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Abstract
We evaluated the role of vaccine candidate surface proteins, PhtD and PhtE as antigens with
functional importance for Streptococcus pneumoniae (pneumococci) in adherence to
nasopharyngeal (D562) and lung (A549) epithelial cell lines. Comparing TIGR4 to PhtD and
PhtE-deleted isogenic mutants, a 40% (p=0.001) and 42% (p=0.002) drop in the number of
epithelial cells with adherent pneumococci was observed to both cells lines with the mutants, as
quantitated using flow cytometry. We expressed PhtD and PhtE on the surface of E coli and
demonstrated that when PhtD and PhtE were surface expressed on E coli adherence increased to
D562 and A549 cells, compared with the E coli parent strain (p = 0.005, 0.013 for D562 and
p=0.034, p=0.035 for A549). Using flow cytometry and confocal microscopy we found that
pneumococci aggregated in the presence of human serum IgG, leading to a non-specific drop in
adherence. Therefore IgG Fab fragments were prepared to study the functional role of PhtD and
PhtE-specific Fabs in blocking adherence. The addition of 1 μg of IgG Fab from adult sera led to a
34% reduction (p= 0.002) and from children a 20% (p= 0.023) reduction in D562 epithelial cells
with adherent pneumococci. In purified IgG from adult sera, the depletion of PhtD and PhtE
specific Fab from total IgG Fab resulted in a significant increase in the number of D562 epithelial
cells with adherent pneumococci (p=0.005 for PhtD and p=0.024 for PhtE). We conclude that
antibody directed to PhtD and PhtE are adhesins of pneumococci, if raised by vaccination, may
function to prevent pneumococcal adherence to human airway epithelial cells.

Introduction
Streptococcus pneumoniae (pneumococci) is associated with disease in a variety of host
sites including septicemia, meningitis, pneumonia, sinusitis and pneumonia, resulting in
high levels of morbidity and mortality. Risk groups for disease include young children, the
elderly, and those with immunodeficiencies (1). Nasopharyngeal colonization by
pneumococci represents the first step in pathogenesis, allowing the potential to seed the
blood, brain, lungs, sinuses and middle ear (2). Colonization of the nasopharynx by
pneumococci requires adherence of the bacteria to the epithelial cells of the upper
respiratory tract and this process is mediated by cell wall associated surface proteins of
pneumococci such as PsaA, CbpA, PavA, PsrR and others (3, 4, 5, 6). When pneumococci
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have colonized the nasopharynx, subsequent viral upper respiratory infection and associated
generation of proinflammatory cytokines dramatically upregulate bacterial adherence
receptors such as PAF-r and polymeric IgG receptor on host epithelial cells (7, 8, 9). Since
colonization is the initial step in pathogenesis of pneumococcal infections, vaccination to
prevent colonization is being sought as a potential strategy to prevent pneumococcal
infections.

The currently licensed pneumococcal conjugate vaccine has been successful in preventing
pneumococcal colonization by strains of the organism expressing capsular polysaccharide
specific to the serotypes in the vaccine. However replacement of strains expressing non-
vaccine serotypes has occurred followed by the occurrence of disease associated with non-
vaccine serotypes (10, 11, 12).

PhtD and PhtE belong to the well-conserved Pht protein family expressed by pneumococci
(13). They are surface exposed proteins characterized mainly by a histidine triad motif. In
animal models both of these proteins have been shown to afford protection against sepsis,
pneumonia and colonization (14, 15, 16, 17). PhtD and PhtE elicit antibody in children and
adults in response to natural infection (18, 19). The function of these proteins has not been
explored in great detail; nevertheless, they are considered to play an instrumental role in the
pneumococcal pathogenic process (20).

The present study was undertaken to better understand the role of PhtD and PhtE in
pneumococcal adherence and the ability of human antibody directed to these proteins to
prevent adherence to human airway epithelial cells. Since Pht protein family members are
part of a complex operon system, it becomes difficult to assess their adherence attribute by
merely comparing the binding of isogenic mutant strains to human epithelial cells (21). We
have recently discovered that pneumococci tend to form bacterial aggregates in the presence
of serum or purified IgG (Khan et al, under review). Therefore prior research showing
function of antibody to adhesins likely was due in whole or in part to an aggregation of the
bacteria and not a measure of adhesion blocking by antibodies against specific adhesins.

In the view of the challenges defined above, we have used a flow cytometry- based approach
to define the role of pneumococcal PhtD and PhtE as adhesins. To accomplish our aims,
isogenic mutants of wild type TIGR4 pneumococci lacking expression of PhtD and PhtE
were constructed, and PhtD and PhtE were expressed on the surface of a heterologous E coli
strain that was minimally adherent to human nasopharyngeal epithelial (D562) and human
lung epithelial cell lines (A549). Adherence of the isogenic mutants and recombinant E coli
to the human cells was then quantitated. IgG Fab fragments were prepared from serum IgG
of adults and children and the impact of these functional antibodies against PhtD and PhtE
adherence to respiratory epithelial cells was characterized without the effect of bacterial
aggregation. Our study shows that human antibody to PhtD and PhtE, as adhesins of S.
pneumoniae, can function to prevent adherence of the bacteria to nasal epithelial cells in
vitro.

Material and Methods
Bacterial strains, reagents and media for cultivation

The recombinant proteins PhtD, PhtE, Pneumolysin (PlyD1) and monoclonal antibodies
against PhtD and PhtE proteins were procured from Sanofi Pasteur (Toronto, Canada). The
anti-PhtD (clone 9E11) and anti-PhtE (clone 10D12) monoclonal antibodies were specific
for the proteins, and were non- cross-reactive. Both of these monoclonal antibodies were
IgG1 subclass. They were generated using standard methods (22) and purified subsequently.
PlyD1 has point mutations to genetically detoxify pneumolysin (Ply). For the purposes of
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this work, the experiments would not differentiate between PlyD1 and Ply. The WU2 type 3
wild type and isogenic pneumolysin mutant strains were provided by David Briles,
University of Alabama (Birmingham). pDUMP vector was provided by Prof. Ben Adler
(Monash University, Australia). E coli strains were grown in Luria Bertani Broth (LB Broth)
with or without Kanamycin (50μg/ml) depending on the experiments. Pneumococcal strains
were cultivated in depleted Todd Hewitt Broth media supplemented with 1mM FeSO4,
CaCl2, MgCl2, and ZnCl2, and 0.1 μM MnSO4

· WU2 strains (type 3) were grown in Todd
Hewitt Broth. Written informal consent was obtained in association with a protocol
approved by the Rochester General Hospital Institutional Review Board for collection of
samples containing blood (for serum).

Construction of PhtD and PhtE mutants in wild type TIGR4 pneumococci
PhtD and PhtE mutants were generated by allelic-exchange mutagenesis. In short, PCR
products of PhtD and PhtE genes flanking the 5′ and 3′ regions of the target genes were
fused to an antibiotic resistance cassette by overlap extension PCR. The resulting PCR
products were then cloned and transformed into TIGR4 pneumococci as described
previously (23), followed by selection for the appropriate antibiotic resistance. Deletion of
the locus was confirmed by PCR and sequencing of genomic DNA encompassing the
targeted mutation site (including sequence beyond the 5′ and 3′ flanks). In addition to PCR
and sequencing, the mutants were also characterized by RT-PCR and SDS-PAGE (data not
shown).

Cloning and expression of PhtD and PhtE in E. coli
The full-length PhtD and PhtE genes were PCR amplified, digested (NcoI), gel purified and
ligated in pDUMP vector. Ligated mix was transformed in E coli DH5 alpha and plated on
LB/Kan+ plates. Cloning of PhtD and PhtE genes in pDUMP vector was confirmed by
restriction digestion followed by DNA sequencing. E coli BL21 (DE3) transformed with
PhtD and PhtE cloned and sequenced pDUMP plasmids were inoculated in LB media
containing Kan+. Expression vector pDUMP was used since it has been previously reported
to be a successful vector for surface expression of pneumococcal PsaA (24). The log phase
cultures were induced with IPTG (4mM) and incubated at 37°C for 4 h. The IPTG induced
and uninduced E coli cultures were pelleted washed twice and lysed in SDS-PAGE sample
buffer. The lysed samples were run on 4–15% gradient SDS-PAGE gels.

Surface expression analysis of PhtD and PhtE proteins on E coli
IPTG induced and uninduced E coli BL21 (DE3) cultures were grown for 4 hours at 37°C
and washed twice with PBS at 5000 × g for 10 mins. Approximately 1×107 Bacteria were
incubated with either PhtD or PhtE specific monoclonal antibodies at 1:1000 dilution in total
volume of 500 μl for 1 hour at 4°C. Monoclonal antibody bound E coli were washed twice
with PBS and finally incubated with goat anti-mouse FITC labeled secondary antibodies
(Biolegend) at a dilution of 1:500. The samples were read by LSR II flow cytometry (BD
Biosciences) by acquiring 20000 events.

Fluorescent labeling of E coli, pneumococci and pneumococcal aggregation
E coli (PhtD and PhtE expressed and non expressed strains) and log phase cultures of
pneumococci were stained with green fluorescent dye PKH2 (Sigma) using an adapted
protocol (25). Cultures were washed twice with PBS (5000 × g, 10 mins) and stained with 7
μm of PKH2 (green fluorescent dye, Sigma) in diluent buffer (750 μl) according to the
manufacturer’s instructions at about 1×109 CFU/ml of E coli and TIGR4 pneumococci at
room temperature for 4 mins. The reaction was stopped by adding an equal volume of
EMEM + 10% FBS. The stained bacteria were washed 3 times with PBS and used
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immediately for the assay. Viability of the stained bacteria was ascertained by plating on
blood agar (pneumococci) and LB/Kan+ plates (PhtD, PhtE expressed and non expressed E
coli). The same count of labeled pneumococci used in the assay was incubated with varying
concentrations of purified human IgG (0.5 μg to 5 μg) at 37°C for 1 h. The samples for
aggregate formation were studied by flow cytometry and confocal microscopy. The forward
scatter attribute of flow cytometry was explored to study bacterial aggregation as described
previously (26).

Confocal Microscopy
To visualize the formation of bacterial aggregate complexes, log phase pneumococci were
washed and labeled as described above. The same quantity of pneumococci as used for flow
cytometry was mixed with 1–5 μg of purified IgG and IgG Fab and incubated at room temp
for 1 h. The bacteria were washed 3 times, resuspended and the final volume was brought up
to 1 ml. The aggregation complexes were examined using confocal microscopy (Olympus
FV 1000).

Adherence Assay
The adherence assay of bacteria to epithelial cells was adapted from a previously described
method (27). In brief, D562 and A549 cells were grown and maintained as confluent
monolayers in minimal essential media (EMEM) supplemented with 10% FBS and
penicillin-streptomycin (1x) according to ATCC recommendations. Cells (D562 and A549)
were grown in a humidified incubator at 37°C with 5% CO2 and harvested using 0.25%
trypsin EDTA. After harvesting, D562 and A549 cells were centrifuged at 500×g for 10 min
at room temperature, washed three times with fresh medium, and adjusted to 1×106 cells/ml.
In 96 well plates, 1×105 cells (D562 or A549) were added/well and infected with 200 MOI
(2×107) of PKH2 stained wild type TIGR4 pneumococci, or PhtD and PhtE TIGR4 isogenic
mutants, or PhtD and PhtE expressed or non -expressed E coli depending upon the
experiment. Cells and bacterial mixtures were incubated statically at 37°C for 1 hr, and then
pelleted at 500×g for 10 minutes. After a final wash, each sample was resuspended in 200 μl
of DPBS without Ca+2 or Mg+2. Experiments were performed in triplicate and repeated on 3
different days.

Measurement of serum antibodies in adults and children against pneumococcal proteins
(PhtD, PhtE, Ply) by ELISA

Six serum samples from healthy adults and from six healthy children (mean age = 11
months) with known high IgG titers to PhtD, PhtE and Ply based on previous analysis of the
sera of children (18) and from available adult samples were selected for pooling. PhtD,
PhtE, and Ply specific IgG antibody titers in the pooled sera were determined by ELISA as
previously described (18). The end point ELISA titers for PhtD, PhtE and Ply were ca.
12800 in both adults and children (PhtD titers higher in children).

Purification of IgG and preparation of IgG Fab
IgG from serum samples of adults and children were purified using a Melon IgG purification
kit (Pierce) according to the manufacturer’s instruction. The Fab fragments from purified
IgG of adults and children were prepared using a papain based Fab preparation kit (Pierce)
per the manufacturer’s instructions with slight modifications. The purity of purified IgG and
IgG Fabs were assessed by SDS-PAGE.
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Depletion of PhtD and PhtE specific Fab fragments from total IgG Fab and the contribution
of PhtD and PhtE specific Fabs in adherence

In order to determine the optimum concentration of IgG Fab in preventing bacterial
adherence, different concentrations of IgG Fabs (0.5–5 μg) from adults and children were
incubated with the bacteria. To block the PhtD, PhtE and PlyD1 specific Fabs, Fabs from
children and adults were incubated with varying concentrations of recombinant PhtD, PhtE
and PlyD1 (50 ng - 5 μg). IgG Fab and protein mixes were incubated at room temperature
for 30–60 mins to standardize the amount of protein and time required to completely deplete
antigen specific Fabs from total IgG Fab. The experiments resulted in selection of 100 ng of
proteins (PhtD, PhtE and Ply) at 37°C for 30 mins as optimal which led to the depletion of
PhtD, PhtE and Ply specific IgG Fabs, confirmed by ELISA (data not shown). At 100ng of
protein, PhtD and PhtE did not inhibit pneumococcal adherence on their own.

Statistics
Data are reported as the mean of three experiments with triplicate samples in each
experiment. P values among experiments were calculated using a two-tailed T-test. A p
value of <0.05 was considered significant. The data was analysed using Graph Pad Prism
(Version 5).

Results
PhtD and PhtE proteins play a role in pneumococcal adherence

The wild type TIGR4 and isogenic mutants were characterized for the surface expression of
PhtD and PhtE proteins before using them for adherence assays. No difference in growth
rates between the wild type and isogenic mutant strains was identified (data not shown),
suggesting that the disruption of PhtD and PhtE did not affect major metabolic pathways
under a nutrient- enriched condition. To further clarify if the mutagenesis strategy affected
other surface factors, we determined the expression of several other surface proteins of
pneumococci including PspA, PcpA and CbpA and found that these genes were not affected
as a result of mutation. These results suggest that the mutagenesis strategy did not influence
other surface factors, and the PhtD and PhtE mutants have not compensated for the loss of
these adhesins by altering expression profiles for surface proteins studied.

Eighty-two percent of D562 cells had adherent wild type TIGR4 and the adherence was
significantly reduced to 40% (p=0.001) and 42% of cells (p=0.002) for PhtD and PhtE
TIGR4 isogenic mutants, respectively [Figure 1(i)]. Similarly, 81% of A549 cells had
adherent wild type TIGR4 and the proportion of A549 cells with adherent pneumococci was
reduced to 40% (p= 0.002) and 42% (p=0.004) of cells for PhtD and PhtE isogenic mutants
[Figure 1(ii)]. As a control, a comparison was made between the binding of WU2 wild type
(type 3 pneumococci) and its isogenic Ply-deficient mutant at 200 MOI. The adherence to
D562 and A549 cells of wild type WU2 and its Ply-deficient isogenic mutant were
equivalent (data not shown), supporting a conclusion that the assay was specific since Ply is
an intracellular protein toxin of pneumococci that does not mediate adherence.

Characterization of adherence mediated by PhtD and PhtE of pneumococci using an E.
coli strain expressing PhtD and PhtE

SDS-PAGE analysis demonstrated the expression of PhtD and PhtE proteins in induced E
coli cultures (Fig 2a). The surface expression of PhtD and PhtE on the E coli surface was
studied by using flow cytometry on whole bacteria. Comparisons were made using the same
bacterial counts of induced (PhtD and PhtE expressed) and uninduced (non expressed) E
coli. The histograms [Fig 2b (ii) and (iv)] demonstrate the binding of anti PhtD and PhtE
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monoclonal antibodies on the surface of E coli; however, uninduced E coli did not show any
binding of monoclonal antibody to the E coli cell surface [Fig 2b(i) and (iii)].

We studied the expression of PhtD and PhtE on the surface of heterologous E coli: a. to
confirm the results observed with TIGR4 PhtD and PhtE-isogenic mutants, b. to exclude
interference of other pneumococcal surface factors during adherence assays, and c. to
directly test whether PhtD and PhtE were sufficient to allow adherence to human epithelial
cells (D562 and A549).

The binding of the E coli strain constructed to express PhtD and PhtE was compared to the
parent E coli strain to D562 and A549 cell lines. Adherence analysis demonstrated that both
PhtD and PhtE surface expressed on E coli significantly increased adherence to D562 and
A549 cells, compared with their E coli parent strain (PhtD and PhtE non expressed) (p =
0.005, 0.013 for D562) [Fig 2c(i)] (p=0.034, p=0.035 for A549) [Fig 2c(ii)].

Pneumococcal aggregation and limitations of using total IgG in adherence studies
Using purified IgG from human serum samples at different concentrations, we found
adherence of pneumococci to D562 and A549 cells was inhibited. However, by flow
cytometry and confocal microscopy we determined that the drop in adherence could be
attributed to an indirect effect of serum IgG on blocking adherence of the bacteria through
the formation of bacterial aggregates rather than adhesin blocking.

The forward scatter attribute of flow cytometry was exploited to identify pneumococcal
aggregation. In the experimental setting of our work, an increase in autofluorescence and an
accompanying shift of forward scatter is a measure of bacterial aggregation. We found that
pneumococci formed bacterial aggregates at various IgG concentrations. The data in Figure
3a is representative of the bacterial aggregation in the presence of 1 μg IgG or Fab since the
same amount of either IgG or Fab was taken for adherence blocking experiments. Purified
IgG from adults and children had the same effect on IgG induced pneumococcal
aggregation. An evident shift in forward scatter (reflecting the bigger size as a result of
aggregation) was detected (Mean Fluorescence Index, MFI= 14300±405) with 1μg of IgG
[Fig 3a(iii)]. Aggregation mediated by anti-polysaccharide IgM antibody has been
demonstrated in the past (26); therefore, we tested anti- polysaccharide (type 4) IgG as a
validation of our assay. Similar results were observed when anti-serotype 4 polysaccharide
IgG was added to TIGR4 pneumococci [Fig 3a(iv) MFI= 13600±300)] indicating bacterial
aggregation. In contrast, when Fabs (1 μg) were added to TIGR4 pneumococci, bacterial
aggregation did not occur [Fig 3a(ii)]. The autofluorescence (MFI) of IgG Fab-treated
pneumococci was significantly lower than IgG-treated pneumococci (p= 0.001). In Figure
3a(ii), flow cytometry forward scatter (MFI= 7273±190) was shown to be comparable to
control [pneumococci with PBS, Fig 3a(i) (MFI= 6919±405)]. There was no difference
between IgG Fab treated pneumococci and control (pneumococci and PBS, p= 0.5).

The results of flow cytometry experiments were confirmed by confocal microscopy (Fig 3b).
We reasoned that to precisely understand the contribution of naturally acquired antibodies to
PhtD and PhtE in preventing pneumococcal adherence, the usage of IgG Fab fragments was
necessary.

PhtD and PhtE proteins elicit functional antibodies in adults
To overcome the bacterial aggregation induced by IgG, we prepared Fab fragments from
purified IgG of adults and children sera pools. Fig 4a demonstrates the comparable IgG titers
for PhtD, PhtE and Ply in the sera pool of adults and children. Interestingly, Fab fragments
from purified IgG of adults and children (Figure 4b) unlike IgG did not lead to the formation
of pneumococcal bacterial aggregates (Fig 3).
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To assess the role of naturally acquired PhtD and PhtE antibodies in adherence, we
performed competition assays using total IgG Fabs and recombinant PhtD, PhtE and Ply
proteins. We used a range of dilutions of adults and children IgG Fab concentrations (100
ng-5 μg) to find the optimum concentration that led to a maximum drop in adherence by
blocking PhtD and PhtE adhesins expressed on the bacterial surface. One μg IgG Fab led to
a 34% drop in the number of D562 epithelial cells with adherent pneumococci using the
adults sera pool (p= 0.002) (Fig 5a) and a 20% drop in D562 epithelial cells with adherent
pneumococci using the sera pool from children (p= 0.023) (Fig 5b) compared to control
(82% D562 cells had adherent TIGR4 pneumococci) with no IgG Fab. The IgG Fab
mediated drop in adherence was significantly higher in adult sera than children (p=0.02)
(Fig 5c).

In purified IgG from adults sera, the depletion of PhtD and PhtE specific Fab from total IgG
Fab resulted in a significant increase in the number of D562 epithelial cells with adherent
pneumococci (p=0.005 for PhtD and p=0.024 for PhtE), reflecting the prominent
contribution of these antibodies in preventing adherence to D562 cells. The depletion of Ply
specific Fab did not result in any increase of adherence (P=0.59) (Fig 5a). The increase in
adherence as a result of the depletion of PhtD and PhtE specific Fabs was therefore
significantly different than Ply depleted Fabs (p<0.05) (Fig 5a). In purified IgG from
children sera, the depletion of PhtD (p=0.57) and PhtE specific Fabs (p=0.84) did not result
in a significant change in the number of D562 epithelial cells with adherent pneumococci
(Fig 5b). The depletion of Ply served as a negative control in the assay and Ply specific Fabs
did not change the outcome of adherence in children sera pools (Fig 5b).

Discussion
In this study we demonstrate the role of human antibody directed to PhtD and PhtE to
prevent adherence of pneumococcal to human NP epithelial cells. The results encourage
further study of these antigens as vaccine ingredients in a third generation pneumococcal
vaccine. Our experiments allowed the accumulation of several complimentary sets of data to
justify our conclusions: (1) PhtD and PhtE-deficient TIGR 4 isogenic mutants were shown
to bind to D562 and A549 cells significantly less well than the TIGR4 parent strain; (2)
PhtD and PhtE when expressed individually on E coli surface showed significantly
enhanced adherence to the studied human respiratory epithelial cells; (3) The functional role
of human antibody in preventing pneumococcal adherence to D562 cells was established by
preparing human Fab fragments of antibody directed to the putative adhesins and showing
that human adults Fabs directed to either PhtD or PhtE caused a direct effect of blockage of
pneumococcal adherence to the human epithelial cells studied. The complementation of
mutants is another method to determine whether a mutant phenotype can be reversed. We
used another alternative approach - expression of an adhesin on the surface of heterologous
host E coli to corroborate the role of PhtD and PhtE as adhesins. The E coli approach of
expressing an adhesin on heterologous host surface has been described in the past by Chen
et al (2010) (28). However, in the absence of complementation we cannot be absolutely
certain that the phenotypes observed in our mutants were a direct result of the mutation
introduced. In addition, we demonstrated the functional role of anti-PhtD and anti-PhtE
specific antibodies to block adherence of the pneumococci to human epithelial cells as a
further validation of the role these proteins served as adhesins.

Extensive efforts are currently geared toward the development of effective alternative
vaccination strategies against pneumococcal disease to address the shortcomings associated
with capsule-based vaccines. Pneumococcal adherence to eukaryotic cells of the
nasopharynx is a prerequisite for colonization and subsequent pathogenesis in the human
host. These pathogen-host interactions are mediated by the binding of pneumococcal
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surface-exposed adhesins to specific cellular receptor molecules on human nasopharyngeal
epithelial cells (29, 30, 31). Pneumococcal colonization of the nasopharynx precedes the
development of invasive disease and is the main gateway of transmission of the pathogen
between individuals. Pneumococcal colonization is considered to be an immunizing event
(32, 33), but the presence of natural antibodies may not be quantitatively or qualitatively
adequate to prevent colonization. Adhesins from pneumococci and Non typeable
Haemophilus influenzae have been demonstrated to protect against infection by preventing
the attachment of bacteria to host cells in animal models (6, 34) and could potentially
translate in human upon vaccination. Antibodies directed against a pneumococcal adhesin
protein might protect at the human mucosal surface by preventing pneumococcal attachment
and subsequent colonization.

PhtD and PhtE are surface exposed, highly conserved proteins of the Pht family of
pneumococcal proteins (21). All four Pht proteins (Pht A, B, D and E) contain a classical
lipoprotein motif (LxxC) within their N-terminal hydrophobic-leader sequences similar to
that recognized for processing by signal peptidase II. PhtD and PhtE are 2520 and 3120 bp
long open reading frames (ORF) and encode polypeptides of 839 and 1039 amino acids.
PhtD and PhtE contain five and six histidine triad motifs and also contain segments that are
predicted by colis algorithm to adopt coiled coil information, a feature common among gram
positive surface proteins, as well as proline rich regions (14). Signature tagged mutagenesis
has suggested the involvement of these proteins in lung-specific virulence in mice (35).
Among their other putative roles, neutralization of complement factor C3b through factor H
binding has been suggested (36), though there are conflicting reports (17). Proteins of the
Pht family have been found to be protective against colonisation, pneumonia and sepsis in
mouse models and the degree of protection offered was shown to be greater than other
pneumococcal vaccine candidates including PspA and PsaA (37). Isogenic mutants have
shown a reduced binding in the case of pneumococcal PavA in the past but eventually it was
found to be an indirect adhesin as PavA antisera could not reduce the binding of wild type
pneumococci to cells (5).

Until now, the role of human functional antibodies in preventing pneumococcal adherence
has either been studied by using the serum or purified antibodies from serum (38). Fabrizio
et al (2010) recently reported that pneumococcal polysaccharide specific human IgM leads
to pneumococcal aggregation (26). We also have recently found that pneumococci form
bacterial aggregates when incubated with serum or purified IgG from human serum, thereby
causing as impediment to pneumococcal adherence on host cells (Khan et al under review).
In nature an IgG mediated drop in pneumococcal adherence to host epithelial cells might be
attributable completely to the aggregative effect of IgG on adherence since IgG mediated
aggregation will facilitate clearance of the bacteria by cilia in the nasopharynx, sweeping the
organisms towards the gastrointestinal tract. Although antibody-mediated pneumococcal
aggregation could be a naturally occurring protective phenomenon during NP colonization,
the role of functional antibodies directed against adhesin proteins can only be established in
vitro by overcoming pneumococcal aggregation. Thus in this report we used IgG Fab
fragments from purified serum IgG of adults and children to avoid the complication of
formation of pneumococcal aggregates in the interpretation of the findings. Our results
suggest the need of using IgG Fabs as a prerequisite to study the specific adhesin-blocking
role of antibodies in pneumococcal adherence in vitro.

We found that adults raise functional adhesion-blocking antibodies against PhtD and PhtE
proteins. Similar findings have been recently reported by Godfroid et al (2011), where they
have shown protection against pneumococcal colonisation in mice by vaccination with PhtD
and PhtE against D39 pneumococci (37). They have also demonstrated that the passive
transfer of adult-raised PhtD antibodies can protect mice against lethal infection. In our
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experiments sera from children depleted of PhtD and PhtE specific Fabs did not result in a
statistically significant increase in adherence. Given that the ELISA titers of the adults and
children sera pools were quantitatively comparable for PhtD and PhtE, we interpret this
finding to suggest that the functional ability of children antibodies in response to natural
infection at an early age may not be similar to that of adults. The disparity in functional
antibody between adults and children has been described in the past in various contexts as
adult antibodies typically have greater affinity for antigen, and are more often bactericidal
compared to children (39, 40, 41).

Taken together, our findings clearly demonstrate that PhtD and PhtE are direct adhesins of
Streptococcus pneumoniae, which elicit functional antibodies in adults. Further study of
these antigens as vaccine candidates appears warranted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PhtD and PhtE of Streptococcus pneumoniae (Spn) are adhesins.

• PhtD and PhtE isogenic mutants were shown to have reduced adherence.

• E coli expressing either PhtD or PhtE show increased adherence.

• IgG Fab is a required to study the role of functional antibodies in Spn
adherence.

• PhtD and PhtE elicit functional antibodies in adults but not in children.
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Fig 1. Adherence of Pneumococcal TIGR4 and PhtD, PhtE isogenic mutants
(i): D562 and A549 cell lines were infected with 200 MOI of wild type TIGR4
pneumococci, PhtD and PhtE isogenic mutants. (i): Adherence of TIGR4 wild type and
PhtD, PhtE isogenic mutants on D562 cell line. * represents the difference in adherence of
TIGR4 pneumococci with PhtD isogenic mutant (p=0.001). ** represents the difference in
adherence between TIGR4 pneumococci with PhtE isogenic mutant (p=0.002).
(ii): Adherence of TIGR4 wild type and PhtD, PhtE isogenic mutants on A549 cell line. *
represents the difference in adherence of TIGR4 pneumococci with PhtD isogenic mutant
(p=0.002). ** represents the difference in adherence between TIGR4 pneumococci with
PhtE isogenic mutant (p=0.004).
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Fig 2. Expression analysis of PhtD and PhtE andE coli adherence:
(a)
E coli (BL-21 DE3) harboring PhtD and PhtE cloned plasmids were grown in LB/ Kan+
media. The cultures were grown to log phase (OD600= 0.6) and induced with 4 mM of
IPTG. Induced (IPTG) and uninduced cultures were incubated at 37°C under shaking. The
cultures were pelleted, washed twice and lysed in SDS-PAGE sample buffer and run on 4–
15% gradient SDS-PAGE. Lanes 2 and 5 represent uninduced PhtE and PhtD, while lanes 1
and 4 represent induced PhtE and PhtD cultures. Lane 3 represents molecular weight
marker.
(b)
E coli BL21 (DE3) cultures were grown to log phase (OD ~0.6) in LB media containing
Kanamycin (50 μg/ml) and induced with IPTG (4h). Equal counts (1×107) of uninduced and
induced E coli BL21 (DE3) were taken, washed twice and incubated with PhtD and PhtE
specific monoclonal antibodies in the dilution of 1:1000 for 1 h at 4°C. Cultures were
washed twice and incubated with anti mouse goat secondary antibodies in the dilution of
1:500 and incubated for 30 mins at room temperature. The surface expression was studied
by flow cytometry by taking 20000 events.
i) Histogram showing the surface expression of PhtD on uninduced E coli.
ii) Histogram showing the surface expression of PhtD on induced E coli.
iii) Histogram showing the surface expression of PhtE on uninduced E coli.
iv) Histogram showing the surface expression of PhtE on induced E coli
(c)
D562 and A549 cell lines were infected with 200 MOI of PhtD, PhtE expressed (induced)
and unexpressed (uninduced) E coli BL21 (DE3), arrested in same growth phase.
(i): Adherence of PhtD, PhtE surface expressed and unexpressed E coli on D562 cell line. *
represents the difference in adherence between PhtD expressed and unexpressed E coli
(p=0.005). ** represents the difference in adherence between PhtE expressed and
unexpressed E coli (p=0.013).
(ii): Adherence of PhtD, PhtE surface expressed and unexpressed E coli on A549 cell line. *
represents the difference in adherence between PhtD expressed and unexpressed E coli
(p=0.034). ** represents the difference in adherence between PhtE expressed and
unexpressed E coli (p=0.035).
(d)
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Dot plot showing the binding of uninduced E coli (i), PhtD expressed E coli (ii) and PhtE
expressed E coli (iii) on D562 cells.
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Fig 3. Demonstration of pneumococcal aggregate formation by Flow Cytometry and Confoccal
microscope
(a)
PKH2 labeled pneumococci (TIGR4) were incubated with varying concentrations (0.5–5
μg) of IgG and IgG Fab fragments for 30 minutes at 37°C. Ten thousand events were run for
each sample. Forward scatter of histograms: IgG treatment [lower panel: iii (1 μg IgG) and
iv (100 ng of anti polysaccharide 4 IgG)] caused bacterial aggregation whereas Fab
treatment (upper panel, ii) did not. The first histogram of upper panel (upper panel i
represents negative control where pneumococci were treated with PBS only. The mean
fluorescence index (MFI) of IgG treated bacteria was significantly higher than Fab treated
pneumococci (p= 0.001).
(b)
PKH2 labeled pneumococci (TIGR4) were treated with IgG and IgG Fab as explained above
and imaged by laser scanning Confoccal microscopy. Total magnification, 60 x.
Microscopic images represent; (i) TIGR4 with 1 μg IgG (ii) TIGR4 with 1 μg IgG Fab (iii)
TIGR4 with PBS.
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Figure 4. ELISA titers and preparation of IgG Fab fragments
(a)
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Six sera from children and adults were pooled and run ELISA. The IgG titers directed
toward PhtD, PhtE and pneumolysin were determined. The titers are represented in the form
of end point ELISA titer (Log 2) and both adults and children had equivalent PhtD, PhtE and
Pneumolysin specific IgG titers (p>0.05).
(b)
Purified IgG was digested with 0.1% w/w of papain in Fab digestion buffer. The purity of
papain digested IgG into Fab fragments was evaluated by 4–15% gradient SDS-PAGE. (i)
Lane 1: Purified IgG; Lane 2: Protein molecular weight marker (ii) Lane 1: Protein
molecular weight marker; Lane 2 & 3: Purified and concentrated Fab fragments
respectively.
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Fig. 5. Adherence inhibition by IgG Fab of adults and children and a comparison with PhtD and
PhtE depleted IgG Fabs on D562 cells
PhtD, PhtE and Ply specific Fab fragments were depleted from the total Fab samples by
incubating with 100 ng of recombinant PhtD, PhtE or Ply.
(a). * represents the drop in adherence by incubation of pneumococci with total IgG Fabs of
adults (p= 0.002). The depletion of PhtD and PhtE specific Fabs resulted in a significant
increase in the adherence in the case of adult IgG Fabs (** p = 0.005, *** p= 0.024,
****p=0.59).
(b) * represents the drop in adherence by incubation pneumococci with total IgG Fabs of
children (p= 0.023). Depletion of PhtD and PhtE specific Fab fragments did not result in
significant increase in adherence (** p= 0.57, *** p=0.84). The depletion of pneumolysin
specific IgG Fabs did not mediate any change in adherence in children (****p=0.57).
(c) Comparison of the drop in adherence: D562 cells were incubated with 1 μg of IgG from
adults and children. The drop in adherence with adults IgG was significantly higher than
children (p= 0.02).
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