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Abstract
Streptococcus pneumoniae (pneumococci) adhere to human nasopharyngeal (NP) epithelial cells
as a first step in pathogenesis and adherence of pneumococci to lung epithelia may be required to
establish pneumonia. We sought to determine if PcpA can serve as an adhesin to human NP
(D562) and lung (A549) epithelial cells and whether PcpA mediated adherence can be inhibited by
human anti-PcpA antibodies. A PcpA isogenic mutant was prepared on a wild type pneumococcal
TIGR4 background. When the mutant and wild type strains were compared for adherence to D562
and A549 cell lines a reduction in adherence by the mutant was observed (p= 0.0001 for both cell
types). PcpA was ectopically expressed on the surface of minimally-adherent heterologous host E
coli resulting in augmented adherence to D562 (p= 0.002) and A549 (p= 0.015) cells. Total IgG
was purified from a pool of 6 human sera having high IgG titers of anti-pneumococcal proteins.
The purified IgG reduced TIGR4 adherence to D562 cells but we determined that this effect was
largely due to bacterial cell aggregation as determined by flow cytometry and confocal
microscopy. Fab fragments were prepared from pooled IgG sera. Inhibition of TIGR4 adherence
to D562 cells was observed using the Fab fragments without causing bacterial aggregation
(p=0.0001). Depletion of PcpA-specific Fab fragments resulted in an increase in adherence of
TIGR4 to D562 cells (p=0.028). We conclude that PcpA can mediate adherence of pneumococci
to human NP and lung epithelial cells and PcpA mediated adherence can be inhibited by human
anti-PcpA antibodies.

1. Introduction
Streptococcus pneumoniae (pneumococci) is a leading cause of sepsis, meningitis,
pneumonia, and otitis media in adults and children [1, 2]. Adherence of pneumococci to NP
epithelial cells is a primary step essential for its pathogenesis [2, 3] and adherence of
pneumococci to lung epithelia may be required to establish pneumonia. Surface proteins,
called adhesins, mediate attachment of bacteria to host cell surfaces [1, 4-6]. Several
adhesins contribute to pneumococcal adherence including the lipoprotein pneumococcal
surface adhesin (PsaA) [7], choline binding protein A (CbpA) [8], and proteins with LPxTG
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motifs [3]. Two related choline binding proteins pneumococcal surface protein A (PspA)
and CbpA have previously been reported to elicit high IgG titers in a human experimental
carriage model [9, 10]. Similarly, in vitro work has suggested that humans can raise
functional antibodies against adhesin PsaA [11]. Induced immune responses to adhesins
PsaA and CbpA have been demonstrated to prevent NP colonization in a mouse model of
infection [12, 13]. Studying the role of human antibodies that can function to block
pneumococcal adherence is a path forward for vaccine development [4, 5, 11].

PcpA is a choline binding protein of pneumococci expressed on the bacterial surface of
nearly all virulent strains. PcpA is under the control of the manganese-dependent regulator
psaR and RNA slot-blot analysis has shown that in vitro manganese concentrations of 50
μM (similar to that seen in NP secretions) results in repression of pcpA expression [14].
Hava et al. showed that pcpA is a pneumococcal gene necessary for lung infection [15].
Vaccination with rPcpA in mice elicits an antibody response that provides protection against
lung and systemic infection [16] but does not impart protection against NP colonization [15,
17]. The lack of protection against colonization has been attributed to repression of
expression of PcpA when pneumococci are in the NP where manganese concentrations are
high.

We recently found that NP colonization of young children with pneumococci (without
symptoms or signs of associated local or systemic infection) can elicit a strong systemic
immune response [9]. Those findings suggest that PcpA could be expressed in the NP in
children sufficiently to be highly antigenic or that pneumococci are locally invasive in the
NP during colonization without causing clinically apparent inflammation. Manganese
concentrations in secretions of children may be different from mice, especially during a viral
URI when a dilution of secretions occurs due to transudation of water into the NP.

Here we demonstrate that PcpA mediates adherence of pneumococci to human NP and lung
epithelial cells and that anti-PcpA human antibody can reduce pneumococcal adherence to
NP epithelial cells. Compared to wild type TIGR4 pneumococci, a PcpA isogenic mutant
had decreased bacterial adherence to human NP and lung epithelial cells. Also, a minimally-
adherent heterologous host E coli ectopically expressing PcpA on its surface dramatically
increased E coli binding to D562 and A549 cells compared to the parent strain. We also
show that IgG purified sera of adults (having high IgG titers of anti-pneumococcal antigens)
reduces adherence of pneumococci to epithelial cells due to bacterial cell aggregation. Fab
fragments prepared from total IgG did not cause aggregation but were able to directly block
pneumococcal adherence.

2. Material and Methods
2.1. Bacterial strains, pneumococcal proteins, cell lines and antibodies

The TIGR4 strain of pneumococci was obtained from ATCC. For growth in low manganese
conditions (0.1μM), bacteria were grown in manganese depleted Todd Hewitt Yeast (THY)
Broth. THY medium was prepared according to the manufacturer’s directions, with
Chelex-100 (2% [wt/Vol]) (Sigma Aldrich, St Louis, MO) being added prior to autoclaving.
After autoclaving, the THY’s-Chelex mixture was stirred overnight at room temperature and
then filter sterilized. Prior to use, media was supplemented with 1mM FeSO4, CaCl2,
MgCl2, and ZnCl2, and 0.1 μM MnSO4 [16]. Pneumococci were grown at 37°C in the above
explained media in the presence of 5% CO2 and harvested at OD600 of 0.6. Pneumococcal
surface exposed choline binding protein, PcpA, and a derivative of pneumolysin (PlyD1)
were provided as a gift from Sanofi Pasteur. PlyD1 has point mutations that genetically
detoxify the protein but maintain the structural integrity of Ply. Recombinant choline
binding protein A (CbpA) was a gift from Dr Elaine Tuomanen (St Jude Medical Center).
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pDUMP vector was a gift by Dr Ben Adler (Monash University, Australia). Detroit 562
(D562) nasopharyngeal and lung epithelial cells (A549) were purchased from ATCC and
maintained in Minimum Essential Medium (EMEM), with 10% FBS and Penicillin-
Streptomycin according to the ATCC instructions. Anti-PcpA monoclonal antibody was
obtained as a gift from Sanofi Pasteur; it is an IgG1 antibody. Blood from healthy adult
volunteers, presumed to have prior natural exposure to pneumococci, was obtained by
venipuncture. Written informed consent was obtained in association with a protocol
approved by the Rochester General Hospital Institutional Review Board.

2.2. Cloning and expression of PcpA and construction of mutant
An N-terminally truncated 1.3 kb PcpA gene, that retains immunogenicity and protective
efficacy, was PCR amplified, digested, gel purified and ligated in a pDUMP vector. pDUMP
is a 4389 bp lipoprotein expression vector that expresses proteins on the surface of E coli in
the correct orientation. This novel vector was derived from pET 9 and maintains all of the
features of the original pET9c vector with the exception of the T7 tag [18]. The ligated mix
was transformed in E coli DH5 alpha and plated on LB/Kan+ plates. Cloning of PcpA was
confirmed by restriction digestion followed by DNA sequencing. The recombinant pDUMP
containing PcpA was transformed in E coli BL21 (DE3), grown to mid log phase (OD ~0.6)
and induced with 5mM IPTG (Sigma) for 4 hrs at 370C under vigorous shaking. The
expression analysis was performed by SDS-PAGE. The PcpA mutant was generated by
allelic-exchange mutagenesis. In short, the PCR product of PcpA flanking the 5′ and 3′
regions of the target gene was fused to an antibiotic resistance marker by overlap extension
PCR. The resulting PCR product was then cloned and transformed into pneumococcal
TIGR4 by methods previously described [19], followed by selection for the appropriate
antibiotic resistance. Mutants were confirmed by PCR and sequencing of genomic DNA
encompassing the targeted mutation site (including sequencing beyond the 5′ and 3′ flanks).
The mutant was also characterized by RT-PCR and SDS-PAGE (data not shown).

2.3. Expression analysis of PcpA by Flow Cytometry and Western Blotting
Wild type pneumococcal TIGR4 and the PcpA isogenic mutant of TIGR4 were grown to log
phase (OD~0.6) at 370C. Approximately 1×107 bacteria were incubated with PcpA-specific
monoclonal antibody at 1:1000 dilution in a total volume of 500 μl for 1 hour at 40C.
Similarly, E coli BL21 (DE3) cultures were grown for 4 hours at 370C and washed twice
with PBS at 5000 x g for 10 mins. PcpA expressing and non-expressing E coli (1×107) were
incubated with anti-PcpA monoclonal antibody. Monoclonal antibody bound E coli or
pneumococci were washed twice with PBS and finally incubated with goat anti-mouse FITC
labeled secondary antibody (Biolegend) at a dilution of 1:1000. The samples were read on a
LSR II flow cytometer (BD Biosciences). For western blotting, Bacterial cultures were
grown in the above mentioned medium to mid-log phase (OD600 of 0.6). Equivalent
amounts of each strain were washed twice with PBS, resuspended in PBS with SDS-PAGE
sample buffer, and boiled for 5 min. Samples and a pre stained protein standard (Biorad)
were loaded onto a 10% precasted gels (Biorad) and separated by electrophoresis in SDS
running buffer (Biorad) in accordance with the manufacturer’s instructions. The proteins
were then transferred to a nitrocellulose membrane with the mini wet transfer cell (Bio-Rad,
Hercules, CA). After transfer nitrocellulose membrane was blocked with 1% BSA in TBS
(Biorad) and washed extensively before probing with anti-PcpA monoclonal antibody
diluted to 1:1,000 in TBS+0.5% BSA. Goat anti-mouse IgG (H+L)-HRP conjugate was used
as the secondary antibody. Colorimetric detection was performed with DAB kit as per
manufacturer’s instructions (Pierce).
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2.4. Labeling of Bacterial cells and Adherence assays
Pneumococci and E coli bacterial cells were fluorescently labeled with a PKH2 Green
Fluorescent Cell Linker Kit (Sigma-Aldrich, PKH2GL), as described elsewhere [20].
Briefly, mid-log cultures (OD~0.6 at 600 nm) were pelleted by centrifugation and washed
two times with PBS (5000 x g, 8 min). Bacterial cells were labeled with 7.5 μM PKH2 at a
concentration of about 5 × 109 CFU/ml in the diluent for 5 minutes. The reaction was
stopped by adding 10% FBS, at a 1:1 (v/v) in PBS for 2 minutes and labeled bacteria were
washed three times with PBS. After the final wash, pneumococci and E coli were re-
suspended in PBS and used for the assay. Viability of pneumococci, and E coli post-labeling
was ascertained by growth on blood agar media. Labelling of bacteria and a flow cytometry-
based adherence assay described by Hara–Kaonga et al [20] was adapted with some
modifications. In our assay, we used mono fluorescence just to label bacteria, leaving the
epithelial cells unlabelled. For use in adherence assays, cultures were harvested using 0.25%
trypsin-EDTA (Sigma-Aldrich, St. Louis). Cells were washed three times with EMEM +
10% FBS, counted, and re-suspended to 1×106 cells/ml in antibiotic free media. PKH2
labeled pneumococci (TIGR4 or TIGR4 PcpA mutant) or E coli were added to D562 or
A549 cells (1.0×105) at various multiplicity of infection (MOI) and incubated for 45
minutes, at 37°C in 96-well plates . Based on the curve, a MOI of 200 was chosen for the
adherence assays. Non-adherent bacterial cells were removed by three washes with PBS
(500 x g) before acquiring them on a LSR II flow cytometer (BD Biosciences). For
adherence inhibition studies, varying concentrations of purified IgG or Fab samples were
incubated with pneumococci. For depletion of antigen specific Fab fragments, 1μg of IgG
Fab was pre-incubated with 100-500 ng of protein antigens (CbpA, PcpA, or Ply) for 30
minutes, at 37°C in a total volume of 10μl. Depletion of indivi dual antigen specific IgG
Fabs were analyzed by ELISA. Acquired cells were analyzed using Flow Jo software (Tree
Star).

2.5. ELISA
Six serum samples from healthy adults were selected for pooling. PcpA and CbpA specific
IgG antibody titers in the pooled sera were determined by ELISA as previously described
[9]. Briefly, recombinant proteins PcpA and CbpA were coated on 96-well plate with the
concentration of 0.25 μg/mL each in coating buffer. After blocking with 3% skim milk,
diluted serum samples were added to the wells, and the mixture was incubated at room
temperature for 1 h. Affinity purified goat anti human IgG antibody conjugated to
horseradish–peroxidase was used as a secondary antibody (Bethyl laboratory). The reaction
products were developed using TMB Microwell peroxidase substrate system, stopped by the
addition of 1.0 M phosphoric acid, and read by ELISA reader at 450 nm. Serum dilutions
that gave OD as 0.2 were considered to be an end point titer and results are expressed as End
point titer (log2).

2.6. Purification of total IgG from serum and preparation of IgG Fab fragments
Sera were pooled and IgG titers were confirmed by ELISA. Total IgG from the pooled
serum samples was purified using a melon Gel IgG purification kit (Pierce), according to the
manufacturer’s instructions. Purified IgG was concentrated using an Amicon Ultra
Centrifugal Filter (100 kda cutoff, Millipore). Purity of IgG was confirmed on a 4-15%
gradient SDS-PAGE gel (Bio-Rad) quantitated by nano drop (Thermo fisher) before using it
for IgG Fab preparation. IgG Fab fragments were prepared as published earlier with slight
modification [21]. Papain (2mg/ml, Sigma) was pre-activated in Fab Digestion Buffer
(Pierce) + 20mM L-cysteine, for 10 minutes at 37°C. IgG was then added to the mixture at a
concentration of 2mg/ml [digestion with 0.1% (w/w) papain] and incubated at 37°C, for 6
hou rs. Undigested IgG and Fc fragments were removed by passing the final product through
a Protein A column (Pierce). The Fab product was concentrated using an Amicon ultra
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centrifugal filter (30kDa; Millipore) and purity was confirmed on a 4-15% gradient SDS-
PAGE gel (Data not shown). Samples were stored at -20°C until used.

2.7. Bacterial Aggregation
Pneumococci (TIGR4 and PcpA-isogenic mutant) were incubated with varying
concentrations of purified IgG or Fab preparations depending on the experiment. In a 96-
well flat bottom plate, various MOI of TIGR4, or PcpA isogenic mutant strains were
incubated with varying concentrations of IgG or Fab fragments, at 370C for 45 min. Samples
were then analyzed for the formation of bacterial aggregates by flow cytometry as well as
confocal microscopy. Flow cytometry forward and side scatter parameters were used to
assess bacterial aggregation as previously described [22].

2.8. Statistical analysis
Data are reported as the mean of 9 results occurring in three experiments with triplicate
samples in each experiment. One way ANOVA was used in multiple comparisons. For
paired comparisons a t test was used. A p value of <0.05 was considered significant.

3. Results
3.1. TIGR4 PcpA- mutant exhibits reduced pneumococcal adherence to human epithelial
cells

We constructed a PcpA deletion mutant from TIGR4 pneumococci to study the contribution
of PcpA in adherence to D562 and A549 cells. No difference in growth rates between the
wild type and isogenic mutant strains was identified (data not shown), suggesting that the
disruption of PcpA did not affect major metabolic pathways under a nutrient- enriched
condition. To further clarify if the mutagenesis strategy affected the expression of other
surface proteins, we determined the expression of PspA, PhtD, PhtE and CbpA by real time
PCR and found that the expression of these genes was not affected as a result of the PcpA
deletion (data not shown). The expression analysis of PcpA was studied by both flow
cytometry and western blot. Fig 1a demonstrates the expression of PcpA on the surface of
TIGR4 pneumococci; however, PcpA mutant had no expression of PcpA. Similarly, western
blot reveals the expression of PcpA in the TIGR4 wild type pneumococci (around 62 kDa)
as demonstrated earlier (16) however; there was no expression of PcpA in isogenic mutant
(Fig 1b).

Compared to the wild type TIGR4 strain, the PcpA mutant had a 46% and 50% reduction in
adherence to D562 and A549 cells respectively (Fig 1 b & c, p= 0.0001, p= 0.0001). Flow
cytometry based adherence assays need cells in suspension. In our study, trypsinization was
not found to affect the bacterial adherence to epithelial cells. After the incubation of
pneumococci in different Multiplicity of infection (MOI) with epithelial cells an exponential
increase in bacterial adherence was observed (supplement figure data).

3.2. An E. coli strain that is minimally adherent to human epithelial cells becomes adherent
when expressing PcpA

To understand the direct role of PcpA in pneumococcal adherence and to negate the
contribution of other pneumococcal surface adhesins, we expressed PcpA (N-terminal
truncated; 41 kDa) on the surface of a minimally-adherent strain of E. coli BL-21 (DE3).
Lipoprotein expression vector (pDUMP) that results in the production of fusion proteins
containing the E. coli major outer membrane lipoprotein (Lpp) signal sequence, lipoprotein
signal peptidase recognition site, and the +2 outer membrane sorting signal at the N termini
was used to express PcpA in E coli[18]. pDUMP has been designed in the past to express
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proteins in E coli as lipoproteins in the correct orientation on the cell surface as
demonstrated in the case of pneumococcal PsaA. [18]. To confirm that PcpA expression on
the E coli surface was in the correct orientation we used the same anti-PcpA monoclonal
antibody to detect PcpA on the pneumococcal and E coli surface (Fig 2a). Expression
analysis of PcpA was also accomplished by SDS-PAGE and a prominent band of 41 kDa
was identified in IPTG induced cultures. No band was seen in un-induced cultures (data not
shown). PcpA expression augmented the adherence of E coli significantly to both D562 (Fig
2 b; p= 0.002) and A549 (Fig 2 c; p= 0.015) cells. Using the E coli expressing PcpA on the
surface demonstrates the increase in adherence is directly attributable to the surface
expressed protein.

3.3. Anti-pneumococcal human IgG blocks pneumococcal adherence by inducing
aggregation of bacterial cells

We used purified IgG from human sera for inhibition of pneumococcal adherence to D562
and A549 cells. However at various concentrations (0.5-10μg), IgG treatment caused
bacterial cell aggregation as demonstrated by the flow cytometry histograms (Fig 3). Of
note, these aggregates were present even in the presence of the lowest concentration of IgG
tested (Fig 3). The presence of bacterial aggregates was confirmed with confocal
microscopy (data not shown). Using the same pool of IgG, we prepared IgG Fab fragments
and found that Fab preparations did not result in pneumococcal aggregation at
concentrations of 0.5-10.0 μg/ml (Fig 3). Negative controls containing only papain or PBS
(without IgG Fab) did not show inhibition in the adherence assay (data not shown). The
mean fluorescence index (MFI) of IgG treated (1 μg IgG) pneumococcal aggregates (MFI:
19,257) was significantly higher than Fab treated (1 μg Fab) pneumococci (MFI: 6827)
(p<0.05). The significant difference in MFI was demonstrable at all IgG and Fab conc.
tested ranging from 05.-10 μg (Fig 3). There was no difference in MFI between Fab treated
and control (Pneumococci+PBS) pneumococci (data not shown). As a result of IgG induced
bacterial aggregation, pneumococcal adherence on NP cells was dropped non-specifically.
Therefore, in order to understand the role of antigen specific antibodies in preventing
pneumococcal adherence, we ascertained the use of Fab fragments to be a prerequisite.
Adult pooled sera that had high and equivalent serum IgG titers (end point, 25620) for PcpA
and CbpA were selected for the purification of IgG, preparation of Fabs and subsequently
for the Fab depletion assays.

3.4. PcpA elicits functional antibodies in adults as demonstrated by an antigen specific
Fab depletion assay

In order to understand the role of antigen-specific antibody in blocking pneumococcal
adherence, we developed a competitive inhibition assay whereby we selectively depleted
antigen-specific antibodies from a total human Fab preparation. To demonstrate that Fab
fragments bind to pneumococci and the drop in pneumococcal adherence to NP cells is a
result of blocking adhesins on pneumococcal surface, we incubated pneumococci with
human Fab preparations in a dose dependent manner (0.5-5 μg) and found that at 1 μg of
Fab, there was a maximum drop of 79% in pneumococcal adherence on NP cells (Fig 4,
p<0.0001). Increasing the Fab concentration did not impact pneumococcal adherence
further. Therefore, 1 μg Fab was used subsequently for the assays. To rule out the possibility
of human Fab-mediated indirect inhibition of pneumococcal adherence by blocking
epithelial cells receptors, we incubated epithelial cells with 1 μg Fab and did not find any
difference in pneumococcal adherence (data not shown). To assess the contribution of anti-
PcpA IgG in blocking pneumococcal adherence to human epithelial cells, antigen specific
(PcpA, CbpA ) Fab fragments were depleted from the total Fab preparation by incubation
with respective individual proteins. Depletion of antigen-specific Fab fragments from total
Fab preparation was confirmed by ELISA. We also determined that the incubation of Fab
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with pneumococci did not affect the viability of the bacteria. We used CbpA depleted Fab as
a positive control in our study. Depleting PcpA-specific IgG Fab resulted in a significant
increase in pneumococcal adherence to D562 cells (p=0.026), implying a contribution of
anti PcpA Fab in preventing pneumococcal adherence. Similarly, the removal of CbpA-
specific IgG Fab resulted in a significant increase in TIGR4 adherence to D562 cells
(p=0.015, Figure 4a). In a similar way, we treated the PcpA TIGR4 isogenic mutant with the
Fab pool and found that 1 μg of Fab reduced the adherence of mutant TIGR4 to D562 cells
to 16.6 % (p=0.006). Unlike wild type TIGR4, the depletion of PcpA did not result in an
increase in the bacterial adherence (p=0.40). As a control anti- CbpA antibodies were also
depleted and this resulted in a marginal but not significant increase in adherence (p=0.067,
Fig 4b)”. Increased adherence after depletion of anti-CbpA antibodies was not of the same
magnitude as with wild type TIGR4. In order to further ascertain whether the increase in
adherence of PcpA expressed on E coli was a result of surface expressed PcpA, E coli were
also treated with 1 ug of Fabs as explained above for TIGR4 pneumococci. Treatment of
Fabs marginally dropped the adherence of E coli expressing PcpA (p=0.1), however there
was no effect on the adherence of PcpA unexpressed E coli after Fab treatment (p=, 0.97,
Fig 4 c). It is noteworthy that treatment of PcpA expressed on E coli with Fabs did not result
in complete reversal of adherence to D562 cells which potentially indicates that the Fab pool
did not have enough antigen specific Fab to neutralize all the PcpA on the E coli surface.

To rule out the possibility that soluble remnants of proteins might have persisted in the
reaction mixture (Fab+proteins) and thereby may have modulated the adherence by direct
binding to bacterial receptors on the human epithelial cells we conducted experiments using
varying concentrations of proteins (PcpA and CbpA) incubated with D562 cells in the
absence of Fab fragments. PcpA and CbpA concentrations of 100 ng were enough to deplete
all antigen specific Fab fragments from the total Fab preparation. At the protein
concentration used in the adherence assays (100 ng), PcpA or CbpA did not directly inhibit
pneumococcal adherence. However at 5-fold higher concentrations of PcpA and CbpA, a
significant inhibition in pneumococcal adherence to D562 cells was observed (p=0.011)
(Fig. 5).

4. Discussion
This study provides the first direct evidence demonstrating PcpA-mediated adherence of
pneumococci to human NP as well as lung epithelial cells. Although the activation of CodY
(a nutritional gene regulator that controls the expression of PcpA) has been reported to be
required for pneumococcal adherence to D562 cells [23], that study did not provide direct
evidence that PcpA is an adhesin to D562 cells. The role of PcpA in pneumococcal
adherence was confirmed by constructing a PcpA mutant as well as by an alternate method
where PcpA was expressed ectopically on a non-adherent E coli strain. We observed that the
PcpA mutant had significantly reduced adherence to D562 and A549 epithelial cell lines.
Moreover, ectopic expression of PcpA on the heterologous bacterial strain of E. coli
facilitated adherence to D562 and A549 epithelial cells. The later approach was used rather
than complementing mutants to reduce the potential interference of other factors on the
surface of pneumococci. The findings of our experiments clearly indicate that PcpA is able
to facilitate pneumococcal adherence to human NP and lung epithelial cells. We also
demonstrate that IgG purified sera of adults (having high anti pneumococcal IgG titers)
reduces adherence of pneumococci to human D562 NP epithelial cells in vitro but the
inhibition was largely due to bacterial cell aggregation. Therefore by using Fab fragments
instead of IgG, we eliminated antibody-mediated aggregation and thereby directly
demonstrated that pneumococcal adherence to D562 human NP epithelial cells can be
significantly reduced using PcpA-specific antibody derived from human serum. Since, there
may not be enough antigens specific IgG as a result of colonization, vaccination may lead to
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the generation of high affinity quantitatively enough antigen specific antibodies to prevent
the pneumococcal colonization.

NP colonization is essential for pneumococci to cause systemic (sepsis and meningitis) or
local (pneumonia, otitis media and sinusitis) diseases. Prior studies have established several
adhesin proteins of pneumococci that facilitate adherence to a broad range of human
epithelial cells (D562, A549 and Hep-2) including a lipoprotein (PsaA) [7], choline binding
protein A (CbpA) [24], and proteins with LPxTG motifs [3]. Most of those studies used the
same cell lines as used in our study. However, our study is significantly different in terms of
the design of an adherence assay and the use of Fab fragments instead of IgG to evaluate the
role of antigen specific antibody in the pneumococcal adherence process. Human antibodies
to PsaA and CbpA have also been previously shown to block pneumococcal adherence in
vitro to NP cells [11, 15]. However the usage of IgG in those studies may not have precisely
defined the functional role of antigen specific antibody in pneumococcal adherence blocking
because it is likely that the reduction in adherence observed was due to bacterial aggregation
as shown in our study.

Our observation that exposure of pneumococci to whole serum or purified IgG resulted in
bacterial cell aggregation is consistent with an earlier report of pneumococcal aggregation
caused by anti-polysaccharide IgM [25]. Schlievert et al [26] recently showed anti-
polysaccharide IgG mediated aggregation of Enterococcus faecalis in a rabbit model of
endocarditis but aggregation did not have a therapeutic impact. However, Fab fragments
prepared from IgG were more efficient at reducing adherence of the bacteria to host cells
and did provide a therapeutic benefit. Antibody-mediated bacterial aggregation could be a
naturally occurring defense mechanism for bacteria to evade the innate immunity during NP
colonization. Here we propose that the role of a protein as an adhesin can best be established
by study of specific antigen-antibody interactions that demonstrate specific blocking of the
adhesin/receptor cell interaction [27]. Earlier reports demonstrating serum or IgG mediated
inhibition of pneumococcal adherence to host cells lack information on whether the
inhibition was caused by aggregation of the pneumococci versus a specific blocking of a
putative adhesin protein on the bacterial surface [10, 11, 13, 28, 29].

Flow cytometry based analysis is being increasingly adapted as a new method for the study
of host-microbe interactions, including its application to bacterial adherence assays [30-34].
This method has the advantage of evaluation of multiple samples to provide better
quantitation with more precision than conventional methods such as colony forming unit
counts and/or fluorescence microscopy detection [6]. D562 and A549 cells were chosen as a
model to study pneumococcal adherence since these cell lines have been used extensively in
the past to study host-pneumococcal interactions [4, 5].

Johnston et al (2006) have reported in the past that the expression of PcpA in the NP is
suppressed due to high Mn++ (50 μM) concentrations in nasal secretions [14]. The
expression of PcpA is driven by PsaR, a metal dependent regulator that negatively affects
the expression of various surface proteins including PcpA in the presence of high Mn++
environment [16]. However, McDevitt et al (2011) have recently demonstrated that Mn++
conc. was rather low (<1μM) in the nasopharynx of mice and there is a complex interplay
between Mn++ and Zn++ and an utmost necessity of these metals for the growth and
virulence of pneumococci [35]. The regulation of PsaA metal transport system also needs
Mn++ and help in the growth and virulence of pneumococci. One prior study using one
strain of pneumococci showed no effect of PcpA on pneumococcal carriage (16). We are
pursuing further studies with additional strains of pneumococci and mice to understand the
role of PcpA in pneumococcal carriage more accurately. In young children, neither the
concentration of Mn++ in nasopharyngeal secretions nor the expression of PcpA in the
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nasopharynx has been reported. We have recently found that children with viral upper
respiratory infections express PcpA in the NP (Kaur et al, manuscript in preparation).
Furthermore, our previous clinical studies discovered that young children[9] and adults (data
not shown) develop high levels of serum antibody to PcpA in response to NP colonization
by pneumococci. Therefore, the expression of PcpA might take place in human
nasopharynx. The concentration of manganese may vary in children and adults as a
consequence of a viral upper respiratory infection (since there is a copious production of
mucus and water in the NP during a viral cold thereby potentially diluting the manganese
concentration) and may allow the expression of PcpA to take place. Our findings support the
notion that PcpA antibodies could protect against NP colonization and lung infection by the
generation of serum anti PcpA antibodies that would transudate from serum to the NP and
lung. Such antibodies could function to block the adherence of pneumococci to NP epithelial
cells if transudation of antibody to the NP occurred in sufficient quantity. An induced
mucosal antibody response might also play a pivotal role in containing pneumococcal
colonization.
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Fig 1. Surface expression analysis of PcpA and pneumococcal adherence
A: Equal bacterial counts (2×107) were taken, washed twice and incubated with PcpA
specific monoclonal antibodies in the dilution of 1:1000 for 1 h at 40C. 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. Histogram shows the surface expression of PcpA
wild type TIGR4 and lack of expression on TIGR4 PcpA mutant.
B: PcpA expression analysis by western blotting. After bacteria were cultured until mid-log
phase, total cellular protein samples were prepared and separated by SDS-PAGE, transferred
to nitrocellulose, and probed with anti-PcpA monoclonal antibody. Lane 1: marker, lane 2:
pcpA mutant and lane 3: Wild type TIGR4.
C: D562 cell line was infected with 200 MOI of wild type TIGR4 pneumococci and PcpA
isogenic mutant. *** represents the difference in adherence of TIGR4 pneumococci with
PcpA isogenic mutant as highly significant (p=0.002). The adherence of wild type
pneumococci on D562 cells was normalized to 100% and reduction in the adherence of
mutant is the representation of % reduction in adherence as compared to wild type
adherence. The data represents the mean with Standard error (SEM) of three experiments in
triplicates.
(D): Adherence of TIGR4 wild type and PcpA isogenic mutants on A549 cell line. ***
represents the difference in adherence of TIGR4 pneumococci with PcpA isogenic mutant as
highly significant (p=0.002). The adherence of wild type pneumococci on A549 cells was
normalized to 100% and reduction in the adherence of mutant is the representation of %
reduction in adherence as compared to wild type adherence. The data represents the mean
with Standard error (SEM) of three experiments in triplicates.
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Fig 2. Surface expression analysis of PcpA on E coli and adherence
A: Equal bacterial counts (PcpA expressed and non expressed E coli) (2×107) were taken,
washed twice and incubated with PcpA specific monoclonal antibodies in the dilution of
1:1000 for 1 h at 40C. 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. Histogram
shows the surface expression of PcpA on IPTG induced E coli and lack of expression on
uninduced E coli harboring recombinant plasmid.
B: D562 cell line was infected with 200 MOI of PcpA expressed and non expressed E coli
represents the difference in adherence of adherence between the PcpA expressed and non
expressed E coli strains (p=0.002). *** represents the difference in adherence of PcpA
surface expressed E coli and PcpA unexpressed E coli. The adherence of surface PcpA
expressed E coli on D562 cells was normalized to 100% and reduction in the adherence of
PcpA unexpressed E coli is the representation of % reduction in adherence as compared to
PcpA expressing E coli. The data represents the mean with Standard error (SEM) of three
experiments in triplicates.
C: A549 cell line was infected with 200 MOI of PcpA expressed and nonexpressed E coli *
represents the difference in adherence of adherence between the PcpA expressed and non
expressed E coli strains (p=0.015).* represents the difference in adherence of PcpA surface
expressed E coli and PcpA unexpressed E coli. The adherence of surface PcpA expressed E
coli on A549 cells was normalized to 100% and reduction in the adherence of PcpA
unexpressed E coli is the representation of % reduction in adherence as compared to PcpA
expressing E coli. The data represents the mean with Standard error (SEM) of three
experiments in triplicates.
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Figure 3. Aggregation of labeled pneumococci in the presence of purified human IgG and Fab
fragments
Pneumococci were incubated with varying concentrations (0.5-10 μg) of IgG and Fab
fragments for 30 minutes at 37°C. 10,000 events were run for each sample, yielding three
main populations of pneumococcal bacterial cells. Forward scatter of histograms: IgG
treatment (upper panel, open histograms) caused bacterial aggregation at different
concentrations whereas Fab treatment (lower panel, open histograms) did not. Solid (filled)
histograms show negative control where pneumococci were treated with PBS only. Mean
fluorescence index (MFI) of IgG and Fab treated pneumococci was compared using Non
parametric Mann Whitney test (p<0.05). The mean fluorescence index (MFI) of IgG treated
(1 μg IgG) pneumococcal aggregates (MFI: 19,257) was significantly higher than Fab
treated (1 μg Fab) pneumococci (MFI: 6827) (p<0.05).
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Figure 4. Adherence inhibition with Fab anti-PcpA depleted fragments
A: PcpA and CbpA specific Fab fragments were depleted from the total IgG Fab samples by
incubating with 100ng of recombinant PcpA or CbpA. The data was first analysed by one
way ANNOVA due to multiple comparisons and was found to be significant (p=0.024).
Individual comparisons were made by non parametric Mann Whitney test. The depletion of
PcpA and CbpA specific IgG Fab resulted in a significant increase in the pneumococcal
adherence (p = 0.026, 0.015) on D562 cells. The adherence of wild type pneumococci on
D562 cells was normalized to 100% and the decrease or increase in the adherence as a result
of Fab treatment or the depletion of antigen specific Fab was normalized accordingly. The
data represents the mean with Standard error (SEM) of three experiments in triplicates.
B: The PcpA isogenic mutant was treated with total and PcpA, CbpA depleted Fab
fragments. The data were analysed as explained above. The depletion of PcpA specific Fab
did not affect adherence (p=0.40); however, CbpA depleted Fabs resulted in an increase in
adherence of PcpA mutant pneumococci to D562 Cells.
C: E coli expressing PcpA or control E coli (PcpA unexpressed) were treated with Fab
fragments as described above and subsequently incubated with D562 cells in the MOI of
1:200. The adherence of E coli expressing PcpA decreased marginally (p=0.1) while the
adherence E coli that did not express PcpA remained unchanged after Fab treatment
(p=0.97).
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Figure 5.
Effect of recombinant PcpA on pneumococcal adherence blocking: Pneumococcal
adherence was observed in the presence of pneumococcal proteins (PcpA, CbpA). At the
concentration used in the adherence assays (100 ng), proteins alone did not inhibit
adherence. Incubation of the D562 cells with a higher concentration (500 ng) of PcpA or
CbpA did inhibit pneumococcal adherence significantly (p<0.05).
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