifies glycans on macrophages. The effect of neuraminidase
on macrophage glycosylation can be readily characterized by global profiling of released host
glycans. To establish the definitive role of the sialic acid cleaving enzyme, we conducted a
comprehensive and quantitative N-glycan analysis of the neuraminidase treated macrophages,
using high-resolution nanoLC-MS-based analytical tools capable of isomeric-level differentia-
tion. The time points were chosen based on our previous experiments. They correspond to
the time required for Salmonella to invade and establish intracellular growth in macrophages
(29). Thus, in the subsequent discussions below, control and treated states refer to 0- and
30-min post-incubation, respectively.
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Individual N-glycans were identified by matching their molecular features, including
accurate masses, isotope distributions, and retention times with a compositional library.
Fig. 2A shows the abundances of different glycan types relative to the summed abundan-
ces of all glycans identified in the untreated and treated macrophages. Complex and hybrid
type glycans were grouped together and then divided into different subgroups based on
their levels of decoration (i.e., extension of the oligosaccharide chain by fucose, sialic acid,
both, or neither), while high mannose glycans were grouped as a separate glycan type.
Compared to untreated control, the neuraminidase-treated macrophages showed a decrease

FIG 1 Neuraminidase impairs macrophage galvanotaxis and phagocytosis. (A) Screen shot of macrophages
(Ctrl) challenged with 1-mm, red fluorescent microspheres, followed by 3-h exposure to an EF of 4 V cm21 in
the indicated orientation. Confocal image insert shows a macrophage containing a bead (pseudo-colored in
yellow) was polarized to the anode. Sialylated glycans were labeled with Alexa 488-conjugated Maackia
amurensis lectin II (MAL-2, in green). Actins were labeled with Alexa 546-conjugated phalloidin (red). Nuclei
were counterstained with Hoechst 34222 (blue). Bar, 20 mm. (B) Screen shot of macrophages after neuraminidase
treatment (Neu’se) challenged with 1-mm, red fluorescent microspheres, followed by 3-h exposure to an EF of 4 V
cm21 in the indicated orientation. Confocal image insert shows an unpolarized macrophage containing a bead.
Sialylated glycans were labeled with Alexa 488-conjugated MAL-2 (green). Nuclei were counterstained with Hoechst
34222 (blue). Bar, 20 mm. (C) Polarity of macrophages treated with or without neuraminidase, followed by 3-h
exposure to an EF of 4 V cm21 in the indicated orientation. Data were quantified from a representative of three
independent experiments. **, P , 0.01 by x2 test. (D) Quantification of phagocytosis of the macrophages with or
without neuraminidase treatment. Data are presented as percentage of macrophages with beads (Mean 6 SD) from
three independent experiments. **, P , 0.01 by x 2 test.
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in sialylated glycans. Specifically, N-glycans that were both fucosylated and sialylated (FS)
decreased by 6.5% from 23% in the control to 17.5% in the treated cells. The sialylated-only
species (S) also had a decrease of 0.7% after treatment. Meanwhile, the summed relative abun-
dance of non-sialylated and non-fucosylated species (C/H) increased by 2.3% from 11.6% to
13.9%, and the relative abundance of high mannose type glycans increased by 4.7% from
38.9% to 43.6% after treatment. Changes in sialylated species are particularly noteworthy
given the predicted role of this enzyme (32). The concurrent decrease of sialylated structures

FIG 2 Neuraminidase reduces sialyation of surface-exposed N-glycans on macrophages. (A) Global compositional profiling of surface-exposed
N-glycans on macrophages treated with neuraminidase versus untreated control cells. Pie charts show the summed abundances of surface-exposed
N-glycans. (B) Comparison by number of sialic acids. (FS – #Sia: fucosylated & sialylated with 1–4 sialic acids). Data from a representative of two
independent experiments, which produced similar results.
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and increase of asialylated glycans is consistent with enzymatic degradation. We further note
that desialylation appears to occur primarily on species that are both fucosylated and sialy-
lated, given that afucosylated glycans bearing only sialic acid showed only a small decrease in
their summed relative abundance and no significant changes in absolute abundances and in
the number of compositions post-incubation. To examine the decreases in abundances of
fucosylated and sialylated glycans in more detail, the degrees of fucosylation and sialylation in
control and treated macrophages are compared in Fig. 2B. Mono- and difucosylated as well as
mono- and disialylated structures represent the majority of decorated glycans on the macro-
phage surface prior to treatment. After incubation, decreases were observed such that asialy-
lated structures became the most abundant. Of note, disialylated and trisialylated glycans
showed the greatest decrease in their relative abundances by 4.8% from 8.4% to 3.6%, and
0.7% from 1.2% to 0.5%, respectively.

Construction of a nanH deletion mutant. STM0928 (30) in Salmonella enterica subsp.
enterica serovar Typhimurium LT2 (KEGG ID: stm:STM0928) encodes a putative neuraminidase
gene named nanH that has the highest sequence identity (0.288 identical, data not shown)
to the enzyme (KEGG ID: cpf:CPF_0721) we used in our macrophage treatment. The role of
NanH for Salmonella invasion has only been realized recently by demonstrating the impor-
tance of glycan desialylation during epithelial penetration, which is independent of the SPI-1
type III secretion system (31). However, its role has not been investigated in macrophages.
To assess the role of NanH in macrophage infection and to determine if NanH is required
for the Salmonella-infection dependent directional switch in macrophage galvanotaxis, we
constructed a DnanHmutant in Salmonella LT2 using the l Red recombination engineering
system as described previously (33), which involves a simple one-step strategy. We used
plasmid pKD4 as a template to generate PCR products of the Kan-resistant gene flanked by
50-bp sequence homologous to nanH (Fig. S1A). We then electroporated the purified PCR
products into competent Salmonella LT2 containing temperature-sensitive and tetracycline-
resistant pKD119. Expression of l Red recombinase at low temperature (30°C) and induced
by addition of L-arabinose promotes recombination of the Kan element into the chromo-
some between the nanH homologous sequences. Recombinants were selected for kanamy-
cin resistance and cured with a high-temperature shock (40°C for 30 min) followed by cul-
ture at physiological temperature (37°C). We screened for loss of temperature-sensitive
pKD119 by selecting for sensitivity to tetracycline. The deletion of nanH was confirmed by
PCR (Fig. S1B) and by Sanger sequencing (Fig. S1C). The strains and plasmids constructed in
this work are listed in Table 1.

NanH is required for Salmonella infection in primary murine macrophages. A
recent study showed that deletion of nanH significantly decreases invasion in polarized
colon epithelial cells, suggesting its important role during Salmonella infection (31). To
determine specifically whether NanH is required for resistance of macrophage killing,
we assayed the ability of the nanH mutant to survive in bone marrow-derived murine
macrophages (BMDM). For these experiments, we challenged macrophages with both
the nanH mutant and its parental wild type stain (LT2) at an MOI of 20 (20 bacteria per
cell) and a low MOI of 5. Deletion of nanH decreased the ability of Salmonella to survive
within macrophages at 16 h after infection, resulting in an approximately 4-fold decrease
in recovery of the mutant compared to of the wild type. The difference between the mu-
tant and wild type was statistically significant (P, 0.05) at the MOI of 5 (Fig. 3A). To further

TABLE 1 Plasmids and Salmonella strains used in this study

Description and Antibiotic Resistance Reference or Source
Plasmids
pKD119 Arabinose inducible l Red recombinase expression plasmid. Temp sensitive. TetR CGSC#: 7990
pKD4 Kan template plasmid for gene disruption. The resistance gene is flanked by FRT sites. AmpR, KanR. (33) CGSC#: 7632

Salmonella
IR715 ATCC 14028, NalR derivative (69)
DinvA IR715 derivative, invA::TnphoA, pGFT/RalFc, KanR, CmR (29, 70)
LT2 S. typhimurium LT2 (69, 71)

DnanH LT2 derivative, DnanH::Kan, KanR This work
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verify the observed attenuated phenotype, we performed a competitive index assay of the
nanHmutant against its wild-type strain, as coinfection provides a sensitive measure of dif-
ferences between the wild type and the mutant with respect to intracellular survival (34,
35) (Fig. 3B). Inocula containing 1:1 mixtures of wild type and DnanH were used to infect
BMDM cultures at an MOI of 20. In parallel, coinfection of DinvA and its wild-type strain
(IR715) showed that at 16 h after infection, the CFU of DinvA recovered was 1/20 that of
IR715, demonstrating that under these conditions the wild type is not able to rescue a mu-
tant lacking a functional SPI-1 T3SS, and validating the efficacy of the competitive assay in
our primary murine macrophage infection setup. Importantly, the competitive index of
nanH mutant versus wild type recovered from BMDMs was 1/4 (Fig. 3C). Based on these
results, we concluded that NanH is required, but not essential (relevant to DinvA), for the
infection of primary murine macrophages.

The nanH mutant reduces cathode migration in macrophage galvanotaxis without
canceling infection-dependent direction reversal. Previously, we demonstrated that
Salmonella infection can reverse macrophage galvanotaxis in vitro, implicating an initial
mechanism, other than chemotaxis, of disseminating infections (29). In view of the
phenotypic potential of nanH as a candidate virulence factor to establish intracellular
growth in macrophages, we investigated its role in contributing to the infection-dependent
direction reversal in macrophage galvanotaxis. We infected BMDMs with WT Salmonella or
nanH mutant and monitored their migratory behaviors in response to an applied EF. First,
we conducted macrophage galvanotaxis assays at 30 min postinfection since this was the
time (Fig. 1) at which we initially observed galvanotactic defects in macrophages incubated
with neuraminidase. While 92% control macrophages underwent directional migration to
the anode (mean directedness of 0.76), only 65% of macrophages challenged with WT
Salmonella and 75% of macrophages challenged with nanH mutant migrated to the anode
(Fig. S2A and B), resulting in a significantly reduced mean directness of 0.47 and 0.21,
respectively (Fig. S2C).

FIG 3 Recovery of nanH mutant after infection of macrophages. (A) Inocula of the nanH mutant and
the wild type (WT) was used to challenge bone marrow-derived macrophages (BMDMs) separately.
Intracellular bacteria were recovered after 16 h as described in Materials and Methods. *, P , 0.05 by
unpaired Student's t test. (B) Schematic of the competitive of competitive assay. (C) Mixed inocula of
the invA or nanH mutant and their respective wild type were used to challenge BMDMs at MOI of 20.
Intracellular bacteria were recovered after 16 h as described in Materials and Methods. Competitive
index (C.I.), calculated as log (CFU mutant/CFU wild type), is shown on the y axis. Data shown are the
means of three independent assays done in triplicate with standard deviations shown.
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Although the overall reductions in directedness between WT- and nanH mutant-
challenged macrophages is not significant, these data suggest that with a such short
period of challenge time, Salmonella infection is taking an action to affect macrophage
galvanotaxis. At this early time point, the migration speeds of the macrophages chal-
lenged with either WT Salmonella or nanH mutant in response to applied EF were not
significantly affected (Fig. S2D).

Since challenging Salmonella did not reverse macrophage directional migration in
response to applied EFs, our subsequent experiments were carried out at 16 h postin-
fection. As controls, macrophages challenged with fluorescently labeled microspheres
of similar size to bacteria were also included and monitored under identical conditions
(Fig. 4A).

While 96% to 97% macrophages challenged with or without beads underwent uni-
directional migration to the anode (mean directedness of 20.91 and 20.90, respec-
tively), 66% of macrophages infected with WT Salmonella reversed their directional
migration to the cathode, resulting in a mean directness of 0.35. These data, as high-
lighted by the trajectories and polarization plots (Fig. 4B and C), are consistent with
our previous observations (29), suggesting that the direction switch was not caused by
phagocytosis per se (i.e., the phagocytosis of beads), but was Salmonella infection de-
pendent. In contrast, macrophages challenged with the nanH mutant reduced direc-
tion reversal compared to those challenged with WT Salmonella, resulting in a mean
directness of 20.11. Such reduction in directionality, however, was not restored back
to the control level, nor to that of the macrophages challenged with microspheres (Fig.
4D). We also quantified migration velocities of macrophages in response to applied EFs
under different challenge conditions but identical experimental settings. We were
unable to detect significant differences in migration speed between any groups, either
WT versus nanH mutant, or the groups challenged with Salmonella versus groups not
challenged or challenged with microspheres (Fig. 4E). However, comparison and statis-
tical analysis of displacement speed (defined by Euclidean distance of cell migration di-
vided by time) revealed that macrophages challenged with live Salmonella were signifi-
cantly slower than cells not challenged or challenged with microspheres (Fig. S3),
suggesting that Salmonella infection may affect the directional migration efficacy of
macrophages in response to EFs.

Salmonellamutants lacking nanH reduce surface-exposed sialic acids inmacrophages
at wild-type level. Since challenging macrophages with nanH mutants only marginally
affected direction reversal, we then looked at the zeta potential of the macrophages
infected with DnanH. While the negativities of surface-exposed glycans were indeed
reduced (less negative), the reduction in macrophages resulting from DnanH infection was in-
significant, compared to that caused by WT Salmonella infection (Fig. 5A). Accordingly, the sur-
face-exposed sialic acids—a major contributor of the negative zeta potential, which was previ-
ously reported to be reduced by Salmonella infection (29), were similar between the
macrophages challenged with WT or DnanH, as demonstrated by flow cytometry with MAL-2
labeling (Fig. 5B). Together, these data strongly suggest the existence of other major factor(s),
besides NanH, involved in the reduction of macrophage surface negativity contributing to
Salmonella infection-dependent direction switch in macrophage galvanotaxis.

DISCUSSION

Negative electric charges on the macrophage surface is one of the most critical factors re-
sponsible for microorganism and particle attachment to initiate phagocytosis (36), presumably
through the binding of surface-exposed glycosylated ligands (37). It has been proposed that
modulation of surface charges could alter the phagocytic function of macrophages. For
example, treatment with Vibrio cholerae neuraminidase promotes the attachment of path-
ogenic E. coli to and phagocytosis by peritoneal macrophages in vitro and in vivo (38).
Previously, we reported that treatment with a potent bacterial neuraminidase significantly
reduces macrophage surface negativities and severely impaired macrophage galvanotaxis
(29). Here, we performed functional studies, which demonstrated that neuraminidase-
induced macrophage glycocalyx compositional changes reduced cell surface electric
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negativity and dramatically affected macrophage phagocytotic function as evidenced by
decreased phagocytosis of microspheres (Fig. 1). Given that phagocytosis (of the micro-
spheres) per se did not cause dramatic changes in surface glycans and/or negativity of the
macrophage (29), our data suggest that macrophages take up this type of microsphere

FIG 4 Infection with nanH mutant reduced Salmonella-infection dependent direction reversal in macrophage
galvanotaxis. (A) Schematic of the experimental design. Freshly differentiated mouse BMDMs from C57B/6 mice were
seeded in wells engineered with a PDMS stencil. Adhered macrophages were challenged with either red fluorescent
beads (“Bead”) or WT Salmonella (WT) or nanH mutant (DnanH) and cultured for 16 h. Unchallenged BMDMs served as
the control (Ctrl). Subsequent migration of macrophages was monitored in the same galvanotaxis chamber under
identical conditions after removal of the PDMS stencil, as described in Materials and Methods. (B) Trajectories (red: to
the anode, numbers indicating percentage of cells migrated to the anode; black: to the cathode; blue crosses:
centroid) and (C) polarization graphs of Ctrl macrophages or macrophages challenged with beads or WT Salmonella or
DnanH mutant exposed to an EF of 4 V cm21 for 3 h in the indicated orientation. (D) Box-and-Whisker plot of
directedness and (E) migration speed (see also Movie 1) of macrophages under different challenge conditions. *, P ,
0.05 or **, P , 0.01 by one-way ANOVA with post hoc Tukey HSD test, ns: nonsignificant.
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through a different route without significantly changing their electric negativities, thus, still
migrating to the anode (Fig. 5C).

By integrating mass spectrometry and biochemical glycomic approaches, we generated
detailed N-glycan structural profiles of the mouse primary macrophage, which we then used
to identify glycan alterations that may have functional significance. The N-glycome of neur-
aminidase-treated macrophages (by incubation with a potent bacterial neuraminidase) dif-
fered from that of bone marrow-derived naive macrophages. Specifically, compared to naive
macrophages, neuraminidase-treated macrophages had decreased sialylated N-glycans,
including fewer fucosylated/sialylated complex N-glycans. Conversely, the relative abundance
of non-sialylated species was increased after neuraminidase treatment (Fig. 2A). Unlike enzy-
matically treated macrophages, mono- or disialylated glycans were the dominant complex

FIG 5 NanH and yet-to-be-identified factor(s) contribute to Salmonella infection-dependent direction switch in
macrophage galvanotaxis. (A) Zeta potentials or (B) Representative flow cytograms of standardized MAL-2
fluorescence intensity of macrophages infected by wild type Salmonella (WT) or DnanH. ns, nonsignificant by
Student's t test. (C) Model of Salmonella infection-dependent direction switch in macrophage galvanotaxis through
neuraminidase-mediated glycan modifications. Negatively charged macrophages with terminally sialylated surface
structures (small green circles) undergo robust directional migration to the anode. Phagocytosing Salmonella decreases
sialic acid composition and subsequently reduces surface negativity of the macrophage through combined activities of
NanH and other glycan dehydrases or other unknown effectors (question markers). Enzymatic cleavage of sialic acids
(possibly other glycans as well) by incubation of neuraminidase (scissors) impairs macrophage galvanotaxis, as well as
phagocytosis. Macrophages that phagocytosed beads through binding of non-sialylated surface components (brown
squares) still migrate to the anode.
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structures on the untreated macrophage surface, which contribute negative charge to the cell
membrane. This intrinsic bioelectrical property of macrophages may contribute to their robust
galvanotactic responses such as directed migration to the anode (Fig. 1), which we and others
have consistently demonstrated (29, 39). Following neuraminidase incubation, negatively
charged N-glycans such as disialylated and trisialylated glycans were significantly reduced (Fig.
2B). This decrease is likely to affect directional migration of macrophages in response to electri-
cal stimuli by increased zeta potentials (reduced surface negativity) (29, 40), and subsequently
through bioelectrically and biochemically coupled signaling pathways (25, 41). Using a mouse
typhoid model, we have demonstrated that Salmonella infection generates minute electric
fields at the gut epithelium, which can drive directional migration of macrophages to the an-
ode in vitro, presumably recruiting macrophages to an infection site. We also showed that
infecting macrophages with Salmonella reduces macrophage surface zeta potential and
reverses directional migration of macrophages to the cathode, presumably driving macro-
phages containing live bacteria away from an infection site to initiate systemic dissemina-
tions (29). Hence, comprehensive N-glycan profiling by nanoLC-chip QTOF mass cytometry
employed in this study suggests a mechanistic feature of disseminated Salmonella infec-
tions. The results provide compelling evidence at the molecular level for the notion that
modification of host glycan structures contributes to dissemination of Salmonella, suggest-
ing that the pathogen manipulates directional migration behavior of the macrophage in
part by modifying host surface glycan composition, specifically through desialylation.
Moreover, the sialic acid cleavages provide evidence that the enzyme might be delivered
during the pathogen-host interaction phase, an idea that has been proposed previously
based on the enzyme’s crystal structure (42). The present report is the first to identify a gly-
cosyl hydrolase that affects macrophage galvanotaxis, besides the impairment of phagocy-
tosis (Fig. 1). Given the nature of the cleavages, the putative neuraminidase encoded by
STM0928 is likely responsible for the majority of host desialylation by S. typhimurium (30).

Bacterial neuraminidases have been considered virulence factors in many pathogenic
bacteria such as V. cholerae and Clostridium perfringens (43, 44). The nanH gene in S. enterica
serovar Typhimurium LT2 resides in a P2-like prophage (Fels-1) (45, 46) and encodes a puta-
tive neuraminidase (30). Unlike other bacterial neuraminidases, NanH of Salmonella is struc-
turally close to H. influenzae viral sialidase as revealed by crystal structure studies (42, 47). In
vitro, Salmonella NanH shows kinetic preference for sialyl a2-3 linkages over sialyl a2-6 link-
ages and preferentially cleaves Neu5Ac residues rather than N-glycolylneuraminic acid
(Neu5Gc) residues (48). NanH is induced in the late growth phase, but its enzymatic activity
is not increased greatly by free sialic acid (49). Collectively, studies on the genetics, structure,
and biochemistry of Salmonella NanH reviewed above indicate a virulence, rather than met-
abolic role in Salmonella infection. However, the role of NanH in Salmonella virulence has
not been revealed until recently by a study demonstrating that Salmonella requires NanH, as
well as other keystone glycosidases, for invasion of colonic epithelial cells (31). Consistent
with this observation, NanH is required in part for Salmonella infection in primary murine
macrophages (Fig. 3). It remains unclear how Salmonella delivers the NanH. One possibility
is through direct secretion or release into the culture environment, which is in line with the
observation that enzymatic treatment for just 30 min in vitro is sufficient for the modification
of macrophage surface glycans and zeta potentials, resulting in consequently phagocytic
and galvanotactic impairments. This, however, is not conclusive as we were unable to detect
galvanotactic differences between the macrophages infected by either WT or nanH mutant
in just 30 min of incubation time (Fig. S3). It is well known that bacterial enzyme activities in
vitro are more potent and kinetically faster under similar conditions in vivo due to optimized
pleiotropic effects of ions and absence of complex inhibitory/regulatory networks (50). In
the infection scenario, the short period of incubation time, including the time required for
phagocytosing and processing bacterial pathogens is unlikely to be sufficient for the macro-
phages to switch direction since cells in response to applied EF, undergoing directional
migration itself is a complex biological process and requires signal transduction, multiple in-
tracellular signal cascades, and even gene transcription (21, 25). Another possibility is by
injection/secretion through the SPI-2 system since most of virulence factors carried in
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prophages in Salmonella are also SPI-2 effectors (45, 46, 51, 52). Further extensive work is
needed to test this prediction. It also remains unclear if NanH is required for Salmonella infec-
tion in vivo. Surprisingly enough, previous work by lysogenic conversion of a fels-1-lacking S.
enterica serovar Typhimurium strain with Fels-1 did not enhance mouse virulence (45).
However, this does not exclude the possibility that NanH is required for long-term systemic
infection, as is the case for the prophage-coded SPI-2 effector SseI (53). Future work using the
model of long-term chronic Salmonella infection in mice (53) will shed light on this long-stand-
ing enigma.

It is important to note that while NanH-dependent macrophage glycocalyx modification
reduced Salmonella infection-dependent direction switch, infection with the nanHmutant did
not eliminate direction reversal entirely (Fig. 4), strongly suggesting that NanH alone is insuffi-
cient for the Salmonella infection-dependent direction reversal in macrophage galvanotaxis,
and that other molecules/mechanisms, independent of NanH, must exist. For instance, S. typhi-
murium possesses at least 51 endogenous glycosyl hydrolases (some annotations remain puta-
tive) that likely function in glycan degradation (54). Although their roles underlying invasion of
macrophages (as well as intestinal epithelial cells) remain unclear, we speculate that these
enzymes collectively engage in the observed desialyation during Salmonella-macrophage
interaction. Therefore, it is not surprising that infection with DnanH still leads to reduced sur-
face negativity of macrophages at the wild type level, as supported by the zeta potential
measurements (Fig. 5A). Moreover, macrophages express Toll-like receptors (TLRs) that recog-
nize structurally conserved molecules derived from Salmonella and other pathogens. All TLRs
contain N-linked glycosylation consensus sites and both TLR2 and TLR4 require glycosylation
for surface translocation and function (55, 56). Interestingly, both a2-3- and a2-6-linked SAs
on the cell surface decreased during macrophage differentiation and polarization, which was
in accordance with the increase of the siaoglycoconjugates inside the cells (57), Binding of
Salmonella to these glycosylated receptors and subsequent internalization may reduce surface
negativity of macrophages, leading to directional switch under EF. The roles of Salmonella lipo-
polysaccharide (LPS, a potential TLR4 ligand) and lipoproteins in mediating macrophage
migration and galvanotaxis in particular, warrant future work.

The picture emerging from this, and previous works is that desialytion of surface-
exposed N-glycans of macrophages occurs during Salmonella infection, which reduces the
negative electric charge on the host cell surface (34) (Fig. 5C). Modification of glycans and
subsequent reduction of surface negativity allows macrophages harboring live Salmonella to
switch migration direction in response to IGEF. This outcome is biologically relevant because
escaping from the infected sites at the gut epithelium to reach lymphatic drainage and/or
bloodstream is a critical initial step for Salmonella dissemination (17, 58).

MATERIALS ANDMETHODS
Isolation and culture of bone marrow-derived macrophages. The mouse strains used were in a

C57BL/6 background (both male and female mice were used in experiments). Mice were purchased from
Jackson labs and maintained under a strict 12-h light cycle and given a regular chow diet in a specific patho-
gen-free facility at University of California (UC), Davis. All animal experiments were performed in accordance
with regulatory guidelines and standards set by the Institutional Animal Care and Use Committee of UC Davis.
Bone marrow-derived macrophages (BMDMs) were isolated following standard procedures as previously
described (59). BMDMs were cultured in DMEM (Invitrogen) with 10% Fetal Bovine Serum (Invitrogen) and 1�
Antibiotic-Antimycotic solution (Invitrogen), supplemented with 20% L-929 conditioned medium for 6 days
(plus an extra feed at day 3), followed by 1-day culture without the conditioned medium. Adherent macro-
phages were then harvested by gently scraping with a “policeman” cell scraper and used for subsequent
experiments accordingly. Cell viability was determined by trypan blue staining and counting.

Construction of the nanH mutant in Salmonella enterica subsp. enterica serovar Typhimurium
LT2. The nanH mutant was made using the l Red recombination engineering strategy as described by
Datsenko and Wanner (33). In brief, primers of NanHKan-F (59-AGAAATAACGGTAATCATATGTTTGACCAGACAT
CTACTTAACTGCAGAATACTGTGTAGGCTGGAGCTGCTTC-39) and NanHKan-R (59-AGCAGCAATGGCTATTTTTTGA
TGTTTAATTGTATGATTTTATTACTGGTAAATTCCGGGGATCCGTCGACC 239), and plasmid pKD4 as a template
were used to generate PCR products of the Kan resistance gene flanked by 50-bp homologies of nanH (Fig. S1A).
Purified products were electroporated into competent Salmonella LT2 containing temperature-sensitive pKD119.
Expression of l Red recombinase induced by addition of L-arabinose promotes recombination of the Kan ele-
ment between the homologies. Recombinants were selected for kanamycin resistance and tetracycline sensitivity.
The deletion of nanH was confirmed using PCR (Fig. S1B) with primers of NanH-F (59-TCATATGTTTGACCAGAC
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ATCTACTTAACTG-39) and NanH-R (59-GTCTAGATGTTTAATTGTATGATTTTATTACTG-39), and by Sanger
sequencing (Fig. S1C). The strains and plasmids constructed in this work are listed in Table 1.

Cell membrane extraction. Details of the isolation of the cell membrane fraction have been described
previously (30, 31). In brief, harvested cells were resuspended in homogenization buffer containing 0.25 M
sucrose, 20 mM HEPES-KOH (pH 7.4), and 1:100 protease inhibitor mixture (EMD Millipore, Billerica, MA).
Cells were lysed on ice using a probe sonicator (Qsonica, Newtown, CT) and lysates were centrifuged at
2000 � g for 10 min to remove the nuclear fraction and debris. The supernatant was then resuspended
and ultracentrifuged in a series of three different buffers at 200,000 � g for 45 min at 4°C to remove the
endoplasmic reticulum and cytoplasmic fraction. The resulting membrane pellet was isolated and stored
at220°C until further processing.

N-Glycan release and enrichment. Membrane pellets were suspended with 100 ml of 100 mM ammo-
nium bicarbonate in 5 mM dithiothreitol and heated for 10 s at 100°C to thermally denature the proteins. To
release the glycans, 2ml of peptide N-glycosidase F (PNGase F) (New England Biolabs, Ipswich, MA) was added
to the samples and incubated at 37°C in a microwave reactor (CEM Corporation, Matthews, NC) for 10 min
at 20 W. After addition of 400ml of ice-cold ethanol, samples were frozen for 1 h at280°C and centrifuged
for 20 min at 21,000� g to precipitate deglycosylated proteins.

Released N-glycans in the supernatant were purified by solid phase extraction (SPE)1 using porous
graphitized carbon (PGC) cartridges (Grace, Chicago, IL). Cartridges were first equilibrated with alternating
washes of nanopure water and a solution of 80% (vol/vol) acetonitrile and 0.05% (vol/vol) trifluoroacetic acid
in water. Samples were loaded onto the cartridges and washed with nanopure water to remove salts and
buffer. N-glycans were eluted with a solution of 40% (vol/vol) acetonitrile and 0.05% (vol/vol) trifluoroacetic
acid in water and dried in vacuo.

N-glycan analysis by LC-MS/MS. The purified N-glycans were reconstituted in 30 ml of water, and
5ml of each sample was injected to an Agilent nanoLC-chip-QTOF-MS system (Agilent Technologies, CA) for anal-
ysis. Samples were introduced into the MS with a microfluidic chip, which consists of enrichment and analytical
columns packed with porous graphitized carbon and a nanoelectrospray tip. A binary gradient was applied to
separate and elute glycans at a flow rate of 0.3ml/min: (A) 3% (vol/vol) acetonitrile and 0.1% (vol/vol) formic acid
in water and (B) 90% (vol/vol) acetonitrile in 1% (vol/vol) formic acid in water. MS spectra were acquired at 1.5 s
per spectrum over a mass range of m/z 600–2000 in positive ionization mode. Mass inaccuracies were corrected
with reference mass m/z 1221.991. Collision-induced dissociation (CID) was performed with nitrogen gas using a
series of collision energies (Vcollision) dependent on them/z values of the N-glycans, based on the equation: Vcollision =
m/z (1.8/100 Da) V 22.4 V. N-glycans from each data file were then identified and extracted by matching their
accurate masses and isotope patterns with an in-house cell membrane N-glycan compositional library using the
molecular feature finding function in MassHunter software (Agilent, CA).

Gentamycin protection assay to determine intracellular bacterial CFU. The gentamicin protection
assays were carried out as previously described (60). In 24-well tissue culture-treated plates, 2 � 105 cells were
seeded per well for 5–6 h in culture medium (DMEM with 10% Fetal Bovine Serum and no antibiotics). Wild type
Salmonella or mutants were grown overnight and used to infect macrophages, either alone or in a mixture 1:1, at
a multiplicity of infection (MOI) of 5 or 20. After 60 min of incubation, cells were gently washed 3� with PBS, and
further incubated in gentamicin-containing culture media at a final concentration of 50 mg ml21 for additional
60 min. Afterwards medium was replaced with culture media containing 10mg ml21 gentamicin for the duration
of the experiment. Intracellular CFU was measured at 16 h PI. To measure intracellular CFU, macrophages were
lysed using 0.5% Tween 20 for 5 min at room temperature and released by scraping with 1 ml pipette tips. CFU
were enumerated by plating on LB agar with or without 100mg/ml kanamycin. For the competitive assay, com-
petitive index (C.I.) was calculated as log (CFU mutant/CFU wild type) (Fig. 3B).

Infection, challenge, and treatment of macrophages. Typically, 4� 104 primary mouse macrophages
were seeded per well of engineered silicon stencils sealed in custom-made electric field (EF) chambers (29) or 96-
well glass bottom plates (Nunc), or 2 � 105 cells per well in 24-well tissue culture-treated plates or 1 � 106 cells
per well in 6-well tissue culture-treated plates depending on different experiment needs, for 5–6 h in culture me-
dium. Overnight cultures of Salmonella or 1.0 mm, red fluorescent (580/605) carboxylate-modified microspheres
(Invitrogen) were used to infect/challenge macrophages at an MOI of 20. The rest of the procedures were similar
to that of the gentamicin protection assay. Cells were cultured in medium containing 10mg ml21 gentamicin for
16 h and subsequent galvanotaxis experiments were carried out in the same medium containing gentamicin.

For the galvanotaxis assay at 30 min postinfection, cells were challenged for only 30 min and washed
with medium containing 50mg ml21 gentamicin. Experiments were carried out in culture medium containing
10mg ml21 gentamicin.

For the neuraminidase treatment, cells were incubated in culture medium containing 100 mU ml21

neuraminidase from Vibrio cholerae (Sigma-Aldrich) for 30 min at 37°C (40). Cells were then washed with
culture medium, and either harvested or subjected to microsphere challenge. Subsequent galvanotaxis
experiments were carried out in the culture medium containing no neuraminidase.

Galvanotaxis assay. Engineering silicone stencil and EF chamber design. We have tested cover glass
and plastics coated with different substrates and found that macrophages perform robust and consist-
ent galvanotaxis when cultured in tissue culture dishes (Corning). Therefore, our EF chambers were cus-
tomized based on 100-mm tissue culture dishes. To facilitate group comparability and EF control, we
engineered removable and reusable silicone stencils of multiple wells (diameter of 8 mm, thickness of
2.4 mm) to seed the same batch of cells that can be challenged/treated with different bacteria/substan-
ces and monitored under identical galvanotactic conditions simultaneously (61). The EF tunnel height is
fixed at around 120 mm by double-sided silicone tapes cut by a computer-controlled laser cutter (62).

EF application and time-lapse recording. We applied exogenous EF as previously described (61, 63–
65). The EF strength is based on the infection-generated EF (IGEF) we measured at the gut epithelium
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(29). Actual EF strengths were measured and determined with a voltmeter before and after each EF
application. Cell migration was monitored with a Carl Zeiss Observer Z1 inverted microscope equipped
with a motorized stage and an incubation chamber (37°C and 5% CO2). Time-lapse contrast images and/
or images of appropriate RFP channel were captured using MetaMorph NX program (Molecular
Devices). A Retiga R6 (QImaging) scientific CCD camera were used to detect and monitor macrophage
movement. Typically, in each experiment, 2 to 4 fields of each condition under a 10� or a long-distance
20� lens were chosen. Images were taken at 5 min intervals for up to 3 h unless stated otherwise.

Image processing and data analysis/presentation. Time-lapse images were imported, processed, and
assembled in ImageJ (http://rsbweb.nih.gov/ij). To quantify single-cell and population motility we
extracted the trajectory of each cell migration (.30 cells for each condition) using an automatic/manual
tracking tool (41, 61, 65). Directionality as directedness in cosine theta (u ), where u is the angle that
each cell moved with respect to the EF vector, were quantified from the coordinates of each trajectory
(66, 67). If a cell moved perfectly along the field vector toward the cathode, the cosine of this angle
would be 1; if the cell moved perpendicular to the field vector, the cosine of this angle would be 0; and if the
cell moved directly toward the anode, the cosine of this angle would be 21. Dead cells (macrophages killed
by Salmonella) or cells unresponsive to the EF (due to neuraminidase treatment) were either washed away or
excluded from quantification by migration speed thresholding. The thresholds were estimated from fixed cells
recorded in the same optical parameters and experiment setting for the live macrophages. The galvanotaxis
assays and quantification of directionality and velocity in bone marrow-derived macrophages infected with
DnanH and their isogenic wild type Salmonella were assigned in a double-blinded manner. Box-and-Whisker
plots were generated using a custom R script (available upon request).

To simulate cell migration, each cell was numbered, and its x and y coordinates were measured on
the first image and on every subsequent image in the image stack, with the x axis parallel to the applied
electric field. The (x, y) data of each cell was imported with the ImageJ chemotaxis tool plugin and recal-
culated based on the optical parameters (lens and camera). Trajectories of the cells in each group were
simulated in a Cartesian coordinate system by placing the first coordinates of each cell in the origin (0, 0).

To plot the polarized histograms, we combined u of each time interval of tracked cells in each group.
The vector u , expressed in radians, were calculated from the coordinates of each trajectory. The distribution
of u in 12 angle bins and their abundance in percentage were plotted in Matlab (Mathworks) using a custom
script (available upon request).

Measuring zeta potential. Macrophages were seeded onto 24-well tissue culture plates and
infected with wild type Salmonella or DnanH following procedures as described above. Cells were fixed
in 2% paraformaldehyde and washed with motility buffer (1024 M potassium phosphate buffer at pH
7.0, with 1024 M EDTA) (68). Cells were then gently collected by scraping with a “policeman” cell scraper,
and subsequent measurements were done in motility buffer. Zeta potential was determined by electro-
phoretic light scattering at 25°C with a Zetasizer (Malvern Panalytical Ltd., Malvern, United Kingdom).
Zeta potential was calculated in mV, and differences between groups were analyzed by Student's t test.

Flow cytometry.Wild type Salmonella or DnanH-infected macrophages according to the procedures
described above, were incubated with Fc-block (BD, Franklin Lakes, NJ) on ice for 15 min, stained with bi-
otinylated MAL-2, followed by fluorescein conjugated Streptavidin (Vector Laboratories, Inc. Burlingame, CA)
for 1 h in each step on ice, and then stained with Aqua-LIVE/DEAD (Invitrogen, Carlsbad, CA) for 30 min at
room temperature. Cells were washed after each step and before being analyzed on a BD Fortessa flow cytom-
eter as described previously (29). Data were analyzed using FlowJo software (Tree Star Inc. Ashland, OR).

Lectin staining and confocal microscopy.Macrophages were seeded in custom-made EF chambers
and treated/challenged by following procedures as described above. The cells were fixed with 4% paraformal-
dehyde immediately after EF exposure for 3 h with field orientation marked, stained with Biotinylated MAL-2,
followed by fluorescein conjugated Streptavidin (Vector Laboratories, Inc. Burlingame, CA). Nuclei were labeled
by Hoechst 33342. Cells were photographed using either an inverted (for cells on cover glass with no EF) or an
upright (for cells on plastic EF chambers) Leica TCS SP8 confocal microscope (Leica microsystem). Images were
processed using ImageJ. Beads and cells were counted using particle analysis function.

Statistics. Galvanotaxis data from representatives of at least four independent experiments were
routinely presented as mean6 standard error (SE), unless stated otherwise. Distributions of macrophage polarity
between control and neuraminidase treated were analyzed using x 2 test. Student's t test and one-way ANOVA
analysis followed by post hoc Tukey HSD test were used for paired or unpaired comparisons among two groups
or multiple groups (more than two), respectively. ns: nonsignificant, *, P, 0.05, **, P, 0.01.
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