INFECTION AND IMMUNITY, Jan. 1999, p. 187-192
0019-9567/99/$04.00+0

Vol. 67, No. 1

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Fimbria-Mediated Enhanced Attachment of Nontypeable
Haemophilus influenzae to Respiratory Syncytial
Virus-Infected Respiratory Epithelial Cells

ZILI JIANG,' NOBUO NAGATA,'{ EDGAR MOLINA,"t LAUREN O. BAKALETZ,*
HAL HAWKINS,? anp JANAK A. PATEL'*

Departments of Pediatrics' and Pathology,® University of Texas Medical Branch, Galveston, Texas, and Otological
Research Laboratories, Department of Otolaryngology, Ohio State University, Columbus, Ohio*

Received 19 August 1998/Returned for modification 17 September 1998/Accepted 8 October 1998

Respiratory syncytial virus (RSV) infection is known to predispose children to otitis media and sinusitis due
to bacteria such as nontypeable Haemophilus influenzae (NTHI). In this study, we investigated the role of NTHI
surface outer membrane protein P5-homologous fimbriae (P5-fimbriae) in attachment to RSV-exposed A549
epithelial cells. Analysis by fluorescence flow cytometry showed that a live P5-fimbriated NTHI strain
(NTHI*™*) attached to a higher proportion of RSV-exposed A549 cells than to control cells (mean, 68% for RSV
versus 29% for control; P = 0.008), while attachment of the P5-fimbriae-deficient isogenic mutant strain
(NTHI" ") was significantly lower than in control cells and rose only slightly following RSV exposure (mean,
17% for RSV versus 10% for control, P = 0.229). Attachment of NTHI"* did not correlate with the amount of
RSV antigen expressed by A549 cells. Furthermore, paraformaldehyde-fixed NTHI** also demonstrated an
enhanced binding to RSV-exposed cells. Observations by transmission electronic microscopy showed that the
mean number of bacteria attached per 100 RSV-exposed A549 cells was higher for NTHI** than NTHI*~ (99
versus 18; P < 0.001). No intracellular bacteria were identified. UV-irradiated conditioned supernatants
collected from RSV-infected A549 cultures (UV-cRSV) also enhanced the attachment of NTHI** to A549,
suggesting the presence of a preformed soluble mediator(s) in UV-cRSV that enhances the expression of
receptors for P5-fimbriae on A549 cells. In summary, RSV infection significantly enhances NTHI attachment
to respiratory epithelial cells. P5-fimbria is the critical appendage of NTHI that participates in this attach-
ment. In clinical settings, blocking of the P5-fimbria-mediated attachment of NTHI** by passive or active

immunity may reduce the morbidity due to NTHI during RSV infection.

Nontypeable Haemophilus influenzae (NTHI) is a gram-neg-
ative, unencapsulated bacterium that frequently colonizes the
nasopharyngeal mucosa of healthy children (14, 17). NTHI
also accounts for a large proportion of bacterial conjunctivitis,
otitis media, sinusitis, bronchitis, and pneumonia (22). Among
the respiratory viruses, respiratory syncytial virus (RSV) is the
most common virus associated with the development of otitis
media due to NTHI in children (5, 6, 15, 29). Similar associa-
tions have been described for sinusitis and pneumonia (18, 19,
32). Furthermore, we have previously demonstrated in exper-
imental animals that RSV infection enhances the nasopharyn-
geal colonization with NTHI (23).

Recent studies show that a surface fimbria structure of
NTHI, known as outer membrane protein P5-homologous fim-
bria (P5-fimbria), is involved in the attachment to mucus and
respiratory epithelial cells (2, 3, 21). The P5-fimbriae are ap-
proximately 2.4 nm in diameter, are long and flexible in ap-
pearance, and mediate attachment and not hemagglutination
(1, 2). Immune response against the PS5-fimbriae has been
shown to reduce nasopharyngeal colonization as well as occur-
rence of otitis media in experimental animals (3, 30). However,
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the role of P5-fimbriae in attachment of NTHI to virus-in-
fected airway epithelium has not been studied.

In the present study, we hypothesized that RSV infection
enhances the attachment of NTHI to respiratory epithelial
cells and that the enhancement is primarily mediated by the
bacterial surface P5-fimbriae. This hypothesis was evaluated in
vitro in A549 cells (type II-like alveolar epithelial cell carcino-
ma), as they have been used for studies of RSV infection (24)
as well as bacterial attachment (13).

MATERIALS AND METHODS

Cell cultures. A549 cells were obtained from the American Type Culture
Collection (Rockville, Md.) and grown in minimal essential medium (MEM)
containing 8% fetal bovine serum (Sigma, St. Louis, Mo.) and 2 mM L-glutamine.
Maintenance MEM during RSV incubation contained 1% fetal calf serum
(FCS). The media did not contain any antibiotics in order to allow study of live
bacteria interactions.

RSV preparations. The human Long strain of RSV (A2) was grown in HEp-2
cells (human laryngeal epithelial carcinoma; American Type Culture Collection)
and purified by polyethylene glycol precipitation followed by centrifugation on a
35 to 60% discontinuous sucrose gradient (21). The titer of the purified RSV
(pPRSV) pool was 102 PFU/ml. Monolayers of A549 cells grown in 24-well
tissue culture plates were incubated with pRSV at a multiplicity of infection
(MOI) of 1 in MEM supplemented with 1% FCS and then incubated at 37°C in
5% CO,. When the cells exhibited extensive cytopathic effect at 48 h, the
supernatant was aspirated and centrifuged at 5,000 X g to remove large cellular
debris. This preparation is referred to as the conditioned RSV (cRSV) pool.
UV-inactivated conditioned supernatants from pRSV-infected A549 cells (UV-
cRSV) were prepared as previously described (30). Control supernatants were
prepared similarly without RSV infection.

NTHI preparations. P5-fimbriated NTHI strain 1128 (NTHI"") was isolated
from a child with otitis media and was used to construct a nonfimbriated mutant
(NTHIF ™) at the Otological Research Laboratories, The Ohio State University,
Columbus (1, 30). NTHI were grown on chocolate agar plates at 37°C in 5% CO,
overnight. Two to three colonies were mixed in Haemophilus test medium (Bec-
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ton Dickinson Microbiology Systems, Cockeysville, Md.) at 37°C overnight. The
next day, 1-ml aliquots of bacteria suspensions were transferred to fresh Hae-
mophilus test medium and recultured under the same conditions for about 4 h
(mid-log phase). Bacteria were washed with phosphate-buffered saline (PBS)
and concentrated to approximately 2 X 10° CFU/ml as estimated by optical
density and confirmed by quantitative plate colony counts. For some experi-
ments, bacteria were also fixed by being incubated with 1% paraformaldehyde
for 15 min and washed three times with PBS. The nonviability of the paraform-
aldehyde-fixed NTHI was confirmed by plate culture.

NTHI attachment assay by culture. A549 cells were grown as confluent mono-
layers in 24-well tissue culture plates. The cells were then inoculated with pRSV
(MOI = 1) and incubated for 24 h at 37°C in 5% CO,. The monolayers were then
washed twice, and 1 ml of Hanks” balanced salt solution (HBSS; Sigma) con-
taining NTHI was inoculated into each well (A549:NTHI = 1:0.5). After incu-
bation for 3 h at 37°C, the monolayers were washed gently three times with
prewarmed HBSS. A549 cells were then detached with trypsin-EDTA (Sigma),
washed twice with HBSS, and plated on chocolate agar for quantitative colony
counts.

NTHI attachment assay by flow cytometry. Equivalent numbers of NTHIF™*
and NTHI"~, as determined by optical density and confirmed by quantitative
plate colony count, were used to compare bacterial attachment by flow cytom-
etry. NTHI suspensions were labeled with PKH-26, a red fluorescent dye (Gen-
eral Linker kit; Sigma). In brief, approximately 2 X 10° CFU of NTHI was
suspended in 1 ml of diluent and mixed with 1 ml of PKH-26 linker solution. The
mixture was incubated at 25°C for 5 min. Equal volumes of FCS were then added
to stop the labeling reaction. Bacteria were washed three times with PBS. Via-
bility of the labeled bacteria was tested by quantitative cultures. Preliminary
studies showed that the levels of PKH-26 labeling were comparable for NTHIF+
and NTHI" .

Confluent monolayers of A549 cells were inoculated with pRSV or control
medium and incubated for 24 h at 37°C in 5% CO,. The monolayers were then
detached by incubation with 0.1 M EDTA (pH 7.5) for 10 min and washed twice
with PBS. For some experiments, 5 X 10° cells were labeled with fluorescein
isothiocyanate-conjugated anti-RSV polyclonal antibody (Chemicon, Temecula,
Calif.) at 37°C in 5% CO, for 1 h and then washed three times with PBS.
PKH-26-labeled bacteria were mixed with RSV-exposed or control A549 cell
suspensions at various ratios and incubated at 37°C on an orbital shaker for 30
min. The cells were washed three times by differential centrifugation to remove
unattached bacteria and then fixed in 1% paraformaldehyde prior to analysis by
two-color fluorescence flow cytometry (FACScan analyzer; Becton Dickinson,
San Jose, Calif.).

NTHI attachment assay by transmission electron microscopy. A549 monolay-
ers grown in 24-well tissue culture plates were inoculated with pRSV (MOI = 1)
or control medium for 24 h. NTHI suspensions were then added to the wells
(A549:NTHI = 1:100) and incubated for 1 h. Unattached NTHI was removed by
washing three times with prewarmed HBSS. The monolayers were then fixed
with 2.5% cacodylate-buffered glutaraldehyde and postfixed in 1% osmium tet-
roxide. The cells were detached by gentle scraping with a needle, dehydrated, and
embedded by standard techniques. The cells were visualized under a transmis-
sion electron microscope by an examiner who was unaware of the sample treat-
ments. The sections were surveyed by using a square grid, counting only those
without holes or obstacles (en face cuts excluded). Counts progressed back and
forth across a section until at least 100 cells had been counted. Only the cells with
complete nuclei were counted. Mitotic and degenerative cells were excluded. The
number of attached bacteria were then counted and were categorized as tightly
or loosely attached to the cell body or tightly attached to microvilli.

Statistics. Nonparametric data were evaluated by Mann-Whitney rank sum
test, while parametric data were evaluated by Student’s ¢ test. Analysis of pro-
portions was evaluated by z test. P values of <0.05 were considered statistically
significant.

RESULTS

Analysis of NTHI attachment by culture. Initial NTHI at-
tachment studies were conducted by quantitative culture of
bacteria that remained attached to washed monolayers of
A549 cells. The number of NTHI"* attached to RSV-exposed
A549 cells was significantly higher than for control A549 cells
(Fig. 1). The culture technique, however, could not exclude the
possibility that the bacteria were loosely attached to the cells
merely by virtue of gravity or were attached to the inner plastic
surface of the well.

Role of NTHI P5-fimbriae in attachment. We further eval-
uated the role of P5-fimbriae in attachment by the fluorescence
flow cytometry method (Fig. 2). This method overcame some
of the problems of the culture method since the NTHI-A549
coincubation was performed under rotational motion followed
by vigorous washing. The results showed that NTHIF" at-
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FIG. 1. Effect of pRSV exposure (MOI = 1, 24 h) or control medium on
binding of NTHI'™ to A549 cell monolayers (A549:NTHI = 1:0.5), as deter-
mined by the culture method. The values are means of experiments performed
in triplicate. Here and in Fig. 3, 4, 7, and 8, error bars indicate standard devia-
tions.

tached to a larger proportion of pRSV-exposed than control
A549 cells (mean, 68% for RSV versus 29% for control; P =
0.008) while the attachment of NTHIF~ was only slightly
higher for pRSV-exposed cells than for control cells (mean,
17% for RSV versus 10% for control; P = 0.229) (Fig. 3). The
relative density of NTHI attached to both control and pRSV-
exposed A549 cells, as determined by mean fluorescence in-
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FIG. 2. Histographic representation of number of A549 cells (y axis) express-
ing red fluorescence of PKH-26-labeled NTHI (x axis), as determined by flow
cytometry (AS49:NTHI = 1:100). (A) Background fluorescence of pRSV-ex-
posed (MOI = 1, 24 h) or control A549 cells; (B and C) fluorescence of NTHIF*
and NTHI' ™ attached to control or pRSV-exposed A549 cells.
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FIG. 3. Percentage of pRSV-exposed (MOI = 1, 24 h) or control A549 cells
demonstrating attached NTHI** or NTHI¥~ (A549:NTHI = 1:100), as deter-
mined by flow cytometry. The values are means of six experiments.

tensity, was also significantly higher for NTHI®* than NTHI*~
for both control and RSV-exposed A549 cells (Fig. 4). Initial
live RSV infection was required as exposure of A549 cells to
UV-irradiated pRSV did not result in any enhancement of
NTHI attachment (data not shown).

As with live NTHIF ", paraformaldehyde-prefixed NTHIF™*
attachment to pRSV-exposed A549 cells was higher than that
to control cells (Fig. 5). The slightly higher attachment for live
NTHI than prefixed NTHI was directly related to the ongoing
bacterial replication of live NTHI during the assay (data not
shown). These results suggested that activation or modification
of P5-fimbriae proteins during contact with A549 cells is not
required for enhanced attachment.

The attachment of NTHI was further evaluated by transmis-
sion electron microscopy. The results showed that only a few
NTHI®* and NTHI"~ were seen attached to the cell mem-
brane of control cells (Table 1). Following pRSV exposure,
however, >5-fold more NTHI' " than NTHIF ~ attached to the
cells, as evaluated by all parameters—tight or loose attachment
to the cell body, and tight attachment to microvilli (99 NTHIF*
versus 18 NTHIF~ per 100 A549 cells [Table 1]). Nonetheless,
the attachment of NTHI"~ was slightly but significantly higher
for RSV-exposed than control cells (3.5 NTHIF" versus 18
NTHIF~ per 100 A549 cells), suggesting that adhesins other
than P5-fimbriae may also play a role, albeit a very small one,

P=0.009

 \THFE
P=0.026 96.7 — NTHIF-

100
£
a 134 19.6
£
e 10 53
Q
c
Q
Q
3
g 11
2
[T
[
[
[}
2 o1

Contro} pRSV

FIG. 4. Mean fluorescence intensity of PKH-26-labeled NTHIF* or NTHIF ~
to 5 X 10° pRSV-exposed (MOI = 1, 24 h) or control A549 cells (A549:NTHI =
1:100), as determined by flow cytometry. The values are means of six experi-
ments.
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FIG. 5. Comparison of attachment of live or prefixed (1% paraformalde-
hyde) NTHI¥* to pRSV-exposed (MOI = 1, 24 h) or control A549 cells (A549:
NTHI = 1:100), as determined by flow cytometry.

in attachment. A549 cells exhibited electron-dense areas un-
derlying attached NTHI and microvilli projections attaching to
NTHI (Fig. 6). No intracellular NTHI was seen, suggesting
that the enhanced association between NTHI and RSV-ex-
posed A549 cells was purely at the surface membrane level.

Overall, the results of flow cytometry and electron micros-
copy studies suggested that the P5-fimbriae are critical for
NTHI attachment to control A549 cells. The increase in at-
tachment to pRSV-exposed cells is also dependent on the
P5-fimbriae.

Relationship between NTHI attachment and RSV antigen
expression. The relationship between NTHI attachment and
cellular RSV antigen expression was analyzed to determine
whether the bacterial attachment was directly influenced by
viral replication within the cell. At 24 and 48 h of pRSV
exposure, studies by two-color flow cytometry showed that
while NTHIF* attachment to A549 cells increased over time,
there was no statistically significant difference in attachment to
RSV antigen-positive or -negative cells (Fig. 7). Furthermore,
studies by transmission electron microscopy revealed very few
RSV particles in pRSV-exposed cells, with no clear association
between the presence of cell-associated virus and NTHI at-
tachment.

Role of soluble mediators in NTHI attachment. As there was
no relationship between RSV antigen expression and NTHI

TABLE 1. Quantitative analysis of NTHI attachment to pRSV-
exposed or control A549 cells by transmission electron microscopy

Control cells PRSV-exposed cells
Determination
NTHI'* NTHI'~ NTHI'* NTHI'
A549 cell count 172 157 148 141
NTHI attachment
Tight 2 0 90 23
Loose 4 4 51 1
Tight to microvilli 0 0 6 1
No. of NTHI attached/100 35a 25b 99 ¢ 18d
A549 cells”
“ Significance of a versus b, P = 0.076; significance of ¢ versus d, P < 0.001;

(calculated by z test with Yates correction).



FIG. 6. Transmission electron micrographs of A549 cells incubated with NTHI"* (AS549:NTHI = 1:100). (A) Control cells (magnification, X14,300), which do not
show any attached NTHI. (B) pRSV-exposed (MOI = 1, 24 h) cells (magnification, X10,725); the arrow points to a microvillus projection adhering to NTHI with an
the electron-dense area underlying the attached NTHI.
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FIG. 7. Comparison of attachment of NTHIF* (A549:NTHI = 1:100) to
RSV antigen-positive (1) or -negative (mm ) AS549 cells exposed to pRSV
(MOI = 1, 24 h), as determined by two color flow cytometry. The values are
means of three experiments.

attachment, we next postulated that soluble mediators released
by RSV-infected cells could induce, in an autocrine or para-
crine manner, the synthesis or activation of NTHI-binding
surface receptors on RSV-uninfected A549 cells. Conditioned
supernatants from pRSV-exposed A549 cultures were ren-
dered noninfectious by UV irradiation and subsequently incu-
bated with fresh A549 cells (diluted 1:2 with fresh culture
medium, 1 ml/well). After 24 h, NTHI attachment to sus-
pended A549 cells was analyzed by flow cytometry. The results
showed that the effect of UV-cRSV exposure on attachment of
NTHI"* and NTHIF~ was comparable with that of live pRSV
exposure (Fig. 8).

DISCUSSION

NTHI commonly exists in an asymptomatic nasopharyngeal
colonization state. Respiratory viral infection is the common-
est factor associated with the spread of NTHI contiguously in
the respiratory tract to produce disease. We have previously
shown that RSV infection enhances NTHI nasopharyngeal
colonization in experimental animals (23). Also, Raza et al.
have shown that binding of H. influenzae type b and Neisseria
meningitidis to epithelial cells is enhanced by RSV infection in

100 4 88.05
85.82

80
60 |
40

2194 1232
20

Percentage of NTHI-Attached Cells

pPRSV  UVcRSV pRSV  UVCcRSV
. [

NTHIF+ NTHIF-

FIG. 8. Percentages of pRSV-exposed (MOI = 1, 24 h) and UV-cRSV-
exposed (1:2 dilution, 24 h) A549 cells demonstrating attached NTHIF* or
NTHI"~ (A549:NTHI = 1:100), as determined by flow cytometry. The values are
means of four experiments.
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HEp-2 cells (26). Several adhesins of NTHI have been de-
scribed, but their significance in the virus-enhanced disease
state has not been studied. In this respect, we report here that
the specific NTHI interaction with RSV-exposed respiratory
epithelial cell in vitro involves enhanced attachment of NTHI
that is primarily mediated by its P5-fimbriae.

In the present study, NTHI" ~ bound less avidly to normal as
well as RSV-exposed A549 cells, suggesting that for the two
NTHI strains used in the experiments, other adhesins of NTHI
played a minor role in attachment. The role of P5-fimbriae is
further strengthened by the previous observations that 100%
of clinical strains are fimbriated (2). Furthermore, in a chin-
chilla model of otitis media, the P5-fimbriac have been shown
to be important for adhesion and a proven virulence factor (2,
3). The role of other NTHI adhesins in clinical settings appears
to be more variable. Approximately 32% of strains express
hemagglutinating pili, and nonpiliated strains adhere just as
well as piliated strains (13). Approximately 20 to 30% of NTHI
isolates lack the HMW1/HMW?2 family of adhesins (32). An-
other adhesin, Hia, is universally absent from NTHI that ex-
presses HMW1 or HMW?2 (32). Nonetheless, the roles of these
adhesins, singly or in combination, in virus-enhanced attach-
ment of NTHI need to be explored. Furthermore, our obser-
vations need to be confirmed in vitro, using respiratory epithe-
lial cells of diverse origin, as well as in vivo.

We determined by transmission electron microscopy that the
NTHI interaction with epithelial cells was similar to that de-
scribed by Holmes and Bakaletz (16). A549 cells exhibited
electron-dense areas underlying the attached NTHI and mi-
crovilli projections attaching to NTHI. The present study also
showed that NTHI was not internalized by A549 cells. In con-
trast, Gilsdorf et al. (13) showed that H. influenzae type b is
internalized by A549 cells. However, only 4 to 5% of NTHI was
internalized, as determined by the gentamicin survivability test,
and no electron microscopic observations were made. Studies
by St. Geme and Falkow (31) demonstrated intracellular
NTHI in Chang (human conjunctival) epithelial cells by elec-
tron microscopy. Nonetheless, our studies suggest that in A549
cells, the intracellular invasion is probably an infrequent event
and that it is not enhanced by RSV infection. In vivo though,
it is possible that NTHI exists in an intracellular quiescent
stage in respiratory tissues such as the adenoids (10).

Since paraformaldehyde-fixed bacteria also adhered in en-
hanced numbers to RSV-exposed cells, our results suggest that
de novo bacterial protein synthesis was not required for the
P5-fimbriae to interact with the cells. The modest increase in
adherence of live compared with fixed bacteria seen in our
study, and possibly those seen in the studies of St. Geme and
Falkow (31), could be due to the ongoing replication of live
bacteria during the bacterium-epithelial cell coincubation
stage. On the other hand, initial live RSV infection of epithe-
lial cells was required to enhance the adhesiveness of the cells,
since incubation with UV-irradiated purified RSV did not re-
sult in enhancement of NTHI attachment. The effect of live
RSV infection was probably mediated by a soluble mediator(s)
produced by RSV-infected cells. The identity of the bacterial
attachment-enhancing mediator(s) has not been determined,
but potential candidates include RSV-induced soluble cyto-
kines by epithelial cells, such as interleukin-1a, interleukin-1p3,
and tumor necrosis factor alpha (23). These cytokines are
known to activate several nuclear transcription factors that
regulate the synthesis of a variety of proteins.

Elahmer et al. have shown that RSV up-regulates the at-
tachment of N. meningitidis to HEp-2 cells via increased cel-
lular expression of CD14 (8). The nature of the NTHI P5-
fimbriae-binding receptor(s) expressed on the epithelial cells
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exposed to RSV has not been studied. Previous studies have
shown that NTHI binds to sialylated oligosaccharides of nor-
mal epithelial cells. NTHI also binds to oligosaccharide-con-
taining mucin secreted by epithelial cells (7, 9, 20). Specifically,
Fakih et al. have shown that NTHI fimbriae bind to sialylated
gangliosides on HEp-2 epithelial cells (9). Whether RSV in-
fection enhances the P5-fimbria-mediated attachment of
NTHI by increasing the expression of gangliosides on epithe-
lial cells needs further investigation. The enhancement of
attachment of bacteria by a variety of viruses may be also
explained by the fact that many bacterial species use oligosac-
charide receptors on epithelial cells and in mucin (25).

In summary, the present study shows that RSV enhances
attachment of NTHI to epithelial cells which is largely medi-
ated by NTHI P5-fimbria-binding receptors. In clinical set-
tings, blocking of P5-fimbria-mediated attachment of NTHI"*
by passive or active immunity may reduce the disease incidence
and severity during RSV infection.
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