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Haemophilus influenzae, especially the nontypeable strains, are among the most common pathogens encoun-
tered in patients with chronic lung disease and otitis media. We and others have demonstrated that respiratory
isolates of nontypeable H. influenzae bind to human mucins, but the mechanism of binding is not entirely clear.
We have therefore examined the role of pili in the adherence of both type b and nontypeable H. influenzae to
human respiratory mucins. We used isogenic H. influenzae strains with a mutation in the structural gene for
pilin (hifA), a laboratory H. influenzae strain transformed with a type b pilus gene cluster (from strain C54),
antibodies raised against H. influenzae HifA, and Escherichia coli strains carrying a cloned type b pilus gene
cluster (from strain AM30) in these studies. All bacteria lacking HifA or the pilus gene cluster had decreased
adherence of piliated H. influenzae to mucins, and Fab fragments of anti-HifA antibodies inhibited the
adherence. E. coli strains carrying the cloned type b pilus gene cluster were six to seven times more adhesive
than strains carrying the vector. The role of other putative adhesins was not examined and thus cannot be
excluded, but these studies support a role for pili in the binding of H. influenzae to human respiratory mucins.

Haemophilus influenzae continues to be an important patho-
gen encountered in lung diseases such as chronic bronchitis
and cystic fibrosis (25) and in otitis media (37). This organism
is able to colonize the respiratory tract for prolonged periods in
patients with chronic bronchitis and cystic fibrosis, undergoing
antigenic drift in certain outer membrane proteins (15). It has
the potential to attach to both airway mucus (3, 22, 24, 29) and
airway cells (11, 20, 34, 35, 40) or both (43), but there appears
to be a preference for mucus during the early encounter with
the respiratory epithelium (30). This ability to attach to mucus
may in part explain the potential of this organism to persist in
the respiratory tract, since mucociliary clearance is abnormal
in these diseases.

A variety of surface structures on H. influenzae can mediate
adherence to eukaryotic cells. Scott and Old (32) first reported
that H. influenzae possessed mannose-resistant hemagglutinat-
ing (MRHA) fimbriae. In 1982, two groups separately reported
that type b H. influenzae possessed MRHA surface structures,
which they called pili, that mediated adherence to human buc-
cal epithelial cells or oropharyngeal cells (16, 27). Others have
found that type b H. influenzae with peritrichous pili had
greater binding to buccal epithelial cells than to HEp-2 cells
(31), while a different laboratory, surveying nontypeable H.
influenzae (ntHi) isolated from sputum or conjunctiva, found
that 3 of 15 isolates possessed fimbriae, primarily polar in
location (1).

Pili are present on both typeable H. influenzae and ntHi and
mediate MRHA through the erythrocyte (RBC) antigen
AnWj. These structures also mediate binding to buccal epithe-
lial cells (39), with the receptors on those cells being sialyl
gangliosides (38). The pilins from all strains examined up to
this time, whether on typeable H. influenzae or ntHi, are 68%
identical and 77% similar at the amino acid level (2, 6, 7, 12).

Other surface structures which mediate the adhesion of ntHi

to eukaryotic cells have also been characterized. High-molec-
ular-weight surface proteins identified as HMW-1 and HMW-2
facilitate adherence to Chang epithelial cells (33). HMW-1 and
HMW-2 are unique to ntHi and are not found on type b H.
influenzae (33). The ntHi isolates which lack HMW-1 and
HMW-2 genes usually possess another adhesin gene, identified
as hia, and occasionally a portion of the pilus gene cluster (20).
Some ntHi isolates also produce a protein identified as Hap
with sequence similarity to H. influenzae immunoglobulin A
(IgA) protease, which also facilitates binding to Chang cells
(34). Surface fimbrils (Hsf), proteins closely related to Hia, are
also present on the surfaces of certain H. influenzae isolates
(35). We chose not to study these other adhesins.

Recently, the affinity of H. influenzae for mucus, particularly
that of the nontypeable strains, has been demonstrated in vitro
by quantitative studies of adhesion to highly purified mucins (8,
30), native mucins (22), and crude mucus (3), but the surface
structures that mediate the adherence of H. influenzae to these
targets have not been clearly defined. Pili, which are found on
both type b (11) and nontypeable strains (1), have been impli-
cated in adherence to oropharyngeal cells, and we suspected
that this structure might be involved in the binding to mucin.
However, there are conflicting reports on the role of surface
appendages in binding to mucus. Read and colleagues re-
ported that a piliated ntHi strain (strain R890 from our col-
lection) was bound to mucus after inoculation of human nasal
turbinates in organ culture (29); but a different laboratory
reported that a clone from the same transformation (R881) did
not bind better to crude mucus in vitro (8). However, Davies et
al. (8) used an agglutination assay, while Read and colleagues
(29) assessed adherence with the scanning electron micro-
scope. Others have reported that certain outer membrane pro-
teins mediate the interaction of ntHi with highly purified mu-
cins (30). Thus, the issue appears to be unsettled. Since pili
appear to be important for colonization of host tissue by other
bacterial species and because hifA mutants have decreased
ability to colonize primate respiratory mucosa (42), we sought
to reexamine their role in binding to mucins harvested from
the human respiratory tract. In this manuscript, we report
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studies on the role of pili in the adherence of H. influenzae to
human respiratory mucins.

MATERIALS AND METHODS

Bacteria. Table 1 depicts the bacterial strains used in this study. The parental
strain (Eagan) is phenotypically a nonpiliated H. influenzae type b isolate, while
strain R1369 is its fimbriated derivative which mediates MRHA (36). Strain
RKAW5 is a nonpiliated derivative of R1369 (42) in which a kanamycin cassette
is inserted in hifA, the gene encoding pilin. R906 is a laboratory derivative of H.
influenzae Rd (5) lacking the pilus gene cluster, and R881 is the piliated deriv-
ative of R906 produced by transformation with a DNA fragment containing the
pilus gene cluster from strain C54 (27). A library of chromosomal DNA from H.
influenzae strain C54 was partially digested with SauA1 and ligated into BamHI-
digested pHC79 (18). Clones in Escherichia coli DH5a were screened by colony
hybridization with a nick-translated PstI fragment (pCD1) (42) containing the 59
end of the pilus gene cluster (hifA, hifB, and a portion of hifC) from strain R1369.
One cosmid, containing a 28-kb insert, which had homology to pCD1 was par-
tially digested with ClaI and was used to transform strain R906 made competent
by the M-IV technique (17). Transformants adhering to human RBCs were
subcultured and banded on Percoll (13), and the band was aspirated and sub-
cultured. Several colonies which were hemagglutination positive (R881 through
R890) were frozen in skim milk at 270°C. The presence or absence of the type
b capsule on H. influenzae was tested by slide agglutination with anti-type anti-
sera (Difco, Detroit, Mich.).

E. coli DH5a has been described before and was obtained from Bethesda
Research Laboratories; E. coli strain ORN103, obtained from Paul Orndorff
(23), has genotype thr-l leu-6 thi-l D(argF-lac) U169 xyl-7 ara-13 mtl-2 gal-6 rpsL
fhuA2 minA minB recA13 D(pilABCDFE hyp). E. coli strains were transformed
with plasmids by the calcium heat shock method, which we have performed
previously (5). Plasmid pEMBL8 (10) was obtained from Riccardo Cortese,
Heidelberg, Germany, and plasmid pMH140, which contains the pilus gene
cluster from a type b strain (AM30; also called 770235 f1b0), was obtained from
Marieke van Ham, Amsterdam, The Netherlands (40).

H. influenzae strains were grown on chocolate agar plates, which were made
with tryptic soy agar enriched with 5% horse RBCs, 2% Fildes enrichment
(Difco), and bacitracin (100 mg/ml; Sigma, St. Louis, Mo.) and then stored at 4°C
in sealed bags. The same medium was used to grow strain RKAW5, but it also
contained 20 mg of kanamycin/ml. All strains were kept frozen at 270°C in
aliquots in 25% (vol/vol) glycerol and taken from the frozen stocks for each
adhesion experiment. All E. coli strains were grown on L agar containing ampi-
cillin at 100 mg/ml.

Respiratory mucin. Human tracheobronchial mucin (HTBM) was prepared
from the tracheobronchial secretions of a single patient with chronic obstructive
pulmonary disease. The mucin was purified from the secretions by a method
previously described (22, 44). Extensive delipidation was not carried out; there-
fore, these mucins represent native mucins.

Assay of bacterial adherence to mucin. Adherence assays were performed by
using 96-well microtiter plates (catalog no. 76-242-05; ICN Biomedicals, Costa
Mesa, Calif.). One hundred microliters of HTBM solution at a concentration of
100 mg/ml was added to the wells and left at 37°C overnight to allow the mucin
to coat the wells. Prior to addition of the bacteria, the wells were washed five
times with 0.2 ml of sterile phosphate-buffered saline (PBS) by using a hand-held
microtiter plate washer. Three coated wells and a “negative,” uncoated control
well were used for each assay.

Bacteria were grown for 8 to 12 h on chocolate agar plates containing antibi-

otics as appropriate in a 5% CO2 incubator at 37°C. The organisms were har-
vested from the plates, suspended in sterile PBS, and adjusted to a density of 108

to 5 3 108 CFU/ml (A580 of 0.2); this density was used for all experiments. One
hundred microliters of the bacterial suspension was added to the mucin-coated
wells and to the negative-control wells and allowed to incubate for 60 min at
37°C. The wells were then washed 15 times with sterile PBS to remove unbound
bacteria. At the density used, nonspecific binding of H. influenzae to the poly-
styrene microtiter plates was minimal. The inoculum at the beginning of the
experiment was determined by performing serial dilutions of the bacterial sus-
pension in sterile PBS and then plating 100 ml of each dilution in duplicate on
chocolate agar plates. For studies examining the effect of antipilin antibodies the
procedure was modified as follows. The initial bacterial concentration was dou-
bled, 100 ml of the bacterial suspension was added to 100 ml of the antipilin or
control (not agglutinating piliated cells) antibody, and the mixture was mixed and
allowed to stand at room temperature for 10 min. Next, 100 ml of this mixture was
placed in the experimental and control wells and incubated for 60 min. Each
organism was tested in triplicate on each microtiter plate.

In the original method for assessing mucin adherence, 0.5% Triton X-100
(Sigma) was used as a desorbing agent to remove bacteria from the wells. We
have recently reported that 0.5% Tween 20 (Sigma) provided increased recovery
of H. influenzae over Triton X-100 (22). On the basis of these observations, 250
ml of 0.5% Tween 20 was added to each well and allowed to desorb bacteria for
15 min at room temperature. The wells were then mixed 20 times with a mi-
cropipette, and 100 ml of the solution was removed and diluted in sterile PBS.
The diluted solution was plated in duplicate on chocolate agar plates. The plates
were incubated for 24 h in a 5% CO2 incubator at 37°C. The colonies were
identified as H. influenzae by morphological characteristics, Gram staining, and
their dependence on heme and b-NAD1 for aerobic growth. Randomly selected
colonies from each experiment were tested to confirm that the colonies were H.
influenzae. Each experiment was replicated at least three times. Adherent E. coli
cells were enumerated by the same technique except that the bacteria were
quantitated by overnight incubation on L agar containing ampicillin at 100 mg/ml.

Hemagglutination. To test whether a correlation between bacterial adherence
to HTBM and hemagglutination exists, the relevant strains were tested as fol-
lows. H. influenzae cells were grown for 12 h on chocolate agar plates in a 5%
CO2 incubator at 37°C. The organisms were suspended in sterile PBS and
adjusted to an A580 of 1.0. Serial dilutions of the bacterial suspension were made,
and 100 ml of each concentration was placed in a glass agglutination plate. One
hundred microliters of a 2% suspension of multiply washed human RBCs (type
O1) was placed in each well, and the contents of the wells were mixed thor-
oughly. The plates were gently agitated for 1 h at 37°C in a humidified environ-
ment and examined for hemagglutination at each dilution. Control wells con-
tained and equal amount of sterile PBS and RBCs. E. coli strains were processed
in the same manner except that they were grown on L agar containing ampicillin.
A positive control was run with each set of experiments by using a hemaggluti-
nation-positive piliated strain of Pseudomonas aeruginosa (28).

ELISA. Costar (Corning Science Products, Acton, Mass.) 96-well enzyme
immunoassay plates were coated with gel-purified HifA at 1.0 and 4.0 mg/ml in
the 20 mM bicarbonate buffer by being incubated for 18 h at 4°C. To reduce
nonspecific binding, 100 ml of 3% bovine serum albumin in PBS (blocking buffer)
was added to the rinsed plates and an additional overnight incubation was
performed. The antibody source (serum or ascitic fluid) was then geometrically
diluted in blocking buffer and incubated for 2 h at room temperature. Each well
was then washed three times with blocking buffer before addition of the second-
ary antibody (goat anti-mouse IgG or goat anti-rabbit IgG; Bio-Rad, Richmond,
Calif.) conjugated to horseradish peroxidase (HRP). The plates were then rinsed

TABLE 1. Bacteria used in this study

Strain Origin HAa Reference or source

H. influenzae
3-15 Nontypeable respiratory strain 1 22
E1a Streptomycin-resistant derivative of Eagan; type b 2 5
R1369 Piliated, strain E1a 1 36
RKAW5 hifA mutant of R1369 2 42
R906 Nontypeable laboratory derivative of Rd 2 4
C54 Piliated type b 1 27
R881 R906 transformed with the pilus gene cluster; from strain C54; nontypeable 1 This study

E. coli
R3180 DH5a/pEMBL8 2 10
R2746 DH5a/pMH140; expressing type b pili from strain AM30 1 40
R2747 ORN103/pEMBL8 2 23
R2745 ORN103/pMH140; expressing type b pili from strain AM30 6b This study

a HA, hemagglutination.
b 6, microscopic hemagglutination.
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three times with blocking buffer and twice with PBS; 100 ml of HRP substrate
(Kirkegaard-Perry Inc., Gaithersburg, Md.) was added, and the plates were
incubated for 30 min at room temperature; 50 ml of 2 M H2SO4 was added, and
A450 was read with an MR5000 enzyme-linked immunosorbent assay (ELISA)
reader (Dynatech, Chantilly, Va.).

Antipilin antibody production. AF100 is ascitic fluid from mice elicited by
sarcoma 180/TG cells after the mice have been immunized with HifA purified
from strain R1369 (26). HifA, the structural subunit of the MRHA pili, was
purified as described previously (36), except that the final product from that
purification scheme was electrophoresed in sodium dodecyl sulfate–10% poly-
acrylamide gel electrophoresis gel. After localization of the band with the ap-
propriate mobility by immersion of the gel in ice-cold 0.1 M KCl, the band was
excised and the protein was eluted with a Hoefer Transphor model TE50X into
0.05 M ammonium bicarbonate, pH 10.5. To “renature” the pilin, this fraction
was lyophilized and the pellet was dissolved in 1 ml of PBS. The protein content
was estimated from its absorbance at 280 mm. Female Swiss Webster mice, 6 to
8 weeks old, were inoculated subcutaneously with 100 mg of purified HifA
emulsified with 0.2 ml of Ribi adjuvant. Thirty and 45 days later each mouse was
inoculated intraperitoneally with an additional 100 mg of HifA dissolved in 0.1 ml
of PBS. Two weeks later ascites was induced in the mice by the intraperitoneal
injection of 106 sarcoma 180/TG cells (26). Ascitic fluid was harvested daily from
each mouse beginning 1 week later and centrifuged at 12,000 3 g for 15 min, and
the supernatant was used as a source of antibody. AF100 is the ascitic fluid from
a single mouse.

Mouse IgG was purified from AF100 using the Pierce (Rockford, Ill.) Immu-
noPure G kit. Ascites fluid (2 ml) was centrifuged at 10,000 3 g for 10 min at 4°C
to remove the particulate material. It was then applied to a protein G column,
which was washed extensively, and the IgG was eluted. The fractions with an A280
.0.1 were pooled and stored in 20 mM sodium phosphate buffer (pH 7.0)
containing 10 mM EDTA. Two IgG purification procedures yielded 800 mg of
protein. This material was digested overnight with papain, and the Fab fragments
were isolated with an ImmunoPure Fab preparation kit (Pierce). The mixture
was applied to a protein A column, and the early A280 peak was pooled according
to the manufacturer’s instructions. This material was dialyzed against PBS and
used as an anti-HifA Fab fragment.

Monoclonal antibodies were developed against HifA by the method of Davis
(9). Six-week-old female BALB/C mice were immunized by the intraperitoneal
administration of 50 mg of purified HifA (gel purified as described above)
emulsified in Ribi adjuvant. Three weeks later the animals were boosted with the
same amount and by the same route, again after emulsification in Ribi adjuvant.
Seven to 10 days after the second immunization, the animals were bled by
retro-orbital puncture and the antibody titer was determined by ELISA. ELISA
was performed using polyclonal goat anti-mouse IgG antisera conjugated to
alkaline phosphatase. Crude HifA fractions prepared by ammonium sulfate
precipitation of sheared-cell (R1369) supernatant were used as the antigen,
coating the ELISA plates with 5 mg of protein. If the titer (defined as the highest
dilution yielding an A405 exceeding that seen with nonimmune sera by 0.1) was
.1:2,000, the spleen was harvested. If the titer was ,1:2,000, then an additional
50 mg of HifA in PBS was administered intraperitoneally. Five to 7.5 Sp2/O cells,
on average, were fused to each spleen cell. Thymocyte feeder cells were used
during cloning by limiting dilution. Culture supernatants were screened by
ELISA (as described above) when the growth in the wells was 30 to 60%
confluent. One reactive IgG3 monoclonal antibody was developed and identified
as 37-D.

Western blot analysis. To verify the specificity of the anti-HifA antisera, we
performed Western blot analysis, essentially as previously described (5). Fifty
micrograms of protein derived from whole-cell lysates (in running buffer) was
electrophoresed on a sodium dodecyl sulfate–12.5% polyacrylamide gel electro-
phoresis gel. The separated proteins were electrophoretically transferred to
Immobilon, along with prestained molecular size standards loaded concurrently.
After transfer, the membranes were stained with Ponceau S to determine the
locations of the relevant bands and to determine that transfer had occurred. The
membrane was then immersed in a blocking solution consisting of 1% skim milk
in PBS for 60 min at room temperature. Following this, they were rinsed and
immersed for 60 min at room temperature in solution containing anti-HifA
antibody (mouse ascites fluid AF100 diluted 1:500). The membranes were sub-
sequently washed in PBS containing 0.1% sodium dodecyl sulfate at room tem-
perature for 10 min and then were washed five times for 5 min each in PBS. They
were then reacted with goat antibody directed to mouse IgG purchased from
Bio-Rad. The secondary antibody was conjugated to HRP, and the membranes
were developed using 4-chloro-1-naphthol and hydrogen peroxide in Tris-buff-
ered saline at pH 7.5.

RESULTS

All H. influenzae isolates which were previously found to
agglutinate O1 human RBCs had this property, as indicated in
Table 1, before they were tested for adherence to mucin. Only
E. coli strains R2745 and R2746 hemagglutinated human
RBCs.

Effect of piliation on adherence of H. influenzae to mucin.
Strain R1369 is a phase variant selected for pilus expression by
RBC adsorption, while the other type b derivative lacking pili
was produced by the insertion of an antibiotic resistance cas-
sette into hifA (RKAW5). Strain R1369 bound to mucin ex-
tremely well (Fig. 1), as extensively as the previously reported
nontypeable sputum strains (22); the isogenic, nonpiliated hifA
mutant was markedly reduced in its ability to adhere to mucin.
Similarly, the laboratory ntHi strain R906 lacking the pilus
gene cluster showed about 5% of the adherence of the same
strain expressing a type b pilus gene cluster (R881) (Fig. 1).

Studies with the pilus gene cluster. E. coli strains DH5a and
ORN103 were both transformed with the pilus gene cluster in
the vector pEMBL8. Both E. coli strains carrying and express-
ing the cloned pilus gene cluster from a type b H. influenzae
isolate had six- to sevenfold increased binding to mucin com-
pared to E. coli carrying the vector alone (Fig. 2). However the
number of bacteria adhering was considerably lower than that
seen with the H. influenzae strains.

FIG. 1. Adherence of piliated and nonpiliated isogenic mutants of H. influ-
enzae to native respiratory mucins. Strains R1369 and R881 are piliated, type b
and nontypeable respectively. All other strains lack detectable pili (Table 1).
Values are means. Error bars, standard deviations.

FIG. 2. Adherence of E. coli strains carrying the pilus gene cluster to mucins.
Plasmid pEMBL8 is the vector into which the pilus gene cluster from strain
AM30 was cloned, yielding pMH140. Values are means. Error bars, standard
deviations.
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Specificity of the anti-HifA antibody. Figure 3 depicts the
reactivity of AF100 antisera with the test E. coli and H. influ-
enzae. The reactivity was greatest with H. influenzae strain
R1369, the source of the HifA used for immunization. Al-
though the HifA expressed by strain R881 is from a different
type b strain (C54 versus R1369), cross-reactivity is seen (lane
5 versus lane 8). This antibody preparation also reacted with a
protein of similar mobility encoded by pMH140, but the reac-
tivity was considerably diminished (lanes 3 and 4). The E. coli
expressing the pilus gene cluster (pMH140) was derived from
H. influenzae strain AM30. AM30 is a type b H. influenzae
strain in which 148 of the 196 amino acid residues in HifA are
identical to those in strain R1369 HifA (2, 37). Thus the cross-
reactivity is not unexpected.

Effect of antifimbrial antibodies on adherence. Antibodies
raised against renatured pilin from a type b strain (R1369)
were used to test for inhibition of adhesion. The adherence of
the type b strain R1369 was reduced about 95%, and those of
the hemagglutinating ntHi strains R881 and 3-15 were reduced
by about 90%, in the presence of AF100 compared with ad-
herence in the presence of control antibody 37-D (Fig. 4).
Monoclonal antibody 37-D, which does not agglutinate alpha-
fimbriated strains, had no detectable effect on mucin adher-
ence.

Although we could not observe bacterial agglutination in the
antibody inhibition experiments with an inverted microscope,
we tested Fab fragments of AF100 IgG prepared as described
above. A commercially available heterologous mouse Fab
preparation was used as a control reagent (Accurate Chemi-
cals, Westbury, N.Y.). Both the anti-HifA Fab and the control
Fab preparations were used at a protein concentration of 0.86
mg/ml, which was the maximum concentration of the anti-HifA
Fab available. Neither preparation (undiluted) caused micro-
scopic agglutination of the strains tested. The levels of adhe-
sion of strains R881 and 3-15 were reduced by about 95 and
90%, respectively, by the anti-HifA Fab fragment, compared to
the effect of the control Fab reagent (Fig. 5). Furthermore, this
anti-HifA Fab preparation also inhibited the adherence of the
E. coli strains carrying the gene encoding the pilus gene cluster
(Fig. 6).

DISCUSSION

We investigated the role of hemagglutinating pili in the
binding of H. influenzae to human tracheobronchial mucin. We
show that strains bearing pili of both type b and ntHi bound to
mucin better than their nonpiliated derivatives. Furthermore,
the binding of both encapsulated and nonencapsulated but
piliated H. influenzae to mucin was blocked by pretreatment
with antibodies directed to its structural subunit, HifA. To
further support the observation that fimbriae are involved in
adhesion to mucins, we examined the adherence of two E. coli
strains carrying and expressing the cloned pilus gene cluster
(hifABCDE) from H. influenzae strain AM30 (41). The E. coli
strains which contained the cloned pilus gene cluster had a six-
to sevenfold increased binding compared to the E. coli strains
carrying the vector alone.

FIG. 3. Western blot analysis of H. influenzae and E. coli strains with AF100
antibody preparation. Lane 1, R3180; lane 2, R2747; lane 3, R2746; lane 4,
R2745; lane 5, R881; lane 6, RKAW5; lane 7, 3-15; lane 8, R1369; lane 9, R906.
The mobility of the molecular weight standards is indicated to the right.

FIG. 4. Effect of mouse anti-HifA antibodies on adhesion of type b H. influ-
enzae and ntHi strains to mucins. 37-D, a mouse monoclonal antibody that reacts
with pilin from strain R1369 in ELISA but not on Western blots or in aggluti-
nation assays with any of the H. influenzae strains used in these studies and that
was used as a control. AF100 is a mouse polyclonal antibody against pilin raised
in ascitic fluid; it agglutinates piliated H. influenzae strains at a 1:4 dilution. Error
bars, standard deviations.

FIG. 5. Effect of mouse anti-HifA Fab fragments (Fab) on the adherence of
ntHi to respiratory mucins. C, treatment with control mouse Fab fragments.
R881 expresses type b pili, while strain 3-15 is a piliated nontypeable isolate.
Error bars, standard deviation.
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A polyclonal mouse antibody raised against highly purified
HifA inhibited binding to mucin. Monoclonal antibody 37-D,
also directed against HifA of strain R1369 but only recognizing
a three-dimensional epitope, did not inhibit binding. This is
not surprising as Gilsdorf et al. (14) found that polyclonal
antibodies raised against hydrophilic peptides comprising var-
ious portions of pilin did not bind well to the native structure
on the surface of type b H. influenzae. Others have found a
similar dependence of the immunogenicity of E. coli WF96
fimbriae on the three-dimensional conformation (19). We
found that monoclonal antibody 37-D reacts with HifA or with
piliated H. influenzae only under ELISA conditions. There is
no detectable reactivity with HifA on Western blot analysis,
nor does this monoclonal antibody mediate agglutination of
piliated H. influenzae (data not shown). Monoclonal antibody
37-D can be viewed as a control for mouse polyclonal antibody
AF100, which agglutinates piliated organisms.

To verify that the inhibition of mucin binding by the anti-
body preparations was not due to bacterial agglutination, we
prepared IgG and then monovalent Fab fragments from the
AF100 antibody preparation. We found that this preparation
also inhibited mucin binding of H. influenzae and E. coli ex-
pressing H. influenzae pili on their surfaces.

There are multiple surface adhesins which could have me-
diated the adhesion of H. influenzae to mucin. These studies
have only examined the role of hemagglutinating pili and find
that pili play a major role. However, these data do not rule out
a role for other morphologically distinct H. influenzae adhesins
(high-molecular-weight proteins, Hia, and Hsf-Hap, for exam-
ple) which may be present on naturally occurring clinical iso-
lates which lack pili. The binding of several nonpiliated H.
influenzae strains to highly purified mucins (in an agglutination
assay) was demonstrated by Davies et al. (8), indicating that
there are other adhesins present on some ntHi strains. These
studies allow us to conclude that pili are involved in the ad-
herence of H. influenzae to mucus but do not rule out the
existence of other adhesins for mucin epitopes.

This study differs significantly in its conclusions from one of
the previous reports on the role of pili (8), wherein this struc-
ture was found not to be involved in adherence to mucins. In
fact two of the same strains used in the present study, the
nontypeable Rd derivative strain R906 and strain R881, a
transformant with a type b pilus gene cluster, were used by
Davies et al.; neither strain bound to mucins in that study (8).

It is our belief that these differences may reflect the method of
mucin preparation and/or the sensitivities of the assay systems
used. Mucins for our assay were prepared by ultracentrifuga-
tion in Cs-Br (44), whereas the mucins used in the previous
report were prepared by solubilization in 6 M guanidinium
chloride and then two cycles of Cs-Cl guanidinium chloride
ultracentrifugation. The latter method is reported to remove
more of the noncovalently attached lipids and nucleic acids
from the native mucins compared to what is seen in situ.
However, the assay system used in the previous study was not
quantitative, and the lower limit of detection of bacterial bind-
ing by aggregation and slot blot was not reported. Theoreti-
cally, our assay can detect 100 CFU bound to the microtiter
plates. One additional factor is the choice of mucins for the
assays. We used mucins from the same patient throughout our
studies, but it is not clear whether the same mucin preparations
were used in the previous studies (8). Aside from technical
differences, the differing conclusions raise the question of what
is the most appropriate target to study in order to mimic as
close as one can the in vivo environment. Is it more appropri-
ate to study crude mucus, native mucins, or highly purified
mucins? Each may have its advantages for a given purpose. If
one is interested in a specific chemical group of mucins inter-
acting with a defined microbial product, then highly purified
mucin may be the substance of choice. On the other hand,
native mucins or crude mucus may be more appropriate to
detect interactions that occur in vivo. The results of this study
also contrast with those investigating the role of pili in another
organism, P. aeruginosa, which resides in the mucus of patients
with cystic fibrosis. Pili are not needed for the binding of P.
aeruginosa to preparations of native mucins (28), even though
H. influenzae and P. aeruginosa are reported to bind to the
same cellular glycolipids (21).

The presence of pili may allow ntHi a survival advantage in
that these surface appendages allow binding to human mucus,
which may permit progression to other stages of the infectious
process such as tissue injury and invasion. Alternately, in con-
ditions where the clearance of tracheobronchial secretions is
impaired (i.e., cystic fibrosis and chronic bronchitis) this mucus
adherence may mediate a state of chronic colonization.
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