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Pneumococcal adherence to mucosal surfaces is a critical step in nasopharyngeal colonization, but so far few pneumococcal ad-
hesins involved in the interaction with host cells have been identified. PhtA, PhtB, PhtD, and PhtE are conserved pneumococcal
surface proteins that have proven promising as vaccine candidates. One suggested virulence function of Pht proteins is to medi-
ate adherence at the respiratory mucosa. In this study, we assessed the role of Pht proteins in pneumococcal binding to respira-
tory epithelial cells. Pneumococci were incubated with human nasopharyngeal epithelial cells (Detroit-562) and lung epithelial
cells (A549 and NCI-H292), and the proportion of bound bacteria was measured by plating viable counts. Strains R36A (unen-
capsulated), D39 (serotype 2), 43 (serotype 3), 4-CDC (serotype 4), and 2737 (serotype 19F) with one or more of the four homolo-
gous Pht proteins deleted were compared with their wild-type counterparts. Also, the effect of anti-PhtD antibodies on the ad-
herence of strain 2737 to the respiratory epithelial cells was studied. Our results suggest that Pht proteins play a role in
pneumococcal adhesion to the respiratory epithelium. We also found that antibody to PhtD is able to inhibit bacterial attach-
ment to the cells, suggesting that antibodies against PhtD present at mucosal surfaces might protect from pneumococcal attach-
ment and subsequent colonization. However, the relative significance of Pht proteins to the ability of pneumococci to bind in
vitro to epithelial cells depends on the genetic background and the capsular serotype of the strain.

Pneumococcus is @ human pathogen that colonizes the naso-
pharynx, usually without causing symptoms, but may spread
from the nasal location and cause mild mucosal infections (acute
otitis media and sinusitis) or severe, invasive infections (pneumo-
nia, meningitis, and septicemia). Mucosal surfaces of the human
upper respiratory tract are the primary site of a pneumococcal
infection. The initial step in pneumococcal colonization is the
attachment of the bacteria to the mucosal surfaces in the naso-
pharynx. Aspiration of colonized bacteria may lead to pneu-
mococcal adherence to the lower airway epithelium and bron-
chopulmonary infections. The progression from asymptomatic
colonization to disease is largely dependent not only on host fac-
tors but also on factors characteristic of specific pneumococcal
strains. Pneumococci possess several surface proteins that are im-
portant in its pathogenesis at the airway epithelia (1-7).

Pneumococcal histidine triad proteins PhtA, PhtB, PhtD, and
PhtE form a group of conserved surface proteins characterized by
histidine triad motifs (8). They share extensive sequence similar-
ity, with PhtB and PhtD having the highest sequence homology
(87%) (8, 9). Pht proteins have been shown to be strongly immu-
nogenic and to induce protective humoral immunity in the host,
therefore establishing Pht proteins as strong vaccine candidates.
Immunization of mice with Pht proteins has been shown to in-
duce protection against nasopharyngeal colonization (10, 11),
sepsis, and pneumonia (8, 10, 12, 13). Of all the Pht proteins,
immunization with PhtD is likely to elicit the broadest protection
against pneumococcal infections as PhtD is present among all
pneumococcal strains (8, 9). Immunization of rhesus macaques
with a protein-based vaccine containing PhtD was shown to pro-
tect the animals from pneumococcal pneumonia (14). PhtD has
also been included in phase I pneumococcal protein vaccine clin-
ical studies rendering promising outcomes (15, 16).

Homologs of pht genes have been identified in the human
pathogens Streptococcus pyogenes (17, 18) and Streptococcus aga-
lactiae (19), but also among commensal streptococcal species and
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in some nonstreptococcal species (20). In S. pyogenes, this type of
protein has been identified as an adhesin binding to extracellular
matrix protein type I collagen (21). The expression of pht genes is
controlled individually; phtA, phtB, and phtE each possess their
own promoter, whereas phtD is under the control of an operon
(22). Binding sites for transcriptional repressor AdcR have been
found upstream of pht genes (22, 23). AdcR binding has been
shown to be induced under conditions of high Zn>", which results
in inhibition of transcription of pht genes under its dependence (9,
23). The concentrations of ions essential to pathogen survival are
carefully controlled at mucosal surfaces; the zinc concentration in
bronchoalveolar lavage fluid is 5- to 10-fold lower than that in the
human plasma (24, 25). In Streptococcus pyogenes, S. agalactiae,
and Streptococcus equi, candidate AdcR sites were found upstream
of the orthologous Imb-phtD operon (22). Lmb is a laminin-bind-
ing protein that in S. agalactiae functions in attachment to laminin
and in this way contributes to bacterial colonization and translo-
cation of bacteria into the bloodstream (26). As pneumococcal
phtD is regulated as a member of Iimb-phtD operon, it was sug-
gested that the two cotranscribed genes might both be involved in
the adhesion and invasion process on mucosal surfaces, where the
zinc concentration is low (22).

The biological function of Pht proteins in pneumococcal viru-

Received 24 October 2013 Returned for modification 24 November 2013
Accepted 25 January 2014

Published ahead of print 3 February 2014
Editor: A. Camilli
Address correspondence to Merit Melin, merit. melin@thl fi.

* Present address: Kirsi Sepponen, Department of Obstetrics and Gynecology,
University of Helsinki and Helsinki University Central Hospital, Helsinki, Finland.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/IA1.00699-13

jai.asm.org 1683


http://dx.doi.org/10.1128/IAI.00699-13
http://iai.asm.org

Kallio et al.

TABLE 1 Pneumococcal strains used in this study

Serotype Strain Description” Reference

Rough R36A Wild-type, unencapsulated derivative of D39 55
R36A PhtA"B "D E~ R36A derivative with phtA, phtB, phtD, and phtE deletions 27

2 D39 Wild type 55
D39 PhtB™ D39 derivative with phtB deleted; Sp* This study
D39 PhtD™ D39 derivative with phtD deleted; Em" This study
D39 PhtB" D™ D39 derivative with phtB and phtD deleted; Sp* Em" This study
D39PhtA"B "D E~ D39 derivative with phtA, phtB, phtD, and phtE deletions; Sp" Em"® 27
D39 PspC™ TRE108, D39 derivative with pspC deletion; Em" 56

3 3-43 Wild-type clinical isolate, naturally lacks phtA 27
3-43 Pht(A)B "D E~ 3-43 derivative with phtB, phtD, and phtE deletions 27

4 4-CDC Wild-type clinical isolate from blood 57
4-CDC PhtB™ 4-CDC derivative with phtB deleted; Sp" This study
4-CDC PhtD ™ 4-CDC derivative with phtD deleted; Em" This study
4-CDC PhtB" D™ 4-CDC derivative with phtB and phtD deleted; Sp* Em" This study
4-CDCPhtA"B"D E~ 4-CDC derivative with phtA, phtB, phtD, and phtE deletions; Sp* Em" 27

19F 2737 Wild-type clinical isolate, naturally lacks phtA 27
2737 PhtB™ 2737 derivative with phtB deleted; Sp* This study
2737 PhtD™ 2737 derivative with phtD deleted; Em" This study
2737 PhtB" D™ 2737 derivative with phtB and phtD deleted; Sp* Em" This study
2737 Pht(A)B "D E~ 2737 derivative with phtB, phtD, and phtE deletions; Sp* Em"* 27

“ Em?, erythromycin resistant; Sp", spectinomycin resistant.

lence is still poorly understood, but roles in metal scavenging (9),
complement inhibition (27, 28), and in adherence to respiratory
epithelium (29) have been suggested. Our aim in this study was to
further assess the possible role of Pht proteins in pneumococcal
colonization by comparing the ability of wild-type and mutant
pneumococcal strains lacking one or more of the Pht proteins to
bind to respiratory epithelial cell lines and also to assess the pos-
sible inhibitory function of Pht antibodies in the adherence.

MATERIALS AND METHODS

Bacterial strains. The pneumococcal strains used in this study are listed in
Table 1. The adhesion properties of the wild-type strains were compared
with those of the corresponding knockout mutants lacking one or more of
the Pht proteins. These mutants were prepared by GlaxoSmithKline Bio-
logicals (GSK) as previously described (27). Pneumococcal surface pro-
tein C (PspC) has been shown to contribute to nasopharyngeal coloniza-
tion and pneumonia (30-32) and to promote adhesion to and
translocation across epithelial layers (7, 33-37). We used a PspC-deficient
mutant, D39, kindly provided by David Briles, as a control in the adhesion
analyses.

Eukaryotic cell lines. The role of Pht proteins in pneumococcal adhe-
sion to epithelial cells was studied with three different cell lines. The epi-
thelial cells used were nasopharyngeal human carcinoma cell line Detroit
562 (ATCC CCL-138; American Type Culture Collection), human lung
epithelial cell line A549 (ATCC CCL-185), and human lung mucoepider-
moid carcinoma cell line NCI-H292 (ATCC CRL-1848).

Antibodies. The immune sera and monoclonal antibodies (MAbs)
that were used in the adhesion assay were provided by GSK. The poly-
clonal immune sera were obtained by immunizing rabbits with PhtD
(anti-PhtD concentration in the serum, 9,641 pg/ml) or PspC from strain
4-CDC (anti-PspC concentration, 1,357 wg/ml). The sera used in the
adhesion assay were heat inactivated by incubation at +56°C for 30 min,
after which the inactivated sera were divided into small aliquots and
stored at —20°C until used. The polyclonal PhtD antiserum is cross-reac-
tive with all Pht proteins. When the role of serum anti-PhtD antibodies in
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the inhibition of bacterial binding was assessed, anti-PspC serum, baby
rabbit complement without antibodies, and antibody-depleted human
serum (Valley Biomedical) were used as controls. In addition to the poly-
clonal immune sera, the effect of two monoclonal anti-PhtD antibodies
(MAbs) on bacterial binding was assessed: MAb6 (2,539 wg/ml) and
MAD20 (3,199 pg/ml). The effect of monoclonal antibodies on bacterial
binding was compared to that in bacteria incubated in buffer.

Bacterial cultivation. Bacteria were cultured on tryptone soy agar
supplemented with 5% sheep blood (TSAB) plates or on Todd-Hewitt
broth supplemented with 0.5% yeast extract (THYE; pH 7.6 to 7.8) agar
plates or liquid culture at +37°C in an atmosphere with 5% CO, over-
night. To test the antibody-mediated inhibition of bacterial adherence,
the serotype 19F wild-type strain 2737 (hereafter, 19F-2737) was cultured
in THYE supplemented with 0.25 wM TPEN [N,N,N’,N’-tetrakis(2-pyri-
dylmethyl)ethylenediamine; Sigma-Aldrich], a zinc chelator, to enhance
the expression of Pht proteins. Addition of this zinc chelator to the culture
medium has been shown to result in increased expression of the Pht pro-
teins (9). Pneumococcal colonies were inoculated into THYE broth, and
cultures were grown statically to the early logarithmic growth phase (tur-
bidity of 25 to 30 Klett units). Strain D39 PspC™ was grown in the pres-
ence of 0.3 pwg/ml erythromycin. The bacterial cultures were then diluted
1:1 with fresh THYE medium containing glycerol (Sigma-Aldrich) at a
final concentration of 15%. The cultures were divided into small aliquots
and stored at —70°C. The concentration of the frozen bacterial stocks, as
well as the proportion of bacteria binding to epithelial cells, was deter-
mined by plating viable counts. THYE plates containing antibiotics were
used for selective culture of PhtB™ (250 g/ml of spectinomycin), PhtD ™,
and PhtB~ PhtD™ (hereafter, PhtB"D ™) (0.2 pg/ml of erythromycin)
mutant strains in the competitive adhesion assay.

Cultivation of human respiratory epithelial cell lines. Detroit 562
cells were cultured in Eagle’s minimal essential medium (EMEM; ATCC-
30-2003) supplemented with 10% heat-inactivated fetal bovine serum
(FBS; Gibco). A549 cells were cultured in Kaighn’s modification of Ham’s
F-12 medium (F-12K; ATCC-30-2004) with 10% FBS and NCI-H292 cells
in RPMI 1640 medium (ATCC-30-2001) with 10% FBS. All cell lines were
cultured without antibiotics, in a concentration of 3 X 10° cells per ml
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at +37°Cin 5% CO,. Cells attached to the bottom of culture flasks were
detached with 0.25% trypsin—-1 mM EDTA (Gibco). For the adhesion
assay, cells were seeded on 24-well or 48-well plates (Nunclon Surface) in
a concentration of 3 X 10> cells per ml and cultured for 2 days until the
cells formed a confluent monolayer, the estimated final cell concentration
being 5 X 10° cells per ml.

Adhesion assays. (i) Bacterial adhesion assay. Bacterial suspensions
were inoculated on the respiratory epithelial cells on three parallel wells in
a concentration of 5 X 10° CFU per ml per well on a 24-well plate (for
comparison of wild-type and quadruple Pht mutants) or in a concentra-
tion of 5 X 10° CFU per ml in a volume of 500 .l per well on a 48-well
plate (for comparison of wild-type and single, double, and quadruple
mutant strains). To sediment the bacteria into closer contact with the
epithelial cells, the plates were centrifuged at 1,300 X ¢ for 5 min (as
previously described by Gould and Weiser [38]), after which the cells were
incubated with the bacteria for 1 h (for comparison of wild-type and
quadruple Pht mutants) or 1 h 20 min (for comparison of wild-type and
single mutant strains) at +37°C in 5% CO,. The number of bacteria
inoculated on the wells was verified by plating serial dilutions on duplicate
plates and counting the number of CFU. After the 1-h or 1-h 20-min
incubation period, unattached bacteria were removed by washing the cells
with Hanks’ balanced salt solution with CaCl, and MgCl, (HBSS+ +;
Gibco). Attached bacteria and epithelial cells were detached from the wells
with trypsin-EDTA. The number of bound bacteria was determined by
plating viable counts. The number of CFU of bacteria bound to cells was
compared to the CFU of bacteria in the inoculum. Each strain was ana-
lyzed in triplicate wells, and the analysis was repeated five times.

(ii) Competitive bacterial adhesion assay. In the competitive adhe-
sion assay, bacterial suspensions were inoculated on the cells on a 24-well
plate in a concentration of 5 X 10° CFU/ml of the wild-type strain and an
equal concentration of the PhtB™, PhtD ™, or PhtB” D™ mutant counter-
part per well. The plates were centrifuged at 1,300 X g for 5 min. After an
incubation period of 1 h 20 min, unbound bacteria were removed, and the
number of adherent bacteria was determined by plating serial dilutions of
the detached bacterial suspensions on THYE agar plates (for culture of
wild-type and mutant strains) or THYE agar plates containing spectino-
mycin (for culture of PhtB™ mutants) or erythromycin (for culture of
PhtD™, PhtB" D™, or PhtB" D™ E™ mutants). Each strain was analyzed in
triplicate wells, and serial dilutions of the detached bacteria were made
from each well. Suspensions of the different dilutions were cultured on
duplicate agar plates. The analysis was repeated in five separate experi-
ments.

Antibody-mediated inhibition of bacterial adherence. Pneumococ-
cal wild-type strain 2737 was preopsonized with monoclonal anti-PhtD
antibodies or with different polyclonal rabbit sera for 25 min at room
temperature. The effect of rabbit immune sera on the inhibition of bacte-
rial binding was compared to that in bacteria incubated with a nonim-
mune rabbit serum and a nonimmune human serum in order to control
possible unspecific effects serum proteins might have on bacterial adhe-
sion. PhtD MAb6 and PhtD MADb20 were used at 1:20 and 1:50 dilutions.
The polyclonal anti-PhtD serum and anti-PspC serum, as well as the baby
rabbit complement serum (nonimmune rabbit serum) and antibody-de-
pleted human serum (nonimmune human serum), were diluted 1:10 and
1:20. After the preopsonization, bacterial suspensions were inoculated on
Detroit 562 and A549 cells in a concentration of 5 X 10° CFU per ml in a
volume of 150 .l per well on a 48-well plate. The plates were centrifuged
at 1,300 X g for 5 min and incubated for 1 h 20 min at +37°C in 5% CO,.
After the incubation period, unattached bacteria were removed by wash-
ing with HBSS+ +, and the attached bacteria were detached with trypsin-
EDTA. The number of bacteria inoculated on the wells and the number of
bound bacteria were verified by plating serial dilutions and counting the
number of CFU on THYE plates. The analysis was repeated 5 times with
both cell lines in three parallel wells in each analysis. The binding of bac-
teria in samples treated with monoclonal antibodies was compared to that
of bacteria incubated with HBSS+ +. The binding of bacteria in samples
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treated with anti-PhtC or anti-PhtD sera was compared with that of bac-
terial samples incubated with heat-inactivated baby rabbit complement
(rabbit serum).

Statistical methods. The number of bacteria bound to the cells was
compared to the number of bacteria inoculated (CFU), reported as bind-
ing percentages. The percentages higher than 100% adherence were due to
bacterial replication while in cell culture. The binding of the quadruple
Pht mutant pneumococcal strains was compared to the binding of the
corresponding wild-type strains, reported as relative binding percentages.
The results are expressed as the average of five different experiments with
standard deviations. Student’s two-tailed, paired ¢ test was applied in
comparisons of the binding of wild-type and mutant pneumococci and in
comparisons of bacteria opsonized with anti-PhtD antibodies and control
sera. In all analyses, P values of <0.05 were considered to indicate a sta-
tistically significant difference.

RESULTS

Adhesion of wild-type and quadruple Pht mutant strains to re-
spiratory epithelial cells. We first compared the ability of wild-
type pneumococcal strains and strains lacking all Pht proteins to
bind to respiratory epithelial cells. The encapsulated serotype 3
strain 43 had the lowest adherence capacity to the cells: 16% of the
bacteria inoculated on the wells were observed to bind to Detroit
562, 32% to A549, and 7% to NCI-H292. The binding of the un-
encapsulated R36A was substantial as higher bacterial numbers
were recovered from the cells compared to the bacterial numbers
inoculated (530%, 220%, and 150% binding on Detroit 562,
A549, and NCI-H292 cells, respectively). Lack of PspC signifi-
cantly reduced the binding of D39 to each of the three cell lines
(Fig. 1). We found that the relative adhesion of 19F-2737 was
significantly reduced to the lung epithelial cells (A549 and NCI-
H292) when all Pht proteins were absent. The relative binding of
the quadruple mutant 2737 strain to nasopharyngeal Detroit 562
cells was only 40% compared to its wild-type counterpart, but the
difference did not reach statistical significance. Lack of Pht pro-
teins appeared to have no effect on the adherence properties of the
unencapsulated strain and resulted in varied effects in the strains
representing capsular serotypes 2, 3, and 4. Binding of the serotype
3 strain 43 lacking all Pht proteins was significantly reduced in the
A549 cell line, and a trend of reduced binding was also seen with
the Detroit 562 cell line (40%). The ability of the quadruple mu-
tant D39 strain to bind to the NCI-H292 cell line, but not the other
two cell lines, was reduced (Fig. 1).

Adhesion of wild-type and single, double, and quadruple Pht
mutant strains to respiratory epithelial cells. To assess the rela-
tive role of single Pht proteins in pneumococcal adhesion to epi-
thelial cells, we tested the binding of D39, 4-CDC, and 2737 wild-
type and mutant strains to nasopharyngeal and lung epithelial
cells. Adhesion of the quadruple Pht mutant D39 strain to each of
the cell lines was slightly reduced, but the difference was statisti-
cally significant only for the A549 cell line (Fig. 2A). The binding
of the mutant 4-CDC strain that lacked both PhtB and PhtD was
significantly reduced compared to that of the wild-type strain in
the Detroit 562 cell line (Fig. 2B). Binding of the quadruple Pht
mutant 4-CDC was also reduced in the A549 cell line (Fig. 2B). In
this study setting, binding of the single, double, and quadruple Pht
mutant 2737 strains to all three cell lines was significantly reduced
(Fig. 2C).

Competitive adhesion of serotype 19F-2737 wild-type and
mutant strains to respiratory Detroit 562 cells. The binding abil-
ities of 2737 PhtB~, PhtD ™, PhtB" D, and PhtB”" D™ E™ mutants
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FIG 1 Binding of wild-type and mutant pneumococcal strains to the naso-
pharyngeal Detroit 562 cell line (A) and lung epithelial cell lines A549 (B) and
NCI-H292 (C). The relative binding percentage indicates the adhesion of the
mutant strain compared to the corresponding wild-type strain. Strains 3-43
and 19F-2737 naturally lack PhtA. The figures summarize five different exper-
iments. Significant differences (Student’s paired t test) are indicated with as-
terisks: ¥, P < 0.05; **, P < 0.01.

were compared with the wild-type strain also in a competitive
adhesion assay. When the wild-type and mutant 27327 strains
were inoculated on the Detroit 562 cellsin a 1:1 ratio (Fig. 3A), the
average binding of the mutant strains was significantly reduced
compared to that in the wild-type 2737 strain (Fig. 3B). The result
of the competitive adhesion experiment was in line with the re-
sults obtained by comparing the binding of the 2737 wild-type and
mutant strains separately (Fig. 2C).

Inhibition of binding of the 2737 strain to respiratory epithe-
lial cells. Preopsonization of the 2737 strain with monoclonal
anti-PhtD antibodies reduced the binding of the strain to naso-
pharyngeal epithelial cells (Detroit 562 cell line) compared to bac-
teria preopsonized with HBSS+ + only (Fig. 4A). Anti-PhtD poly-
clonal serum, when diluted 1:10, inhibited adhesion of 2737 to
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FIG 2 Binding of pneumococcal strains 2-D39 (A), 4-CDC (B) and 19F-2737
(C) lacking one or more Pht proteins to nasopharyngeal epithelial cells (De-
troit 562) or lung epithelial cells (A549 and NCI-H292). wt, wild type. The
panels summarize five different experiments. Significant differences (Stu-
dent’s paired t test) are indicated with asterisks: *, P < 0.05; **, P < 0.01; ***,
P < 0.001.

Detroit 562 cells compared to the level in bacteria preopsonized
with nonimmune rabbit serum (Fig. 4B). Compared to treatment
with nonimmune human serum, even the dilution 1:20 reduced
the binding of pneumococci to Detroit 562 cells (P < 0.05, Stu-
dent’s paired ¢ test). The monoclonal anti-PhtD antibodies also
reduced the binding of the 2737 strain to A549 lung epithelial cells
(Fig. 5A). Polyclonal anti-PhtD and -PspC sera diluted 1:10 re-
duced binding of the pneumococcal strain to the A549 cells com-
pared to treatment with nonimmune rabbit serum (Fig. 5B),
whereas also the dilution 1:20 reduced binding of pneumococci to
the cells, when treatment with anti-PhtD or -PspC sera was com-
pared to treatment with nonimmune human serum (P < 0.05).
With either cell line, we observed no significant differences be-
tween bacteria treated with heat-inactivated rabbit sera or human
sera or between bacteria treated with HBSS+ + buffer or with the
nonimmune sera.
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FIG 3 Competitive adhesion of pneumococcal wild-type (wt) and Pht™ mu-
tant 19F-2737 strains to Detroit 562 cells. The proportion of the Pht mutant
bacteria compared to the wild-type strain was 50% in the inoculum (A), but
the proportion of Pht mutant bacteria bound to the Detroit 562 cells was less
than 20% (B). Each analysis was repeated in five separate experiments, and the
panels summarize all five experiments. The difference in the proportions of the
binding of the mutant and wild-type bacteria was statistically significant for
each mutant (P < 0.001, Student’s paired ¢ test).

DISCUSSION

Pneumococcal pathogenesis is a complex process in which the
initial step is the attachment of the bacteria to the mucosal cell
surface in the nasopharynx. Few pneumococcal surface proteins
have been shown to play direct roles as adhesins, such as pneumo-
coccal surface adhesin A (PsaA) and PspC, which bind to E-cad-
herin and polymeric Ig receptor, respectively (1, 5, 7). Pneumo-
coccal pili and pneumococcal choline binding protein A (PcpA)
have been shown to mediate attachment to respiratory epithelial
cells, but their precise ligands are not known (2, 3, 6). Some pneu-
mococcal proteins have been suggested to indirectly affect the ad-
hesion process, such as pneumococcal neuraminidase A (NanA),
which by cleaving terminal sialic acids from the respiratory mu-
cosa might reveal receptors for bacterial adherence (4). One pre-
vious study has assessed the role of Pht proteins in bacterial ad-
herence to respiratory epithelial cells (29). Khan and Pichichero
studied the binding of wild-type and PhtD and PhtE mutant
TIGR4 strains to the Detroit 562 and A549 cell lines by flow
cytometry and found that the number of epithelial cells with
adherent pneumococci was reduced when either Pht protein
was missing. They were also able to show increased adherence of
Escherichia coli to the epithelial cells when PhtD and PhtE were
expressed on the bacterial surface. The results of our study sup-
port the previous report and indicate that Pht proteins affect the
ability of different pneumococcal strains to bind to respiratory
epithelial cells. These results, which suggest a role for Pht proteins
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anti-PspC-specific sera compared to rabbit antiserum (B) are indicated with
asterisks (P < 0.05, Student’s paired t test). The panels summarize five differ-
ent experiments.

in the mucosal infection stage, are in concordance with mouse
studies, where deletion of Pht proteins has been shown to attenu-
ate the virulence of the infecting strain in nasopharyngeal coloni-
zation and pneumonia (28, 39, 40).

However, the impact of Pht proteins on adhesion of pneumo-
cocci to respiratory epithelial cells is likely to depend on the back-
ground of the strain. It has been shown by capsule switching ex-
periments that the capsular serotype expressed by a pneumococcal
strain impacts the accessibility of its surface adhesins and thus
affects virulence within the respiratory tract (41). Even though at
the time of adhesion the capsule is partially shed and bacteria
attached to the epithelium tend to be less heavily encapsulated
than unattached pneumococci (42), the overall percentages of ad-
herence of the encapsulated wild-type pneumococcal strains were
moderate in the present study, as generally less than half of the
inoculated bacteria were found to bind to the pharyngeal and lung
epithelial cells. We found that binding of the wild-type as well as
Pht mutant serotype 3 strains to the cells was very low, which
could result from the thick capsule of this serotype covering the
surface-exposed adhesins and inhibiting the bacterium from get-
ting into contact with the cells. In contrast, the unencapsulated
R36A bound very strongly to the epithelial cells. In setting up the
bacterial binding assay, we tested different incubation periods
from 15 min to up to 4 h and found that bacterial binding to the
cells was increased the longer the bacteria were allowed to adhere
(data not shown). However, when the incubation period was 2 h
or longer, bacterial multiplication resulted in binding percentages
of >100% and less repeatable results. We also tested different
inoculum sizes and found that even though bacterial binding per-
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FIG 5 Binding of 19F-2737 to lung epithelial cells (A549) in the presence of
monoclonal antibodies or HBSS+ + buffer (A) and with immune or nonim-
mune sera (B). The significant differences in samples treated with monoclonal
antibodies compared to buffer (A) or with anti-PhtD- or anti-PspC-specific
sera compared to rabbit antiserum (B) are indicated with asterisks (P < 0.05,
Student’s paired ¢ test). The panels summarize five different experiments.

centages were slightly increased when the inoculum size was
larger, the differences between wild-type and mutant strains were
not affected. Since bacteria may multiply during the incubation
period, it is possible that the bacterial growth rate could affect the
observed bacterial binding. In setting up the adhesion assay, we
compared the number of bacteria recovered from the wells to the
number of bacteria found in the cell culture supernatant as well as
to the number of bacteria that were inoculated on the wells. We
did not detect any differences between the mutant pneumococcal
strains and the corresponding wild-type strains in bacterial
growth curves in liquid culture nor in multiplication rates in cell
culture supernatant during the adhesion experiment, which indi-
cates that the differences observed in bacterial binding in the ad-
hesion assay could not be explained by different bacterial growth
rates. S. pneumoniae isolates from pneumonia patients have been
shown to vary in their ability to bind to human lung epithelial cells
(A549) (43), and such strain-specific binding properties are also
likely to explain the differences we observed in binding of the
wild-type strains.

When we first compared the binding of mutants lacking all Pht
proteins to their wild-type parents, we found the greatest reduc-
tion in adhesion to the respiratory epithelial cell lines with the
19F-2737 strain, whereas with strain 4-CDC there seemed to be no
significant reduction. As we next assessed the binding of single,
double, and quadruple Pht mutant strains to the cell lines, the lack
of all four Pht proteins appeared to result in reduced binding of
the mutant in both the 19F-2737 background as well as the 4-CDC
background. We conclude that this difference is likely a result of a
slight change to the methodology. In the latter assay, the bacteria
were incubated with the cells for a longer period (1 h 20 min

1688 iai.asm.org

compared to 1 h in the former assay), and the unbound bacteria
were more stringently removed with an additional washing step.
In order to assess the impact of the methodological difference on
the results, the analyses with the Detroit 562 cells and 19F-2737
strains were done in parallel by removing the unbound bacteria by
a light wash and a more stringent wash. We observed that the
binding of the mutants was reduced compared to that of the wild
type either way, but the difference between the wild type and qua-
druple mutant was not statistically significant when the unbound
bacteria were removed only gently (data not shown). The intro-
duction of an additional washing step to the assay thus improved
the ability of the method to detect the differences between Pht
mutant and wild-type strains due to better removal of unspecifi-
cally bound bacteria.

Although we found that the ability of single and double (PhtB™
and PhtD ™) mutant D39 and 4-CDC strains to bind to each of the
three cell lines was affected to some degree, the greatest reduction
was seen with the mutants lacking all Pht proteins. This observa-
tion suggests a functional overlap of Pht proteins also noted in a
previous study (28). In contrast, even the deletion of a single Pht
protein (PhtB or PhtD) significantly reduced the binding of the
19F-2737 to the respiratory epithelial cell lines in our study, and
deletion of either PhtD or PhtE reduced binding of the TIGR4
strain in a previous report (29). The 2737 strain naturally lacks
PhtA, which may partly explain the importance of PhtB and PhtD
to the strain’s binding capacity. The variability of the results, seen
as wide standard deviation bars, was somewhat greater for the D39
and 4-CDC strains than for the 19F strain. The higher variability
reduces the chance of observing significant differences in binding
of the wild-type and mutant strains. Nevertheless, the relative im-
portance of Pht proteins for pneumococcal adhesion is likely to
depend on the presence of other surface proteins in the strain. A
D39 mutant lacking PhtA and PhtB or all Pht proteins was signif-
icantly attenuated compared with the wild-type D39 in a pneumo-
nia mouse model (28). In the TIGR4 background, deletion of even
a single Pht protein (PhtA, PhtB, or PhtD) reduced the virulence
of the strain in the lung infection of mice (39), which indicates that
the presence of all Pht proteins is crucial for the virulence of this
particular strain. In contrast, the lack of Pht proteins did not affect
the binding ability of the unencapsulated strain R36A. It is possi-
ble that other adhesins, which are not masked by a capsule in the
R36A strain, are able to compensate for the deletion of the Pht
proteins. This observation with the unencapsulated strain is sim-
ilar to the result reported in another study where PlcA, a pneumo-
coccal collagen-like protein, was shown to contribute to the bind-
ing and invasion of D39 but not its unecapsulated derivative, R6,
to Detroit 562 and A549 cells (44). The adhesion and invasion
properties of the PIcA mutant R6 strain were unaffected, possibly
due to compensating functions of other surface adhesins (44).

The expression and the role of Pht proteins in pneumococcal
virulence might also depend on the stage of infection. Transcrip-
tion of the pht genes in vivo is greatest for pneumococci residing in
the nasopharynx or lungs compared to blood (28), suggesting that
these proteins are important at the nasopharyngeal niche. Pneu-
mococcus undergoes phase variation, which involves not only the
thickness of the capsule (45, 46) but also the extent to which each
surface protein is expressed (37, 47, 48), which could affect the
ability of the bacterium to adhere to the epithelium. For example,
PsaA was shown to contribute to pneumococcal adherence to
Detroit 562 and A549 cells more in transparent or intermediate
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strains than in opaque strains (49, 50). We did not measure the
expression levels of other surface proteins in the wild-type and Pht
mutant strains in this study. However, we have previously shown
that the surface expression of PspA and PspC in the quadruple Pht
mutant strains was no different from that in the corresponding
wild-type strains (27), which indicates that the observed reduced
binding of the Pht mutant strains is unlikely to be explained by
reduced expression of other surface proteins. We also found that
although the lack of either PhtB or PhtD alone resulted in signif-
icantly reduced binding of the D39 strain to the A549 cell line, the
binding of the PhtB" D~ double mutant was not reduced. The
colony morphology of the D39 PhtB D~ strain did not differ
from that of the wild-type D39 strain or those of the other D39
mutants. However, there remains a possibility that the expression
of other surface proteins was enhanced in the D39 PhtB" D™ mu-
tant, which would compensate for the loss of PhtB and PhtD and
restore the mutant’s ability to bind to the epithelial cells.

In this study, we found that PhtD antibodies are able to inhibit
the binding of 19F-2737 to Detroit 562 and A549 cells. The 2737
strain was selected for the antibody inhibition assay, because the
deletion of Pht proteins had the greatest impact on the adhesion
capacity of this particular strain. Binding of the wild-type 2737
strain to epithelial cells was significantly reduced after preop-
sonization with either monoclonal anti-PhtD antibodies or poly-
clonal anti-PhtD rabbit sera. Khan and Pichichero recently re-
ported that pneumococci aggregated in the presence of human
serum IgG, resulting in a nonspecific drop in pneumococcal ad-
herence to Detroit 562 cells, which led them to use IgG Fab frag-
ments to study the functional role of PhtD- and PhtE-specific Fabs
in blocking pneumococcal adherence (29). Our adhesion method
is different from the one they used: we measured the binding of
bacteria to epithelial cell layers and counted the number of live
bacteria attached to the cells, whereas Khan and Pichichero mea-
sured the binding of fluorescently labeled bacteria to detached,
floating epithelial cells and measured the fluorescence of cells by
flow cytometry. It is possible that their methodology is more sus-
ceptible to aggregation, because they did not measure binding of
bacteria to a cell layer.

In order to enhance the expression of Pht proteins, we cultured
the bacteria in the presence of a zinc chelator, as access to zinc has
been suggested to be one of the factors that control the expression
of these proteins (8, 28). The pht genes are significantly upregu-
lated in vivo compared with RNA levels in vitro (28), and this
enhanced expression is likely to be important at mucosal surfaces,
where the concentration of zinc is low. However, we were unable
to detect a difference in binding of the strains cultured in the
presence or absence of zinc chelator (data not shown), suggesting
that zinc deprivation alone was not sufficient in this study setting
to trigger overexpression of the Pht proteins to a level that would
affect the in vitro adhesion properties of the pneumococcal strains.
It is possible, that in vivo the lack of Pht proteins would have a
more significant impact on the ability of the pneumococcal strains
analyzed in this study to bind to the respiratory epithelium. Im-
portantly, immunization with PhtD could lead to a very good
protection in vivo, although in this study we were able to show
only modest, albeit significant, inhibition of adherence to respira-
tory epithelial cells.

All of the Pht proteins have been shown to induce protective
immunity against different pneumococcal strains in various
mouse models of pneumococcal infection (8, 10-13). The ability
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of a vaccine to prevent nasopharyngeal carriage is an important
property, given that a reduction in carriage is likely to reduce
transmission of pneumococci and acquisition of pneumococcal
infection. Immunization with any single one of the four Pht pro-
teins was able to reduce the bacterial load in mice challenged with
nasopharyngeal colonization, PhtD and PhtE affording the great-
est reduction (10). Immunization of mice with other pneumococ-
cal surface proteins, including PsaA (51, 52), PspA (53), and PspC
(54), has also been shown to reduce nasopharyngeal colonization
of pneumococci. However, previous studies assessing these poten-
tial vaccine candidates have included only one or a few pneumo-
coccal challenge strains, typically the D39 strain. The protective
ability of antibodies to protein antigens may depend on charac-
teristics of the infective strain, as seen with mice immunized with
PhtA (13), PhtB, or PhtD (8); the mice were protected from lethal
sepsis against some but not all challenge strains. Of particular
interest, vaccination with PhtD was able to protect mice from
intranasal lethal challenge against different pneumococcal strains
(D39, 43, and 4-CDC), whereas immunization with PspA or PspC
only protected against the same strain, from which these antigens
originated, D39 (10).

In conclusion, our findings support the previous reports, sug-
gesting that Pht proteins play a role in pneumococcal adhesion to
the respiratory epithelium and subsequent nasopharyngeal colo-
nization (10, 29). However, pneumococcal adherence can be me-
diated by multiple adhesins. We found that the relative signifi-
cance of Pht proteins on the ability of pneumococci to bind to
epithelial cells depends on the genetic background and the capsu-
lar serotype of the strain. Other surface adhesins may compensate
for the lack of a single protein. Given that the significance of Pht
proteins to pneumococcal virulence may depend on the strain
background, it is important to assess the role of Pht proteins in
several strains with different genetic backgrounds, expressing dif-
ferent capsular serotypes. We also found that opsonization of a
serotype 19F strain with antibody to PhtD was able to inhibit
bacterial attachment to the mucosa. The anti-PhtD-mediated re-
duction of pneumococcal binding we observed suggests that anti-
bodies against this protein present at mucosal surfaces might pro-
tect at the respiratory epithelium by preventing pneumococcal
attachment and subsequent colonization. Further studies are re-
quired for broader assessment of the ability of antibodies to Pht
proteins to inhibit the binding of different pneumococcal strains
to respiratory epithelial cells.
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