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ABSTRACT

Objective: Metabolic sources for food play a very important role in developing a niche for a microbe to invade and cause infection in the host. The 
influence of various sugars on invasion of Streptococcus agalactiae or Group B streptococcus (GBS) into HeLa and A549 cells in vitro were evaluated.

Methods: The cell lines and the bacteria were pretreated separately with different sugars before invasion. These observations were also corroborated 
with light microscopy.

Results: Our results showed that the maximum GBS invasion observed at 2h, decreased significantly (p<0.05) when the cells were pretreated with 
N-acetyl galactosamine (GlcNAc), D-xylose, sucrose, lactose, D-mannose, and D-glucose. In contrast, mannitol was seen to support the invasion of 
GBS. In addition, when a combined effect of GlcNAc and xylose was studied, 87.5%–91% inhibition to GBS invasion was observed in HeLa and A549 
cell lines, respectively. A sizeable reduction in invasion was observed when the bacteria were pretreated with 10 mM of D-Glucose (79.32%), GlcNAc 
(69.66%), and mannose (48.28%). In conclusion, GlcNAc, D-xylose, and D-glucose proved to be excellent inhibitors to GBS invasion. Furthermore, 
bacterial pretreatment results might indicate that these sugar specific receptors might be present on the epithelial cells which possibly gets blocked 
and thus inhibits the entry of GBS.

Conclusion: These findings are the first to suggest the role of these sugars as a way to alternative therapies to GBS infection by altering the host-
pathogen environment during invasion.
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INTRODUCTION

Successful colonization of a host by bacterial microbe is a complex 
event usually involving a microbe-encoded ligand and a eukaryotic 
receptor [1]. Once the microbe makes an entry into the host cell, the 
next step is to dwell and depending on where in the host an invading 
bacterium takes up residence, the sources of food available within that 
niche will determine whether that microbe can successfully establish 
itself. For a long time, carbohydrates were believed to serve solely 
as a source of energy and as structural moieties but now it is known 
that many pathogenic microorganisms employ adhesins to bind 
carbohydrate chains of glycoconjugate on host tissues as their initial 
step in colonization and invasion. The first line of defense against these 
infectious microbes consists of decoy oligosaccharides in the mucous 
layer of epithelial cells [1,2]. It has been suggested that interference in 
this process, particularly by carbohydrates or homologs could be an 
effective means of interrupting the course of infection and potentially 
its transmission [3-6]. This mechanism could be exploited as a means 
to prevent colonization and invasion.

Group B streptococcus (GBS) is the most common cause of neonatal 
bacterial meningitis in the United States, Europe, and Asia [7]. It is 
known to cause serious illnesses in diabetics and patients with liver 
diseases (Mayo Clinic update, 2019). GBS has the ability to attach to 
buccal epithelial cells of adults, neonates, infants, and cause invasive 
infections [8]. Streptococci has the ability to adhere to a variety of 
eukaryotic cellular structures, including laminin, fibronectin, fibrinogen, 
cytokeratin, and plasminogen [9]. This adherence is thought to be 
mediated by a number of bacterial moieties such as laminin-binding 
proteins, C5a peptidase, glyceraldehyde phosphate dehydrogenase, 

α-enolase, and lipoteichoic acid [10]. Recently, a study by Chang 
et al. [11a] demonstrated that GBS expresses a specific protein on its 
surface that can bind to glycosaminoglycans on the surface of brain 
capillary cells, initiating infection of the blood-brain barrier.

This study is in continuation to one of our recently published studies, 
which shows the role of a cytosolic protein in invasion inhibition of GBS 
in epithelial cells [11b]. This study also attempts to define the role if any, 
of carbohydrates as receptors for adherence and invasion of GBS, with 
the goal of developing possible therapeutic molecules in host-pathogen 
interaction and help identify targets to prevent invasion which would 
help understand the host-pathogen interaction at a molecular level.

The uses of soluble carbohydrate receptors as anti-adhesive and 
anti-invasive agents for GBS infection. This data might also add on to 
understanding the predilection of the pathogen to breach the BBB 
which is a critical goal of molecular pathogenesis investigations.

METHODS

Bacterial strains and growth conditions
GBS (serotype III) from the blood of a neonate born with early-onset 
sepsis was taken. The samples were collected from the Department 
of Obstetrics and Gynaecology and the Department of Pediatrics, 
Post Graduate Institute of Medical Education and Research (PGIMER) 
Chandigarh. The Institution’s Ethical Committee (PGIMER, Chandigarh) 
approved this study vide Ethical Clearance No. VS/1619, Dairy 
No. 7951–53. The isolate was grown on blood agar plates and type 
identified using a Streptex kit (Difco Ltd.). BAA-22, an ATCC type III GBS 
strain, was used as a standard in all the studies. Bacteria were grown to 
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mid-log phase in Todd-Hewitt broth (THB) with 2% yeast extract (YE) 
and aerated at 37°C to an optical density at 600 nm of 0.3 (equal to ~106 
CFU/ml) for all the assays.

Materials
Saccharides such as different sugars and its compounds D-mannose, 
D-glucose, sucrose, lactose, maltose, D-xylose, D-galactose, mannitol, 
and N-acetyl galactosamine (GlcNAc) at different concentrations (1 mM, 
5 mM, and 10 mM) were prepared in phosphate buffer (pH=7.2) and in 
culture media (pH=7.2) for pretreatment of the cell lines at different 
time course before and during the bacterial invasion.

Epithelial cell culture
Epithelial cell lines were obtained from the National Centre for Cell 
Culture, Pune, India. The A549 cell line was derived from a human 
lung carcinoma which has many characteristics of Type II alveolar 
pneumocytes. A549 cells were propagated in Hams F-12 nutrient 
mixture with 10% (vol/vol) fetal calf serum (FCS) (Sigma Chemicals, 
USA), 1 mM glutamine, 100 U of penicillin per ml and 100 µg of 
streptomycin per ml, and pH 7.4 in humid atmosphere at 37°C with 
5% CO2. HeLa cells, a cervical epithelial cell line, were cultured in 
(Dulbecco’s Minimal Essential Medium, Sigma, USA) under similar 
conditions. Tissue culture cells were grown in 12, 24, and 96 well 
tissue culture plates (Nunc). Viable cell counts were determined with 
0.4% trypan blue exclusion and counted on a hemocytometer [12]. 
Monolayers formed were washed 3 times with phosphate buffer saline 
(PBS) and fresh culture medium was added immediately before assay.

Epithelial cell invasion assays
Intracellular invasion of A549 and HeLa cell monolayers (passages, 
<3) was assayed by a modification of gentamicin protection assay by 
Murugesan and Rani [6]. Bacteria were grown to an optical density at 
600 nm (OD600) of 0.4 in THB with 2% YE and centrifuged (Remi) at 
7000 ×g. The pellet was washed twice in (PBS, pH 7.2) and resuspended 
in Hams F-12 tissue culture medium containing 10% FCS. GBS were 
inoculated onto cell monolayers at 2.5×106 cfu/ml (MOI=10:1) and 
allowed to incubate for 2 h at 37°C in 5% CO2. Subsequently, the 
extracellular bacteria were removed by washing 4 times with PBS. Tissue 
culture medium with penicillin (5 µg/ml) and gentamicin (100 µg/ml) 
was added to the infected monolayers for 2 h at 37°C to kill any remaining 
extracellular bacteria. The medium was removed, the monolayers were 
washed as described above, the cells were lysed by treatment with 
100 µl of 0.25% trypsin, and then 400 µl of 0.025% Triton X-100 in 
PBS was added. The lysate was transferred to 1.5 ml Eppendorf Tubes 
and vortexed vigorously for 10 s to disrupt streptococcal chains, as 
checked by gram staining. Aliquots of the lysates were prepared in PBS 
and quantitatively plated on blood agar plates to quantify the number 
of live intracellular bacteria. Experiments were performed in triplicates 
and replicated 3 times keeping in mind the plate to plate variability. The 
percentage of internalized bacteria was calculated as ([CFU/well after 
antibiotic treatment]/[CFU originally added to the well]) × 100%.

Microscopic enumeration
Confluent A549 cells were harvested by adding 0.5 ml of 0.25% 
Trypsin–EDTA solution (Sigma) and incubating for 15 min at tissue 
culture conditions. Trypsin was inactivated with 0.5 ml of FBS. Cells 
were then seeded onto 12-mm diameter glass coverslips in 24-
well tissue culture plates (Falcon) at approximately 2.5×106 viable 
cells per well, and 500 µl of Hams-F12 supplemented with 10% 
FBS was added to each well. Plates were incubated under tissue 
culture conditions overnight or until the confluency was reached. 
Experiments with the treatment of different sugars were performed 
after washing the monolayer with the culture medium. Adhered cells 
were fixed with 100% methanol for 20 min and stained with 10% 
Giemsa for 15 min. The slides were then washed once with sterile 
distilled water and dried overnight at room temperature. Coverslips 
were mounted on microscope slides and observed under a phase-
contrast microscope (Olympus) at ×320 [13].

Invasion inhibition assay
Here, the cell lines and the bacteria were treated with different sugars 
at different time intervals for 30 min and 1 h before infecting them 
with GBS. The experimental results were expressed with respect to the 
standard strains of GBS (BAA-122) as a positive control and untreated 
cells incubated and washed with (PBS, pH=7.2) as a negative control [14]. 
Relative percent internalization was calculated as follows: ([number of 
CFU invaded into cells after treatment with different sugars or at different 
pH/number of CFU invaded into untreated control cells]×100%).

Statistical analysis
The variation of the distribution was obtained by calculating the 
standard error of the mean. The significance of differences between 
means was analyzed using Student’s “t” test. The level of significance 
was considered as *p<0.05.

RESULTS

GBS invasion of epithelial cells
The ability of GBS to enter epithelial cells in cultured monolayers of the 
human alveolar epithelial cell line HeLa and A549 was determined following 
the method of Rubens et al. (1992). This assay is based on the inability of 
penicillin and gentamicin to enter epithelial cells, allowing quantification of 
intracellular bacteria after the extracellular bacteria have been killed.

We studied the time course of GBS (serotype III clinical isolate with 
its respective standard ATCC strain) invasion on HeLa and A549 cells 
to determine the effect of incubation time on the number of bacteria 
internalized or invaded into the cells (Fig. 1a and b). The maximum 

a

Fig. 1: Invasion of Group B Streptococcus serotype III (Standard 
ATCC strain=Typ III; Clinical isolate=C III) at different time 

(30 min,1,2,4,6 and 8 h) in (a) HeLa and (b) A549 cells. Means 
and standard deviation (error bars) were calculated from three 

different experiments

b

a
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invasion of GBS was observed at 2 h which significantly decreased by 
8 h (p=0.002). However, an increased internalization in HeLa cells as 
compared to A549 cells at 2 h was demonstrated by clinical as well as 
the standard strain of GBS (serotype III).

Invasion inhibition by sugars
It is considered that internalization of invasive pathogens is the result 
of interaction of bacterial ligands with eukaryotic cell receptors, many 
of which are glycosylated proteins. In this study, we have used different 
sugars, some of which are vital surface components of Streptococcus 
agalactiae to competitively displace S. agalactiae from their attachment 
sites on epithelial cells during invasion. In addition, bacteria were also 
treated with the same sugars before infecting into the cells to study the 
vise-versa effect.

We tested the ability of different sugars and its compounds (D-mannose, 
D-glucose, sucrose, lactose, maltose, D-xylose, D-galactose, mannitol, 
and GlcNAc) at different concentrations (1 mM, 5 mM, and 10 mM) 
to inhibit invasion of invasive GBS serotype III in A549 and HeLa cells 
(Fig. 2a). In the first set of experiments, the cell lines were pretreated 
with different sugars before GBS invasion. Maximum invasion inhibition 
was observed with GlcNAc followed by xylose, sucrose, galactose, and 

lactose at all the concentrations. Although, a significant decrease in 
invasion by all the sugars was observed at a concentration of 5 mM 
and 10 mM with respect to the cells which were pretreated with PBS 
(pH=7.2) that served as control. Therefore, we further studied the 
invasion inhibition of all the sugars at a lower concentration of 5 mM 
in A549 and HeLa cell lines (Fig. 2b and c). We observed an increase 
(approx. 80%) in invasion inhibition of GBS with GlcNAc and xylose in 
both the cell lines; in contrast, mannitol showed a significant decrease 
in invasion inhibition (p<0.05). We further assessed the combined 
treatment of both GlcNAc and xylose at 5 mM concentration on both the 
cell lines. Microscopic analysis showed a clear anti-adherence effect of 
the sugars on A549 cells when infected with GBS (Fig. 3). Quantitative 
analysis of invasion inhibition at different time intervals (30 min, 1 h, 
and 2 h) showed (Fig. 4) a linear decrease in invasion with increase in 
time of sugar pretreatment before infection in both the cell lines. The 
combinatorial effect of both these sugars at 2 h pretreatment showed 
87.5% and 91% invasion inhibition with the clinical strain of GBS 
(serotype III) in A549 and HeLa cells, respectively. In continuation to 
the above experiments when the bacteria were pretreated with sugars 
and added to the cells with culture medium, a significant inhibition by 
D-glucose (79.32%, p<0.02), GlcNAc (69.66, p<0.05), and D-mannose 
(48.28%, p<0.05) to GBS invasion was observed (Table 1), with respect 

Fig. 2: Effect of various concentrations of carbohydrates on invasion of Group B streptococcus (GBS) (type III) to A549 cells (a); inhibition 
of type III GBS invasion to HeLa (b); and A549 cells (c) by carbohydrates at 5 mM concentration. Means and standard deviation (error 

bars) were calculated from three different experiments

a

c

b
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to control (where bacteria were pretreated with PBS at the same 
concentration and time).

DISCUSSION

The essential step during host-pathogen interaction is the specific 
recognition and binding of the host carbohydrates with bacterial lectin-
like proteins [15]. However, involvement of carbohydrate moieties 
in GBS invasion process and in its intracellular survival has not been 
demonstrated clearly. It is reported that GBS serotype III is the most 
common serotype among all other serotypes with a striking degree 
of virulence [16,17]. We studied the invasion of serotype III of GBS 

in both A549 and Hela cells which showed maximum internalization 
at 2 h which decreased with the increasing length of time. This may 
be because the organism is kept in an antibiotic-free medium and 
the bacteria had the opportunity to replicate in the supernatant, thus 
releasing more of the harmful molecules such as ß-hemolysin and 
proteases [10]. These molecules might, in turn, harm the epithelial cell 
membrane integrity with time, leading to de-adherence of epithelial 
cells from the substratum, making them unfit for GBS internalization. 
This finding was in concordance with a report by Gibson et al. [18] that 
reported invasion efficiency in the presence of antibiotic-free medium 
to be maximum at 2 h.

Further, this study evaluated the role of various sugars on the invasion 
potential of the pathogen. Inhibition to GBS invasion in pretreated 
epithelial cells was evident from our results which showed that 
among all the sugars tested, GlcNAc, xylose, sucrose, galactose, and 
lactose inhibited GBS internalization in both the cell lines. Further, 
the combined exposure of GlcNAc and xylose to epithelial cells 
inhibited invasion maximally by 87% and 91% in HeLa and A549 cell 
lines, respectively. Besides, this study also showed 50% inhibition 
to GBS invasion by mannose (5 mM) with both the cell lines. Other 
saccharides such as mannitol and maltose had not much effect on 
GBS invasion. Similar observations were reported by Pieters [19], 
where almost 60% inhibition to adherence and biofilm formation of 
Streptococcus mutans was observed with glucose, mannose, GlcNAc, 
and GalNAc. Schaeffer et al. [20] also showed mannose and mannitol 
to inhibit adherence of Escherichia coli in uroepithelial cells. Another 
striking example was of sialylated complex mixture of N-linked 
glycoproteins which showed protection to newborn calves from a 
lethal dose of enterotoxigenic E. coli K99 [21]. It is also reported [22] 
that mannose and β-N-acetylglucosamine inhibit adherence of E. coli 
and Pseudomonas aeruginosa to epithelial cells. Our observations were 
also in concordance with other studies [23-25] which showed that in 
the presence of GlcNAc and fucose only 10% of viable intracellular GBS 
was observed (90% inhibition) followed by D-galactose and D-glucose. 
It is also reported that mixtures composed of variable saccharides 
can promote complete invasion inhibition. Galabiose (Gal α-1,4 Gal), a 
disaccharide, was shown to inhibit invasion of Campylobacter jejuni in 
Caco-2 cells, but no effect on its adherence was observed [4]. In another 
report, Gal NAc ß1-4Gal could afford protection against a spectrum of 
bacterial and viral respiratory pathogens whereas GlcNAc alone has 
been reported to block binding of Burkholderia pseudomallei by 90% 
in A549 cells [26]. Thus, it can be said that pathogens does explore the 
energy metabolic pathways which play as tricks for their adherence and 
finally invasion into the host cells [27].

CONCLUSION

Alternative therapies for treating GBS infections are urgently needed 
due to the rapidly increasing occurrence of antibiotic-resistant strains. 
Carbohydrate analogs represent a viable alternative as their action 
does not require the blocking of any fundamental metabolic processes 
of microorganisms; hence, the emergence of resistance is unlikely. 
Research on such anti-adhesion therapy targeting the microbial lectins 
has given rise to a new era of GlycoMimetics, compounds structurally 
mimic the inhibitory carbohydrates which may be more assessable. 
Thus, this study is a step toward finding alternative adjuncts to 
antibiotics for the treatment of GBS infections.
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