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Summary

 

For most bacteria, adherence to human cells is achieved by bacterial lectins
binding to mammalian surface glyconjugates. 6-Phosphogluconate dehydro-
genase (6PGD) was identified by us as one of 

 

Streptococcus pneumoniae

 

 cell
wall lectin proteins, which elicits an age-dependent immune response in
humans. This study assesses the role of 6PGD in 

 

S. pneumoniae

 

 pathogenesis
as an adhesin and its ability to elicit a protective immune response in mice.
Recombinant 6PGD (r6PGD) was cloned from 

 

S. pneumoniae

 

 serotype 3
(strain WU2). r6PGD interference in adhesion of three genetically unrelated
unencapsulated pneumococcal strains (3·8, 14·8 and R6) and two genetically
unrelated encapsulated pneumococcal strains (WU2 and D39) to A549 type II
lung carcinoma cell was tested. BALB/c mice were immunized with r6PGD
and boosted after 3 weeks. Immunized mice were challenged intranasally with
a lethal dose of 

 

S. pneumoniae

 

. r6PGD inhibited 90% and 80% of pneumo-
coccal adhesion to the A549 cells of three unencapsulated 

 

S. pneumoniae

 

strains and two encapsulated 

 

S. pneumoniae

 

 strains, respectively, in a concen-
tration-dependent manner (

 

P 

  

<<<<

 

 0·05). Antibodies to r6PGD produced in mice
significantly inhibited bacterial adhesion to A549 cell (

 

P 

  

<<<<

 

 0·05). Immuniza-
tion of mice with r6PGD protected 60% (

 

P 

  

<<<<

 

 0·001) of mice for 5 days and
40% (

 

P 

  

<<<<

 

 0·05) of the mice for 21 days following intranasal lethal challenge.
We have identified 6PGD as a surface-located immunogenic lectin protein
capable of acting as an adhesin. 6PGD importance to bacterial pathogenesis
was demonstrated by the ability of r6PGD to elicit a protective immune
response in mice.
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Introduction

 

Streptococcus pneumoniae

 

 is a major cause of morbidity and
mortality worldwide. It colonizes asymptomatically the
upper respiratory tract in approximately 10% of the adult
population and in 

 

>

 

50% of young children under 2 years of
age [1]. However, in the minority of the carriers this patho-
gen may cause otitis media, pneumonia bacteraemia and
meningitis [2]. The mechanisms that turn the benign car-
riage into disease are unclear.

An understanding of the sequential molecular interac-
tions of 

 

S. pneumoniae

 

 with the host is emerging. Pneumo-
cocci have been shown to bind to upper and lower
respiratory tract cells. The attachment is characterized by a
broad area of contact between the bacterial surface and the
host cells, suggesting multiple receptor interactions [3].

For most bacteria, adherence to human cells is achieved by
bacterial lectins binding to the mammalian surface glycon-
jugates. Pneumococci display at least five lectin specificities,
depending on target cells. Inhibition of pneumococcal
adherence to Buccal epithelial cells could be achieved by N-
acetylglucosamine (GlcNAc) (

 

β

 

1–3)Gal [4]. Inhibition of
pneumococcal adherence to conjunctival or primary bron-
chial cells could be achieved by the glyconjugates of Gal(

 

β

 

1–
4) GlcNAc, particularly if the sugars were sialylated [5].
Attachment of pneumococci to non-inflamed pulmonary
epithelial and endothelial cells could be disrupted by the dis-
accharides GlcNAc (

 

β

 

1–4)Gal [6] and GlcNAc (

 

β

 

1–3)Gal
[7]. A combination of these two sugars, as represented by
asialo_GM2 and globoside, eliminates 

 

in vitro

 

 adhesion.
Activation of cells by proinflammatory cytokines up-

regulates several cellular receptors, including the platelet-
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activating factor (PAF) receptor [8]. The enhanced adhesion
of pneumococci to activated cells could be inhibited by the
PAF receptor antagonist and the sugars GlcNAc and lacto-N-
neotetraose. However, GlcNAc and lacto-N-neotetraose did
not inhibit pneumococci adherence to resting cells. It
appears that PAF receptors enhance invasion of endothelial
cells by pneumococci, although no signal transduction
downstream to this receptor could be observed [9].

A further attempt to identify the pneumococcal ligands
involved in adhesion to the host cells was performed using a
genetic approach. A library of 

 

phoA

 

 fusion mutants, in
which targeted insertion duplication mutagenesis yielded
loss of function in an array of pneumococcus surface mole-
cules, showed that among the molecules involved in adhe-
sion, structural, regulatory and accessory proteins can be
found [10]. Another pneumococcal surface protein PspC/
CbpA was identified as an adhesin [11]. Recently the target
receptor on human cells to this adhesin has been shown to be
the human polymeric immunoglobulin receptor [12,13].

To further identify proteins involved in 

 

S. pneumoniae

 

interaction with the host cells and host immune system we
have used proteomics and immunoproteomics of the pneu-
mococcus cell wall. Cell wall proteins were fractionated by
fetuin affinity chromatography in attempt to identify lectin
proteins [14]. Using proteomic analysis, several proteins
were identified in the fetuin-binding fraction. We have anal-
ysed these proteins further using immunoproteomics [15].
One of the proteins that exhibited lectin characteristics and
age-dependent immunogenicity in humans has been found
to be 6-phosphogluconate dehydrogenase (6PGD). Cyto-
plasmic 6PGD is responsible for the conversion of 6-phos-
phogluconate to ribose 5 phosphate. However, the existence
of bacterial cytoplasmic proteins in the cell wall has been
described for 

 

S. pneumoniae

 

 [16] and for other bacteria such
as 

 

S. pyogenes

 

 [17].
In the current study we present our results demonstrating

that 6PGD may function as an adhesin. 6PGD’s abilities to be
a virulence factor and to elicit protective immune responses
were also assessed. The present study could contribute to the
understanding of the sequential molecular interactions of

 

S. pneumoniae

 

 with the host.

 

Materials and methods

 

Reagents

 

Unless otherwise stated, all chemicals and biochemicals of
the highest purity available were purchased from Sigma-Ald-
rich (St Louis, MO, USA).

 

Bacterial strains, growth conditions and growth medium

 

Six capsulated 

 

S. pneumoniae

 

 strains and three unencapsu-
lated strains are shown in Table 1. In this study we have used
the unencapsulated derivative of three of the capsulated

strains. The unencapsulated 

 

S. pneumoniae

 

 strain R6 is spon-
taneously derived unencapsulated strain from the encapsu-
lated Avery strain D39 [18]. Strains 3·8 [19] and 14·8 [20] are
unencapsulated mutants derived from the encapsulated
strains WU2 [21] and 14DW, respectively. The last two pairs
and their parental strains were kindly obtained from Profes-
sor Watson (Dallas, TX, USA). In addition two 

 

Escherichia
coli

 

 strains were used in this study (Table 1). Except for the
strains 14R and 9 V, all strains of 

 

S. pneumoniae

 

 used in this
study were genetically unrelated, as described previously
[22]. 

 

E. coli

 

 were grown in Luria–Bertani (LB) broth. Pneu-
mococci were grown to mid-logarithmic growth phase as
determined by optical density (OD) in Todd–Hewitt broth
(Difco Laboratories, Detroit, MI, USA) supplemented by
yeast extract (Difco Laboratories).

 

Isolation of 

 

S. pneumoniae

 

 cell wall (CW) proteins

 

The proteins were isolated by the method of Siegel 

 

et al

 

. [23].
Briefly, bacterial cells were harvested by centrifugation at
4700 

 

g

 

 for 15 min, washed with phosphate buffered saline
(PBS) and incubated with mutanolysin for 1 h at 37

 

°

 

C. The
supernatant containing the soluble proteins released from
bacteria  were  collected  after  centrifugation  and  stored at

 

−

 

70

 

°

 

C. Less than 10% of cytoplasmic proteins are reported
to be found in the supernatant due to leakage using this
procedure.  We  have  confirmed  these  data  in  comparing
two-dimensional polyacrylamide gel electrophoresis (PAGE)
of CW proteins and cytoplasmic proteins showing a different
protein distribution [15].

 

Table 1.

 

Strains used in this study.

Source

 

a

 

Capsule

type Strain

 

Streptococcus pneumoniae

 

 capsulated

types

ATCC 2 D39

D. Watson 3 WU2

R. Dagan 6B 6BR

R. Dagan 9V 9VR

D. Watson 14 14DW

R. Dagan 14 14R

 

S. pneumoniae

 

 unencapsulated types

ATCC 2 R6

D. Watson 3 3·8

D. Watson 14 14·8

 

Escherichia coli

 

Invitrogen Corp, Carlsbad, CA, USA DH5

 

α 

 

UltraMAX

Promega Corp, Madison, WI, USA BL21(DE3)pLysS

 

a

 

Pneumococcal isolates were obtained from the collections of Prof.

D. Watson (Dallas, TX, USA), Prof. R. Dagan (Pediatric Infectious Dis-

ease Unit, Soroka University Medical Center, Beer Sheva, Israel) and

American Type Culture Collection (ATCC) (Manassas, VA, USA). It

should be noted that the parental strains for the unencapsulated strains

R6, 3.8 and 14.8 are D39, WU2 and 14DW, respectively.
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Protein gel electrophoresis and staining

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using the Hoefer mini VE ver-
tical electrophoresis system (Amersham Biosciences, San
Francisco, CA, USA). Isoelectric focusing (pI 4–6·5) was car-
ried out in a Hoefer SE 220 Mighty Small Tube Gel Adaptor
(Amersham Biosciences). The proteins were then separated
in the second dimension using 10% polyacrylamide gels and
stained using Coomassie brilliant blue [24].

 

Cloning, expressing and purification of recombinant 
proteins

 

The 6PGD accession code-NP 344902 gene was amplified
from 

 

S. pneumoniae

 

 strain WU2 genomic DNA by PCR
with the following primers: forward: (26·3 nmol, Mm 8225,
7·5 OD, Tm 63·4) 5

 

′

 

-TCG AGC TCT TTT TCG TCA TAC
CAA GAG-3

 

′

 

; reverse: (254·8 nmol, Mm 8984, 8·9 OD, Tm
65·3) 5

 

′

 

-TCG GAT CCA TGA AAC AAG AGG AGT GTC
AA-3

 

′

 

. The forward and reverse primers contain 

 

Bam

 

HI
and 

 

Sac

 

I recognition sequences, respectively, and all primers
contain 5

 

′

 

-TC spacers. The primers flank the entire open
reading frames. The amplified and 

 

Bam

 

HI-

 

Sac

 

I (Takara Bio
Inc, Shiga, Japan)-digested DNA-fragments were cloned
into the pHAT expression vector (HAT epitope is 19-
amino-acid sequence with six non-consecutive His residues
(BD Biosciences Clontech, Palo Alto, CA, USA) and trans-
formed in DH5a UltraMAX ultracompetent 

 

E. coli

 

 cells.
Ampicillin-resistant transformants were cultured and plas-
mid DNA was analysed by PCR. The pHAT-6PGD vector
was purified from DH5

 

α

 

 UltraMAX cells using the Qiagen
High Speed Plasmid Maxi Kit (Qiagen GMBH, Hilden, Ger-
many) and transformed in 

 

E. coli

 

 host expression strain
BL21(DE3)pLysS (Stratagene, La Jolla, CA, USA). The iden-
tity of the insert was confirmed by sequencing. Bacteria
were grown overnight and expression of the recombinant
HAT-tagged proteins was induced by the addition of 1 m

 

M

 

IPTG to BL21(DE3)pLysS

 

+

 

6PGD

 

 cells for 5 h. The cells were
harvested by centrifugation and lysed in lysis buffer con-
taining urea (8 

 

M

 

 urea, 0·1 

 

M

 

 NaH

 

2

 

PO

 

4

 

, 0·01 

 

M

 

 Tris-Cl
pH 8·0), as the r6PGD protein was found previously in
inclusion bodies. The HAT-tagged recombinant proteins
were purified using a Ni-NTA column (Qiagen GMBH)
binding for 1 h at room temperature. The column was then
washed with wash buffer (8 

 

M

 

 urea, 0·1 

 

M

 

 NaH

 

2

 

PO

 

4

 

, 0·01

 

M

 

 Tris-Cl pH 6·3), and the recombinant proteins were
recovered from the column using elution buffer (8 

 

M

 

 urea,
0·1 

 

M

 

 NaH

 

2

 

PO

 

4

 

, 0·01 

 

M

 

 Tris-Cl, pH 5·9). After purification
recombinant protein was dialysed for partial refolding
against PBS buffer for 48 h with three exchanges of the
buffer. Isolation of the proteins was confirmed by Western
blot analysis using anti-HAT antibodies (BD Biosciences
Clontech) and by MALDI-TOF mass spectrometry
sequencing.

 

Inhibition of 

 

S. pneumoniae

 

 adhesion to A549 cells

 

A549 [25] cells (type II epithelial lung carcinoma cells;
American Type Culture Collection, Rockville, MD, USA)
were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS)
with penicillin and streptomycin (100 

 

μ

 

g/ml each) at
37

 

°

 

C in a humidified incubator. A549 cells (2·5 

 

×

 

 10

 

4

 

/
well) were cultured on fibronectin-coated plates to
increase A549 cell adhesion to the wells and prevent their
detachment during washings in the absence of antibiotic
for 24 h, at which time the cells reached confluence
(5 

 

×

 

 10

 

4

 

 cells/well on average). The plates were blocked
with 1% gelatine for 1 h and 4 

 

×

 

 10

 

5

 

 colony-forming
units (CFU) bacteria were added per well. The adhesion
of 

 

S. pneumoniae

 

 to uncoated plates was negligible
(

 

<

 

 80 CFU/ml). The number of bacteria that adhered to
fibronectin-coated plates (8000 

 

±

 

 100 s.d. CFU/ml on
average) was subtracted afterwards to determine the net
number of bacteria that adhered to the A549 cells only.
r6PGD at the denoted concentrations (ranging from 0·2
to 25 

 

μ

 

g/ml) was added to the cultured cells and incu-
bated for 1 h. Following extensive washings 

 

S. pneumo-
niae

 

 (10

 

6

 

 CFU) were added for 1 h incubation. The wells
were washed extensively (

 

×

 

 5) for the removal of non-
adherent bacteria. The A549 cells were liberated by
0·25% trypsin-ethylenediamine tetraacetic acid (EDTA)
for 5 min at 37

 

°

 

C and plated, in serial dilutions, onto
blood agar plates. The blood agar plates were incubated
for 18 h at 37

 

°

 

C.

 

Immunization of mice with 6PGD

 

Six-week-old BALB/c female mice (Harlan Laboratories,
Israel) were housed in sterile conditions under 12-h light/
dark cycles and fed Purina chow and tap water 

 

ad libitum.

 

Animal experimental protocols were reviewed and approved
by the Institutional Animal Care and Use Committee of the
Ben-Gurion University of the Negev, Beer Sheva, Israel.
Mice were immunized intraperitoneally with 25 

 

μ

 

g of
r6PGD and 75 

 

μ

 

l of Inject Alum adjuvant (Pierce Biotech-
nology Inc., Rockford, IL, USA) on days 0 (primary immu-
nization) and 21 (booster). Control mice were sham-
immunized with adjuvant only. Blood samples were col-
lected from mice 1 week prior to immunization and 1 week
after booster immunization. The sera were pooled for
immunological assays.

For inhibition of adhesion experiments 

 

S. pneumoniae

 

(10

 

6

 

 CFU) were added to A549 cells, as described above,
prior to or after 30 min incubation with serum obtained
from r6PGD immunized mice. The bacteria were spun
and resuspended in culture media prior to their addi-
tion to the cultured A549 cells. Incubation and results
evaluation was performed as described in the previous
section.
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Bacterial challenge of mice

 

For respiratory challenge r6PGD immunized (

 

n

 

 = 29) and
control (n = 14) mice were anaesthetized with pentobarbital
sodium (0·6 mg/kg) and inoculated intranasally with
1 × 108 S. pneumoniae strain WU2 (in 25 μl PBS). This inoc-
ulum’s size was used as it was found to be the lowest that
causes 100% mortality in our mouse model system within
96 h. Survival was monitored daily. The experiments were
conducted on three different occasions and the results were
pooled.

Bacterial load was determined in r6PGD immunized
(n = 3) and control mice (n = 3). The nasopharynx and lungs
were excised and homogenized and blood was withdrawn.
Bacterial load in the nasopharynx, lungs and the blood was
determined 48 h following intranasal challenge with S. pneu-
moniae strain WU2.

Flow cytometry

Bacteria were incubated with titrated amounts of anti-
r6PGD serum or control mouse serum, washed and
stained with fluorescein isothiocyanate (FITC)-conju-
gated-F(ab′)2 goat-anti-mouse-IgG + IgM (Jackson Immu-
noResearch, West Grove, PA, USA). Staining and washing
buffer consisted of 2% (v/v) FCS and 0·05% sodium
azide in PBS. Flow cytometry was performed using a
FACSCalibur flow cytometer (Becton Dickinson, Moun-
tain View, CA, USA). Data files were acquired and analy-
sed using BD CellQuestTM 3·3 software. Staining results
shown are with serums diluted at 1 : 15 and are pre-
sented as overlays of staining histograms (the x-axis rep-
resents fluorescence intensity and the y-axis represents
cell counts).

Statistical analysis

Pearson’s regression analysis was used to verify the ability of
r6PGD and anti-r6PGD antibodies to inhibit bacterial adhe-
sion to A549 lung epithelial cells in a concentration-depen-
dent manner. Further verification was performed using two-
way analysis of variance (anova) for repeated measurements.
Kaplan–Meier survival analysis was used for the vaccination
studies.

Bioinformatic analysis

The nucleotide and amino acid sequences of 6PGD were
analysed  for  functional  domains  using  the  TIGR4  and
R6 sequences available on databases. The nucleotide
sequence of S. pneumoniae 6PGD sequence was com-
pared to the entire human genome at NCBI and UCSC
databases.

Results

Cloning and expression of r6PGD

The amplified and BamHI-SacI digested DNA fragments
were cloned into the pHAT expression vector and the out-
coming plasmid was used to transform the E. coli host
expression strain DHα followed by plasmid isolation and
transformation of BL21(DE3)pLysS. The insert was ampli-
fied and the existence of the expected 1440 base pairs (bp)
size band was confirmed (data not shown). The identity of
the amplified 1440 bp band as the 6pgd gene was confirmed
further by sequencing. The HAT-tagged r6PGD fusion pro-
tein was purified by Ni+ NTA affinity chromatography. Res-
olution of the eluted protein by one-dimensional PAGE
revealed a single band following staining of the gel with Coo-
massie brilliant blue (53·4 kDa band; data not shown). Fur-
ther confirmation of the identity of the band as the expected
HAT-tagged-r6PGD was performed by Western blot analysis
using anti-HAT antibodies (data not shown). MALDI-TOF
sequencing of the purified r6PGD protein separated on two-
dimensional PAGE gave the final confirmation of the identity
of the cloned protein as 6PGD.

Inhibition of S. pneumoniae adhesion to cultured A549 
epithelial cells by r6PGD

To determine whether 6PGD is involved in bacterial adhe-
sion to respiratory epithelial cells we tested its ability to
inhibit bacterial adhesion to A459 type II lung carcinoma
cells in a concentration-dependent manner. The ability of
r6PGD to interfere with the adhesion of S. pneumoniae was
tested with three genetically different unencapsulated strains
of S. pneumoniae (3·8, 14·8 and R6; Fig. 1a–c). r6PGD inhib-
ited S. pneumoniae adhesion to A549 cells in a concentra-
tion-dependent manner to all tested unencapsulated strains
of the bacteria tested (Pearson’s regression analysis 3·8; r =
−0·754, P < 0·001, 14·8; r = −0·626, P < 0·05, R6; r = −0·782,
P < 0·001). Inhibitory concentration of 50% (IC50) of S.
pneumoniae strains 3·8, 14·8 and R6 adhesion to A549 cells
was at 2, 6·5 and 13 μg/ml, respectively. The experiment was
performed in triplicate and was repeated on three different
occasions.

To further verify the surface location of 6PGD, flow
cytometry analysis was performed using antibodies to
r6PGD obtained from immunized mice as the primary anti-
bodies. Fluorescence activated cell sorter (FACS) analysis
revealed the existence of 6PGD on S. pneumoniae strains 3·8,
14·8 and R6 (geometric means 8·95, 6·03 and 26·26, respec-
tively), in comparison to bacteria stained with negative
serum taken from control mice (geometric means 3·35, 3·91
and 3·83). The existence of 6PGD on the bacterial cell wall, as
analysed by flow cytometry (Fig. 1, inserts), was found to be
higher on the R6 S. pneumoniae strain. This correlated with
the higher amounts of r6PGD needed to inhibit bacterial
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adhesion. r6PGD could be found on the 14DW encapsulated
S. pneumoniae strain (data not shown).

In addition, 6PGD inhibited the adhesion of two
genetically different encapsulated strains (WU2 and D39;
Fig. 2a,b) to A549 lung cells in a concentration-
dependent manner (Pearson’s regression analysis WU2;
r = −0·921, P < 0·001, D39; r = −0·771, P < 0·001). IC50 of
adhesion of S. pneumoniae strains WU2 and D39 to
A549 cells was 16·5 and 20 μg/ml, respectively. It should
be noted that 3·8 and 14·8 strains are unencapsulated
mutants of WU2 and 14DW S. pneumoniae strains. Flow
cytometry analysis of 6PGD on WU2 and D39 encapsu-
lated strains was below the level of detection (data not
shown).

Specificity of anti-r6PGD antibodies

Cell wall-extracted proteins from S. pneumoniae strain WU2
were resolved by two-dimension PAGE, transferred onto
nitrocellulose membrane and probed with sera obtained
prior to and following immunization of mice with r6PGD.
No proteins were identified with sera obtained prior to
immunization (Fig. 3a), while a single spot of 51·4 kDa was
detected with sera obtained from immunized mice (Fig. 3b).
r6PGD and cell wall proteins obtained from six genetically or
capsularly unrelated strains of S. pneumoniae (R6, WU2, 6B,
9 V, 14DW and 14R) were tested by one-dimension PAGE
Western blots and probed with sera obtained from r6PGD
immunized mice. The sera identified the HAT-tagged-
r6PGD fusion protein as a 53·4 kDa protein. The native pro-
tein found in the cell wall extracts from all the bacterial
strains used in this experiment was identified as 51·4 kDa
protein (Fig. 3c). The difference in molecular weight
between the recombinant and native proteins in the cell wall
extract is due to the addition of HAT sequences in the
r6PGD-HAT fusion protein.

To determine whether the antibodies produced in r6PGD
immunized mice have a functional significance, we tested
their ability to interfere with S. pneumoniae adhesion to
A549 cells. S. pneumoniae strain 3·8 bacteria were treated for
30 min with diluted serum obtained from r6PGD-immu-

Fig. 1. Inhibition of unencapsulated Streptococcus pneumoniae adhe-

sion to A549 epithelial cells. S. pneumoniae strains were added to the 

cultured A459 type II lung carcinoma cells prior and following treat-

ment with increasing concentration of purified recombinant 6-phos-

phogluconate dehydrogenase (r6PGD). r6PGD interfered with the 

adhesion of unencapsulated S. pneumoniae strains, 3·8 (a), 14·8 (b) and 

R6 (c) in a concentration-dependent manner (3·8; r = −0·754, P < 0·001, 

14·8; r = −0·626, P < 0·05, R6; r = −0·782, P < 0·001). Insert in each 

panel: primary fluorescence activated cell sorter (FACS) histogram over-

lays showing staining of the corresponding bacteria with anti-6PGD 

serum (plain line) and control mouse serum (dotted line).
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Fig. 2. Inhibition of encapsulated Streptococcus pneumoniae adhesion to 

A549 epithelial cells. S. pneumoniae encapsulated strains WU2 (a) and 

D39 (b) were added to the cultured epithelial cells prior and following 

treatment with purified recombinant 6-phosphogluconate dehydroge-

nase (r6PGD). r6PGD inhibited S. pneumoniae adhesion in concentra-

tion-dependent (WU2; r = −0·921, P < 0·001, D39; r = −0·771, 

P < 0·001).
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nized mice and then centrifuged, resuspended in PBS and
added to the cultured A549 cells. Following incubation the
trypsin-liberated cells were plated onto blood agar plates for
colony number determination. The anti-r6PGD-antibodies
inhibited 90% of S. pneumoniae adhesion to the cultured
cells in a concentration-dependent manner, as determined
by Pearson’s correlation regression analysis (r = –0·886;
P < 0·05; Fig. 4).

Vaccination with r6PGD, bacterial challenge of mice and 
bacterial load

To determine whether immunization with r6PGD can elicit
protective immunity, BALB/c mice were immunized as
described in Methods. Immunization of mice with r6PGD

delayed mortality and protected 60% of the mice for 5 days
(P < 0·001) and 40% for 21 days (P < 0·05) following intra-
nasal lethal challenge with S. pneumoniae WU2, while none
of the control mice survived (P < 0·001; Fig. 5).

In addition, bacterial load was determined in r6PGD
immunized and control mice. Bacterial load in the
nasopharynx, lungs and the blood was determined 48 h fol-
lowing intranasal challenge with S. pneumoniae strain WU2.
The bacterial load results were in agreement with the vacci-
nation results being lower in the immunized mice in com-
parison to the unimmunized mice, as expected (Table 2).

Bioinformatic analysis

S. pneumoniae 6PGD does not contain a signal peptide, cho-
line-binding domain or LPXTG sequences. S. pneumoniae
6PGD protein has 40% homology to its human orthologue,
as revealed by blast database search. The protein sequence

51·4 kDa
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(a)

(c)

(b)

105
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105
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Fig. 3. The specificity of the serum obtained 

from the immunized mice. The specificity of the 

antibodies produced in mice immunized with 

recombinant 6-phosphogluconate dehydroge-

nase (r6PGD) was tested by two-dimensional 

polyacrylamide gel electrophoresis (PAGE) West-

ern blot of total cell wall proteins. (a) Two-

dimensional PAGE, transferred onto nitrocellu-

lose membrane and probed with serum obtained 

from mice before immunization with r6PGD 

protein. (b) Two-dimensional PAGE, transferred 

onto nitrocellulose membrane and probed with 

serum obtained from mice after immunization 

with r6PGD protein. (c) r6PGD and total cell 

wall proteins of Streptococcus pneumoniae strains 

R6, WU2, 6BR, 9VR, 14DW and 14R were sepa-

rated on PAGE, transferred onto nitrocellulose 

membranes and probed with sera obtained from 

mice immunized with r6PGD protein.

Fig. 4. Inhibition of Streptococcus pneumoniae adhesion to A549 lung 

cells by anti-r6PGD antibodies. Antibodies to r6PGD were produced 

after immunization of mice with recombinant 6-phosphogluconate 

dehydrogenase (r6PGD) protein. S. pneumoniae (strain 3·8) bacteria 

were added to A549 cells in the presence of pre-immune mouse serum 

(control) or serum obtained from r6PGD immunized mice. The serum 

obtained from immunized mice inhibited S. pneumoniae adhesion in a 

concentration-dependent manner (r = −0·886, P < 0·05).
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Fig. 5. Survival of 6-phosphogluconate dehydrogenase (6PGD) immu-

nized mice following S. pneumoniae challenge. Six-week-old BALB/c 

female mice were immunized intraperitoneally with 25 μg of r6PGD 

(n = 29) on day 0 (primary immunization) and day 21 (booster). Con-

trol mice (n = 14) were sham-immunized with adjuvant. r6PGD pro-

tected 60% and 40% of the mice after 5 (P < 0·001) and 21 (P < 0.05) 

days, respectively, after intranasal lethal challenge with S. pneumoniae 

WU2.
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of the cloned 6PGD from WU2 was confirmed by MALDI-
TOF analysis against the database of S. pneumoniae TIGR4
(http://www. matrixscience.com).

Discussion

We have initiated biochemical and proteomic studies to
identify surface molecules involved in S. pneumoniae patho-
genicity [15]. In the current study we describe an immuno-
genic cell wall-derived lectin, 6PGD, as a putative adhesin. S.
pneumoniae adhesion to cultured A549 type II lung epithelial
cells was inhibited significantly by r6PGD. Similarly, anti-
bodies elicited against r6PGD in mice inhibited bacterial
adhesion to the cultured A549 cells. The reduction in bacte-
rial load in the nasopharynx, lungs and blood suggests that
the protective immune response elicited by r6PGD affected
all stages of disease development. We found further that
r6PGD can elicit a partially protective immune response
against an intranasal lethal challenge of S. pneumoniae in the
mouse model system, signifying its involvement in S. pneu-
moniae pathogenicity

Bacterial attachment is a prerequisite for disease develop-
ment and may serve in a number of basic functions. The
attached state of the bacteria is thought to promote nutrient
uptake and to allow the bacteria to multiply. In certain cases
it was demonstrated that adherence promotes the delivery of
toxins [26]. Moreover,  it  was demonstrated that adherence
of a pathogen initiates the local response to infection by acti-
vating a signal transduction cascade that result in the
production of proinflammatory mediators [27], probably
through nuclear factor (NF)κB-dependent activation cas-
cades [28].

In the case of uropathogenic pyelonephritic E. coli the ini-
tial interaction involved the recognition of a glycosylated
receptor by the tip of the P fimbriae [29] and G fimbriae,
respectively (fibriae are filamentous polymers of protein sub-
units called fimbrillins) [30]. In the case of S. pneumoniae,
administration of sialyated oligosaccharides was shown to
prevent the development of pneumococcal pneumonia in
mice, presumably by interfering with adhesion of the patho-
gen to host cells [31], suggesting the involvement of pneu-
mococcal lectins (carbohydrate-binding proteins) in the
process. Furthermore, the ability of sialylated and non-sia-
lylated oligosccharides and other oligosaccharides [5–8] to
inhibit S. pneumoniae adhesion to cultured cells encouraged
us to use proteomics for the identification of cell wall lectins
and study their putative role in S. pneumoniae adhesion to
epithelial cells.

We have demonstrated previously that cell wall lectins
inhibit pneumococcal adhesion to cultured epithelial cells
more efficiently than cell wall non-lectin proteins [14].
Furthermore, we found that the lectin fraction is capable of
eliciting a partial protective immune response against intra-
nasal bacterial lethal challenge but not to the intraperitoneal
lethal challenge [32]. We have used MALDI-TOF sequencing
to identify proteins from the lectin fraction with age-depen-
dent immunogenicity in infants [14]. 6PGD was found to
belong to this group of proteins [15], and as such was
selected for further studies.

It should be mentioned that cytoplasmic 6PGD is respon-
sible for the conversion of 6-phosphogluconate to ribose-5-
phosphate, which might explain its ability to bind sugars,
although the saccharidic entity to which this protein binds in
a receptor molecule may differ.

The finding that 6PGD could be identified by flow cytom-
etry on the surface of the bacteria further confirmed 6PGD
surface location. A dual function for housekeeping proteins
in prokaryotes has been demonstrated, among others, in S.
agalactia [33], S. pyogenes [34] and S. pneumoniae [35]. The
mechanism of export of these proteins to the cell wall is
unknown [36], because many of them do not carry recog-
nizable export domains such as signal peptides [37] or
LXPTG [38] sequences.

In the current study we have evaluated 6PGD involvement
in S. pneumoniae interaction with human cells in culture.
r6PGD and antibodies produced against this protein in mice
demonstrated the ability to inhibit bacterial adhesion to cul-
tured type II lung cells derived from a lung carcinoma. We
have chosen human lung carcinoma cells (A549), which
resemble type II pneumocytes, as our model system. These
cells retained many characteristics of the type II lung carci-
noma cells such as human karyotype, type II multi-lamellar
cytoplasmic inclusions [25] and phospholipid biosynthesis
[39]. In addition to these morphological and biochemical
characteristics they also demonstrate immunological char-
acteristics resembling type II lung cells, such as secretion of
surfactants [40] and constitutive and inducible nitric oxide
activity [41]. The A549 lung carcinoma cells have been used
widely as a model to study S. pneumoniae interaction with
human cells [42,43].

Recombinant 6PGD inhibited the adhesion of several
genetically unrelated strains of S. pneumoniae, suggesting the
conservation of this protein in the tested bacterial strains.
Furthermore, we have used an encapsulated strain (WU2
[21]) and its unencapsulated mutant (3·8 [18]). It is of inter-
est to note that the IC50 of r6PGD inhibition of S. pneumo-

Table 2. Bacterial load after 6-phosphogluconate dehydrogenase (6PGD) immunization.

Blood colonization (CFU/ml)a Lung colonization (CFU/ml) Nose colonization (CFU/ml)

Immunized mice 226 000 ± 2878 138 500 ± 36 062 35 766 ± 1328

Control mice 1130 000 ± 183 827 1023 500 ± 97 936 135 000 ± 35 355

aEach box represents average results (with standard deviation) of three mice. CFU: colony-forming units.

http://www
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niae strain 3·8 adhesion to A549 cells was the lowest (2 μg/
ml). This could be the result of a lack of not only the capsule,
but also other virulence factors [44]. Specifically, this strain
was described as lacking PspA [45] and its parental strain,
WU2, was shown to lack PspC/CbpA [46]. We have demon-
strated further that r6PGD was also capable of inhibiting the
adhesion of other encapsulated pneumococcal strains. Inter-
estingly, although the unencapsulated strains adhere more
readily to the cultured A549 cells, inhibition of adhesion by
r6PGD could be achieved at lower IC50 for the unencapsu-
lated strains than to the encapsulated strain (2, 6 and 13 μg/
ml versus 16·5 and 20 μg/ml, respectively). A possible
explanation could be the higher sensitivity of the unencap-
sulated strains to oxidative activity that occurs in the A549
cells upon activation similar to that occurring in primary
alveolar cells.

The ability of 6PGD to inhibit S. pneumoniae adhesion to
A549 pneumocytes suggests the existence of binding sites
specific to 6PGD. Furthermore, surface location of 6PGD on
unencapsulated strains of bacteria was confirmed by FACS
analysis. The same analysis with encapsulated strains
revealed staining below the level of detection, except for
encapsulated strain 14DW. We have described previously
that the amount of carbohydrates on the 14DW strain is
lower than on WU2 and D39 strains [21]. Thus it is possible
that the capsule masks 6PGD to below FACS detection level,
but not below functional involvement in adhesion, as has
been found in this study.

Several pneumococcal cell wall proteins were described
which could elicit a protective immune response. Among
these proteins are PspA [47], presumably a protein involved
in factor H binding, PsaA [48], a lipoprotein belonging to the
ABC transporters involved in Mn+2 transport and possibly in
cell adhesion [49,50]. Additional pneumococcal surface pro-
teins capable of eliciting a protective immune response are
CbpA/PspC (a major pneumococcal adhesion) [51], pneu-
molysin [52] and BVH (a surface exposed accessible protein)
[53].

r6PGD could also potentially be a candidate for vaccine
development. However, the high homology with the human
orthologue is discouraging. Currently, T and B cell epitopes
are being looked for in the 6PGD for the identification of
sequences lacking homology to humans that may enable
the development of a putative vaccine from this protein.
Nevertheless,  understanding the molecular mechanisms
underlying S. pneumoniae interaction with the host and their
target molecules may identify new therapeutic targets.
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