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The adherence of 58 nontypeable Haemophilus influenzae isolates obtained from patients with otitis media or
chronic obstructive pulmonary disease (COPD) and obtained from the throats of healthy individuals to Chang
and NCI-H292 epithelial cells was compared. Otitis media isolates, but not COPD isolates, adhered signifi-
cantly more to both cell lines than did throat isolates. Since high-molecular-weight (HMW) proteins are major
adhesins of nontypeable H. influenzae, the isolates were screened for HMW protein expression by Western
blotting with two polyclonal sera and PCR with hmw-specific primers. Twenty-three of the 32 adhering isolates
(72%) and only 1 of the 26 nonadherent strains were HMW protein or hmw gene positive. Among the 32 isolates
adhering to either cell line, 5 different adherence patterns were distinguished based on the inhibiting effect of
dextran sulfate. Using H. influenzae strain 12 expressing two well-defined HMW proteins (HMW1 and HMW2)
and its isogenic mutants as a reference, we observed HMW1-like adherence to both cell lines for 16 of the 32
adherent isolates. Four others showed HMW2-like adherence to NCI-H292. Of the three other patterns of
adherence, one probably also involved HMW protein. Screening of the isolates with six HMW-specific mono-
clonal antibodies in a whole-cell enzyme-linked immunosorbent assay showed that the HMW proteins of COPD
isolates and carrier isolates were more distinct from the HMW proteins from H. influenzae strain 12 than those
from otitis media isolates. Characterization of the HMW protein of a COPD isolate by adherence and DNA
sequence analysis showed that despite large sequence diversity in the hmwA gene, probably resulting in the
antigenic differences, the HMW protein mediated the HMW2-like adherence of this strain.

The gram-negative bacterium Haemophilus influenzae is a
commensal of the human upper respiratory tract. Encapsu-
lated strains, in particular those with a serotype b polysaccha-
ride, are important pathogens causing systemic disease, such as
meningitis, epiglottitis, cellulitis, arthritis, sepsis, and pneumo-
nia. Nonencapsulated (nontypeable) H. influenzae is a frequent
cause of respiratory tract infections, including otitis media,
sinusitis, and lower respiratory tract infections in patients with
chronic obstructive pulmonary disease (COPD) (20, 34, 35).

Adherence of H. influenzae to the respiratory epithelial
cells is considered an important step in the colonization of
the respiratory mucosa. Several adhesins of H. influenzae
have been determined, each with different adherence specific-
ities (23, 30, 39). Adherence of H. influenzae by a fimbria-
mediated as well as a fimbria-independent mechanism has
been described. Fimbria-mediated adherence seems to be es-
pecially relevant for the adherence of encapsulated H. influen-
zae isolates to different cells (8, 17, 24, 29), since this type of
adherence is not hampered by capsule expression (28, 30).
Only a minority of nontypeable H. influenzae isolates from
different sources contained a fimbria gene cluster (9, 10, 15).
Attachment of nontypeable H. influenzae to different cell lines
is mediated by various nonfimbrial proteins (3, 25, 31). The
most common of these are two immunogenic high-molecular-
weight (HMW) proteins designated HMW1 and HMW2 (2, 25),
which are detected in 75 to 80% of unrelated nontypeable H.
influenzae strains (4, 15, 28). Despite the significant sequence

similarity of the predicted amino acid sequences of HMW1
and HMW2, these proteins mediate binding to distinct human
epithelial cells, indicating different receptor specificity (14,
26–28). HMW1 recognizes a sialylated glycoprotein, and
HMW1-mediated adherence is inhibited in the presence of
heparin or dextran sulfate (21, 32). The receptor for HMW2 is
currently unknown.

We were interested in the adherence characteristics of non-
typeable H. influenzae isolates from carriers compared to those
isolated from COPD patients and from otitis media patients.
Adherence of 58 nontypeable H. influenzae isolates was deter-
mined with two human epithelial cell lines, the Chang conjunc-
tiva epithelial cell line and the lung epithelial cell line NCI-
H292. The association between the presence of HMW protein
and adherence was analyzed by PCR with hmw primers and
whole-cell enzyme-linked immunosorbent assay (ELISA) and
Western blotting with polyclonal sera. Among the H. influenzae
isolates, five different adherence patterns were present, includ-
ing the patterns for HMW1- and HMW2-mediated adherence.
The HMW proteins showed very different reactivity patterns
with six HMW monoclonal antibodies (MAbs), irrespective of
the adherence patterns of the isolates. The hmw gene of a
COPD isolate was cloned and sequenced. It appeared that the
HMW2 type of adherence of this isolate was associated with
the HMW protein encoded by this gene and that this protein
differed antigenically from the HMW protein of the prototype
H. influenzae strain 12 due to sequence diversity of the hmwA
gene.

MATERIALS AND METHODS

Bacterial isolates and plasmids. A total of 58 nonencapsulated (nontypeable)
H. influenzae isolates were used. Nineteen isolates were isolated from sputum
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samples of 17 patients with COPD ranging from 30 to 85 years of age, 9 were
from middle ear fluid samples of 9 children with otitis media, and 30 were from
throat swabs of healthy carriers. Of these throat isolates, 21 isolates were from 20
healthy children visiting the health care center for routine checks, 6 isolates were
from 2 children (18), and 3 were from 2 students at our department. All isolates
were determined as nontypeable based on the absence of agglutination with
antisera for H. influenzae capsule types a to f. COPD isolates that were derived
from the same patient have been characterized genotypically as different strains
by random amplified polymeric DNA analysis (19). Nontypeable H. influenzae
strain 12, originally obtained from a child with acute otitis media, is the prototype
isolate of which the genes encoding the HMW1 and HMW2 proteins were
originally isolated and sequenced (2). Strain 12 mutants expressing HMW1 but
not HMW2 (strain 12-2), HMW2 but not HMW1 (12-10), or neither HMW1 nor
HMW2 (strain 12-4) have been described previously (25) and were kindly pro-
vided by S. J. Barenkamp. Plasmid pT1-17 (25) contains the hmw1 gene cluster
with an insertion of a 1.3-kb kanamycin resistance gene (hmw::kan) and was also
provided by S. J. Barenkamp. Plasmid pGJB103 is a shuttle vector that replicates
in both H. influenzae and Escherichia coli (33). It was obtained from the recom-
binant plasmid pEJH39-1, which was provided by E. J. Hansen (12).

Culture conditions. All H. influenzae isolates were grown overnight on choc-
olate agar plates at 37°C in 5% CO2. E. coli DH5a was grown on Luria-Bertani
agar plates at 37°C. H. influenzae transformants expressing the kanamycin
marker were grown on chocolate agar plates supplemented with 20 mg of kana-
mycin per ml. Transformants expressing pGJB103 were grown in the presence of
tetracycline at a concentration of 5 mg/ml for H. influenzae or 12.5 mg/ml for
E. coli DH5a. All isolates were stored at 270°C in broth containing 20% glyc-
erol.

Adherence assays. NCI-H292 epithelial cells, derived from a human lung
mucoepidermoid carcinoma (ATTC CRL1848) (1, 38), and Chang epithelial
cells, originating from human conjunctiva (ATTC CCL20.2), were grown to near
confluency or confluency on 12-mm-diameter glass coverslips (Menzel-gläser,
Braunschweitz, Germany) in 24-well tissue culture plates (Falcon, Becton Dick-
inson, Franklin Lakes N.J.) in 1 ml of RPMI (Gibco, Life Technologies, Breda,
The Netherlands) plus 10% fetal calf serum (FCS). Bacterial isolates were
cultured overnight on chocolate agar plates and suspended in Dulbecco’s phos-
phate-buffered saline (DPBS; Gibco) to an optical density at 600 nm (OD600) of
1.0 (equivalent to 109 CFU/ml). Epithelial cells were incubated with a 50-ml
bacterial suspension added to 450 ml of fresh RPMI, supplemented with 25 mM
HEPES buffer (Gibco) and 10% FCS for 6 h. Inhibition of HMW1-mediated
adherence was performed by addition of dextran sulfate to a final concentration
of 0.1 mg/ml. The end volume of each well was kept constant at 500 ml. After
incubation, the unbound bacteria were removed from the cells by being washed
three times with DPBS. Cells were fixed to the coverslips by addition of 1 ml of
fixative (1% glutaraldehyde, 4% paraformaldehyde; Merck, Darmstadt, Ger-
many) and stained with 0.007% crystal violet solution. Bacterial adherence was
determined by counting the number of bacteria per cell on 10 cells of at least
three experiments performed in duplicate, as described before (38).

Detection of HMW proteins in whole-cell ELISA. Expression of HMW pro-
teins was determined by whole-cell ELISA as described before (37), using 3D6,
1D5, 2G3, 4G4, AD6 and 10C5 mouse immunoglobulin G MAbs in a 1:250
dilution, or the polyclonal antiserum 25D, E. coli absorbed against the recom-
binant HMW1 protein (2), in a 1:50 dilution. The MAbs and antiserum were
provided by S. J. Barenkamp. Rabbit anti-mouse-horseradish peroxidase was
used as a conjugate. The reactivity of the antibodies was determined by measur-
ing the OD405 with an ELISA reader. The reactivity was expressed as follows: 2,
OD of ,0.5; 1, OD of 0.5 to 1.0; 11, OD of 1.0 to 1.5; 111, OD of .1.5. All
isolates were tested two times.

Detection of HMW by Western blotting. Whole-cell lysates were prepared
from bacteria grown overnight on chocolate agar plates. Proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
nitrocellulose filters followed by Western blot analysis. Rabbit polyclonal serum
25D (E. coli absorbed) was used in a 1:50 dilution, and rabbit polyclonal serum
K1-050, raised against nontypeable H. influenzae strain 1482, was used in a 1:75
dilution.

Detection of hmw genes by PCR. On the basis of the sequence analysis of the
hmw gene clusters (2), two primers were designed, recognizing sequences in the
part of the hmwA gene that are identical in both hmw1 and hmw2. The first
primer, HMWP1HI (59-GCGTCGACGAGGGAGCTGAACGAACG-39), rec-
ognizes nucleotides 288 to 304, and the second primer, HMWP3RHI (59-GCC
CCACACAATAGCGCG-39), recognizes nucleotides 1515 to 1532. This primer
combination gives rise to an expected PCR product of 1.24 kb. Nonadhering
isolates were screened by PCR with this combination one time, and most adher-
ing isolates were screened at least two times. PCR was performed with chromo-
somal DNA isolated by the phenol-chloroform method (16) or with bacterial
lysates obtained by heating an H. influenzae colony suspended in 1 ml of H2O for
5 min at 100°C. PCR was performed in a TRIO-thermoblock (Biometra), with an
initial denaturation step of 5 min at 95°C followed by 30 cycles of 1 min at 95°C,
1 min at 55°C, and 3 min at 72°C. The program was finished with 10 min at 72°C.
The reaction products were determined by agarose gel electrophoresis. Strain 12
was included as a positive control.

Molecular cloning of the hmw gene. Chromosomal DNA was isolated by the
phenol-chloroform method (16). Sau3A partial restriction digests of chromo-
somal DNA were separated by agarose gel electrophoresis, and DNA fragments
in the 8- to 12-kb range were used to construct a library by ligation into the
unique BglII site of pGJB103. The ligation mixture was transformed to E. coli
DH5a by electroporation. Approximately 1,000 clones were obtained and se-
lected for hmw-positive clones by two subsequent adherence assays on NCI-H292
cells.

Construction of hmw knockout mutants of H. influenzae isolates. Knockout
mutants of H. influenzae isolates were constructed by insertion of a kanamycin
resistance gene into the hmw genes by homologous recombination. H. influenzae
isolates were made competent and transformed according to the method of
Herriott et al. (13). Competent cells were used fresh or stored at 270°C after
addition of 15% glycerol. Plasmid pT1-17 was linearized with XbaI, and 0.5 mg
was used per transformation.

DNA sequence analysis. DNA sequence analysis was performed by using the
big dye terminator cycle sequencing ready reaction kit (Applied Biosystems) as
suggested by the manufacturer. DNA analysis was performed with an automated
fluorescent DNA sequencer, model 310 (Applied Biosystems). Data were ana-
lyzed with Auto assembler 2.0 (ABI Prism) and aligned with known hmw se-
quences by using Clone Manager 4.1. Two primers near the BglII site of
pGJB103 were designed to sequence the fragment in the pGJB103 clone (PGJB-
P1, CCGCTCATGAGACAATAACCCTGAT; PGJB-P2, GGGAATAAGGGC
GACACGGAAATGTT). The sequences of several subclones in pUC19 were
determined by using the M13 and M13 reversed primers. Several oligonucleotide
primers were generated as necessary to complete the sequences.

Statistics. Data were evaluated with Fisher’s exact test or the chi-square test
with Yate’s corrections for sample sizes greater than 50. P values of ,0.05 were
considered statistically significant.

Nucleotide sequence accession number. The sequences of the complete hmwA
and hmwC genes have been submitted to GenBank under accession no.
AF180944 and AF180945, respectively.

RESULTS

Adherence of H. influenzae isolates to two human epithelial
cell lines. The abilities of the 30 nontypeable H. influenzae
isolates from the throats of healthy individuals, 9 otitis media
isolates, and 19 COPD isolates to adhere to the Chang and
NCI-H292 epithelial cell lines were compared (Table 1). In
total, 32 isolates (55%) adhered to either the Chang or NCI-
H292 cells. Significantly more otitis media isolates adhered to
Chang cells (89%) than did isolates from healthy individuals
(33%) (P , 0.01) and isolates from COPD patients (42%)
(P , 0.05). Also, significantly more isolates from patients with

TABLE 1. Adherence of 58 H. influenzae isolates from different sources to Chang or NCI-H292 epithelial cells

Isolate source (n)
No. (%) of isolates adherent to cell type: No. (%) of

nonadherent cellsChang NCI-H292 Chang and NCI-H292 Chang or NCI-H292

Carriers (30) 10 (33) 10 (33) 8 (26) 12 (40) 18 (60)
Otitis media (9) 8 (89)a 7 (78)b 7 (78) 8 (89) 1 (11)
COPD (19) 8 (42) 11 (58) 7 (36) 12 (63) 7 (37)

Total (58) 27 (45) 28 (47) 22 (38) 32 (55) 26 (47)

a P , 0.01 compared to carrier isolates and P , 0.05 compared to COPD isolates.
b P , 0.05 compared to carrier isolates.
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otitis media (78%) than from healthy carriers (33%) adhered
to NCI-H292 (P , 0.05). Although more COPD isolates ad-
hered to the NCI-H292 cells than did isolates of healthy indi-
viduals, the difference was not significant.

Since the HMW proteins are major adhesins, a PCR assay
was designed to determine the presence of the hmwA gene
cluster among the isolates, using primers annealing to a con-
served part of the hmw1A and hmw2A genes. With chromo-
somal DNA of strain 12 as a template, an expected PCR
product of 1.24 kb was amplified. Of the 58 nontypeable H.
influenzae isolates, 23 (40%) gave a PCR product of the ex-
pected length, represented by 22 of the 32 adherent isolates
and 1 nonadherent isolate (Table 2). Whole-cell ELISA and
Western blotting with the polyclonal rabbit serum 25D, per-
formed to identify HMW expression, showed the presence of
HMW proteins in 21 (36%) isolates. There was a large varia-
tion in the molecular masses of the HMW proteins, ranging
from 100 to 150 kDa, confirming data described before for
other isolates (2, 27). Of the total of 23 hmw PCR-positive
isolates, 3 isolates did not react with the 25D polyclonal serum.
Since HMW proteins vary strongly, we reasoned that this neg-
ative result may be due to lack of cross-reactivity of the anti-
serum 25D. Therefore, another rabbit serum (K1-050) was
used. Western blotting with this serum showed a strong posi-
tive reaction with both the HMW1 and the HMW2 proteins of
the prototype H. influenzae strain 12. Also, HMW proteins of
two of the three 25D-negative isolates were recognized. So, of
the 23 hmw PCR-positive strains, 22 showed an HMW reaction
in Western blots (Table 2). In addition, 1 of the 35 PCR-
negative isolates expressed HMW proteins.

Taking these results together, we found that detection of
hmw with PCR as well as HMW with Western blotting gave
false-negative results, which were probably due to sequence
diversity and antigenic diversity, respectively. We therefore
considered isolates that were positive in either the PCR or the
Western blotting with the polyclonal sera as hmw and HMW
positive. Thus, a total of 24 (41%) of the 58 isolates were hmw
and HMW positive. Of the 32 adhering H. influenzae isolates,
23 isolates (72%) were hmw and HMW positive. All 26 non-
adherent isolates were hmw or HMW negative, except for 1
otitis media isolate (Table 2). These data show that there is a
strong correlation between hmw and HMW and adherence to
the two cell lines used. There was a significant difference in the
total number of hmw- or HMW-positive otitis media isolates
(67%) (P , 0.05) and COPD isolates (57%) (P , 0.05) com-
pared to throat isolates from healthy individuals (23%) (Table
2).

Using whole-cell ELISA with a panel of six HMW-specific
MAbs to detect HMW expression by these isolates, we found
only 15 isolates positive by at least one of the MAbs, indicating

lack of cross-reactivity of the Mabs (Table 2). The 6 hmw- and
HMW-positive otitis media isolates were MAb positive, but
only 3 (43%) of the 7 hmw- and HMW-positive isolates ob-
tained from healthy carriers and 6 (55%) of the 11 hmw- and
HMW-positive isolates from COPD patients were positive with
one of the MAbs (Table 2). These results showed that the
HMW proteins expressed by isolates obtained from otitis me-
dia patients differed less from the prototype HMW proteins
than the HMW proteins expressed by isolates from healthy
carriers or COPD patients.

Adherence patterns of the nontypeable H. influenzae iso-
lates. For H. influenzae up to now, two HMW proteins have
been characterized that display distinct cellular binding speci-
ficities (26). It has previously been shown that HMW1 medi-
ates a high level of adherence to Chang epithelial cells and is
inhibited by dextran sulfate, and HMW2 mediates only a low
level of adherence to Chang epithelial cells (27). To establish
the specificity of HMW1- and HMW2-mediated adherence to
the NCI-H292 cell line, the adherence patterns of the three
isogenic mutants of strain 12, expressing HMW1, HMW2, or
neither of these HMW proteins, to both epithelial cell lines
were determined. The mutant strain 12-4, deficient in both
HMW proteins, did not adhere to either cell line, indicating
that strain 12 did not express adhesins for these cell lines other
than HMW1 and HMW2. The mutant strain 12-2 (HMW1
positive) adhered efficiently to both cell lines. This HMW1-
mediated adherence to both cell lines was inhibited in the
presence of dextran sulfate, as expected. Using the mutant
strain 12-10 (HMW2 positive), less than five bacteria per cell
bound to Chang cells, but this strain adhered efficiently to
NCI-H292 cells. This HMW2-mediated adherence was not in-
hibited in the presence of dextran sulfate.

To discriminate between the HMW1 and HMW2 types of
adherence of the isolates, we determined the adherence of the
32 adhering isolates to the two cell lines in the presence and
absence of dextran sulfate (Table 3). Of the 32 adhering iso-
lates, 16 isolates adhered to both cell lines in the absence of
dextran sulfate, while in the presence of dextran sulfate, no
adherence occurred, indicating an HMW1-mediated adher-
ence (group I, HMW1). Four isolates adhered only to NCI-
H292 cells, irrespective of the presence of dextran sulfate,
which is indicative of HMW2-mediated adherence (group II,
HMW2). Twelve isolates adhering to Chang epithelial cells
showed different adherence patterns to NCI-H292. Four iso-
lates did not adhere to NCI-H292 cells (group III); four iso-
lates adhered to NCI-H292 cells, but not in the presence of
dextran sulfate (group IV); and four isolates adhered to NCI-
H292 in the presence as well as the absence of dextran sulfate
(group V). The distribution of the 32 adhering isolates across
the five adherence patterns seemed not to be associated with

TABLE 2. Association of hmw or HMW with adherence of 58 H. influenzae isolates from different sources

Isolate source

No. of isolates

Adherent Nonadherent

Total hmwa HMWb HMW MAbsc Total hmw HMW HMW MAbs

Carriers 12 7 6 3 18 0 0 0
Otitis media 8 4 5 5 1 1 1 1
COPD 12 11 11 6 7 0 0 0

Total 32 22 22 14 26 1 1 1

a hmw was detected by PCR.
b Expression of HMW protein(s) recognized by at least one of the two polyclonal sera in a Western blot.
c Expression of HMW protein(s) recognized by at least one of the six MAbs against HMW proteins in the whole-cell ELISA.
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the source of the isolates. However, the numbers of isolates per
group are too low to make a statistically valid statement.

HMW expression was associated with three adherence pat-
terns: 14 of the 16 group I (HMW1) isolates (88%) and the 4
isolates of group II (HMW2) were hmw and HMW positive, as
were the 4 isolates of group IV (Table 3). The differences in
adherence patterns of the four group IV strains may be ex-
plained by expression of an HMW adhesin with specificity
other than HMW1 and HMW2 or an HMW protein involved
in the HMW1-like adherence pattern to NCI-H292 cells, to-
gether with another adhesin.

The HMW proteins of the isolates were further studied by
using six HMW-specific MAbs in a whole-cell ELISA. Using
the prototype strain 12 and its HMW1 and HMW2 isogenic
mutants, it was observed that MAb 3D6 recognized both
HMW1 and HMW2, MAb 2G3 and MAb 10C5 were specific
for HMW1, and MAb AD6 was specific for HMW2. Our re-
sults with MAbs 10C5 and AD6 were similar, as obtained
earlier by St. Geme and Grass (26), who used Western blotting.
The MAbs 1D5 and 4G4 did not react with the reference
strains in whole-cell ELISA, although they reacted in the
Western blot. Apparently, these MAbs recognized only the
denatured proteins. Of the 16 isolates of group I exhibiting an
HMW1 type of adherence, 7 did not react with any MAb. The
other nine isolates reacted with MAb 3D6: one of them reacted
in addition with MAb 2G3, one reacted with MAb AD6, and
four reacted with both MAbs 2G3 and AD6. None of the four
isolates of group II correlating with the strain 12 HMW2-
mediated adherence pattern showed reactivity with MAb AD6
or with any other MAb (Table 3). The 4 hmw- and HMW-
positive isolates of group IV all reacted with MAbs 3D6 and
AD6: one reacted in addition with 2G3, and another reacted
with 10C5. The hmw- and HMW-positive strain of group V
showed reactivity with MAbs 2G3 and 3D6, and the nonad-
herent hmw- and HMW-positive isolate reacted with MAb
AD6. These results indicate that the HMW1- and HMW2-like
adherence patterns of the isolates are not expressed together
with the epitopes for the HMW1- or HMW2-specific MAbs.

Cloning and sequencing of the hmw gene of a COPD isolate.
The 11 COPD isolates adhering to NCI-H292 cells expressed
HMW proteins. However, the HMW proteins of COPD iso-
lates differed antigenically from HMW proteins expressed by
strain 12. Only six reacted with the HMW-specific MAbs. Of
the four isolates of group II (HMW2), none was recognized by
the MAbs in the ELISA. Among these four isolates, the COPD
isolate A950006 was also negative with the 25D polyclonal

serum in whole-cell ELISA and Western blotting. An HMW
knockout mutant of this isolate, constructed by kanamycin box
insertion in the hmw gene, showed reduced adherence com-
pared to the parent isolate, indicating that the HMW protein
was the major adhesin of this isolate (Fig. 1). To characterize
the HMW adhesin of this strain, A950006, a chromosomal
library was made with 8- to 12-kb Sau3A-digested chromo-
somal fragments of A950006. The fragments were ligated into
the BglII site of plasmid pGJB103, and this was transformed to
E. coli DH5a. After selection for clones adhering to NCI-H292
cells, eight different clones were obtained that adhered to
NCI-H292. All of these clones were positive for hmw by PCR,
indicating that the hmw gene product of A950006 was likely
mediating the adherence to NCI-H292 cells. The plasmid of
clone 6 containing a 10-kb chromosomal fragment was trans-
formed to the hmw mutant of strain A950006, resulting in a
wild-type adherence pattern of this clone (Fig. 1). Transfor-
mation of this plasmid to H. influenzae strain Rd also resulted
in adherence of the Rd clone to NCI-H292 cells (data not
shown).

The results of the analysis of the clones with the polyclonal
rabbit serum 25D in the Western blot are summarized in Fig.
2. The serum did not react with whole-cell lysates of strain
A950006, suggesting a low affinity of this polyclonal serum for
the A950006 HMW protein. In contrast, the E. coli and Rd
clones containing the hmw gene on a plasmid did react with the
25D serum. Also when the expression of an HMW protein was
restored in the A950006 hmw knockout mutant by complemen-

FIG. 1. Adherence of strain A950006 and clones to NCI-H292 cells shown as
the number of bacteria per cell. Open bars, adherence without dextran sulfate;
solid bars, adherence in the presence of dextran sulfate.

TABLE 3. Grouping of 32 adherent H. influenzae isolates based on adherence properties

Adherence toa:

No. of
isolates

Adherence
pattern

No. of isolates

Chang cells NCI-H292 cells

hmw HMW HMW MAbsWithout dextran
sulfate

With dextran
sulfate

Without dextran
sulfate

With dextran
sulfate

11 2 111 2 16 Ib (HMW1)c 13d 13d 9
2 2 111 111 4 II (HMW2)c 4 4 0
11 11 2 2 4 III 0 0 0
11 11 111 2 4 IV 4 4 4
11 11 11 11 4 V 1 1 1

Total 32 22 22 15

a 2, ,5 bacteria per cell; 11, 10 to 50 bacteria per cell; 111, .50 bacteria per cell.
b Two isolates did not adhere to Chang epithelial cells.
c This adherence pattern correlated with HMW1- or HMW2-mediated adherence of strain 12, as indicated.
d One isolate was hmw positive and HMW negative, another was hmw negative and HMW positive.
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tation of the cloned gene, a protein was recognized (not shown).
When Western blotting was performed with the polyclonal
rabbit serum K1-050, an HMW protein of A950006 was rec-
ognized which disappeared after hmw::kan insertion (Fig. 3).
The expression was restored in this A950006 hmw knockout
mutant by complementation with the plasmid of clone 6. Com-
bination of the results of adherence assays and the immuno-
blotting with the polyclonal sera suggests that strain A950006
expressed an HMW protein with HMW2-type adherence spec-
ificity, although this protein was not detected by serum 25D.

Sequencing analysis of the hmw gene of strain A950006. The
hmw gene of strain A950006 was further characterized by
DNA sequencing analysis of the cloned fragment. The frag-
ment contained a complete hmwABC gene cluster, as judged
from the length of the chromosomal insert. This was confirmed
by aligning sequences obtained from subclones, which aligned
to parts of all three open reading frames (ORFs) of the gene
cluster (not shown). An additional ORF in front of the hmwA
gene showed homology to ORF HI1598 of H. influenzae Rd.
Sequence analysis of the complete hmwC gene revealed that
the nucleotide sequences of the hmwC gene of strain A950006
are 97 and 96% identical to those of the hmw1C and hmw2C
genes of strain 12, respectively, and the deduced amino acid
sequences are 98 and 96% identical to those of HMW1C and
HMW2C. Similar to the upstream region of the hmw1C gene,
the 59-flanking region of the A950006 hmwC gene contains a
series of direct tandem repeats with a 9-bp sequence repeated
multiple times. However, the hmwC gene of strain A950006
contained 19 AAAACTAAG repeats, which differed from the
repeated sequence from hmw1C, which is CAAACCAAG. The
sequence of the hmwA gene of A950006 consisted of a
4,671-bp ORF with 75% homology to hmw1A and 76% ho-
mology to hmw2A of strain 12, while the deduced amino acid
sequence was 70% homologous to HMW1A and 68% homol-
ogous to HMW2A (Fig. 4). The first 1,255 bp of the hmwA
gene are more conserved, showing 92% homology to both
hmw1A and hmw2A. The upstream region of the hmwA gene
contained 22 copies of the 7-bp repeat ATCTTTC, which was
also apparent in the hmw1A and hmw2A flanking regions.

In conclusion, the hmwA gene of H. influenzae A950006,
encoding an HMW protein mediating HMW2-like adherence,
differed considerably from hmw1A and hmw2A.

DISCUSSION

In this study, we analyzed the adherence patterns to two
human epithelial cell lines of nontypeable H. influenzae from 9
otitis media patients and 19 COPD patients in comparison with
those of 30 isolates from the throat of healthy individuals. Of
the 58 isolates tested, 32 (55%) adhered to one or both of the

epithelial cell lines used. The majority (72%) of the adherent
isolates expressed HMW proteins, as determined by PCR with
hmw-specific primers and Western blotting with two polyclonal
sera, suggesting that these adhesins were involved in the ad-
herence.

Different adherence patterns of the isolates to the two hu-
man epithelial cell types were observed. We showed that 20
isolates had HMW1-like or HMW2-like adherence. In addi-
tion, three other patterns of adherence were detected among
the other 12 adherent isolates. The presence of the hmw gene
or HMW proteins correlated with the HMW-like adherence
patterns in most cases. Only two isolates with an HMW-like
adherence pattern were hmw and HMW negative. All 12
strains with adherence patterns different from HMW-like ad-
herence (groups III, IV, and V), adhered to Chang epithelial
cells, irrespective of the presence of dextran sulfate. The four
isolates from group III, and three of the four isolates within
group V were hmw and HMW negative. Although the involve-
ment of HMW in adherence of these isolates to Chang or
NCI-H292 cells cannot be ruled out, adherence to these cells
due to another adhesin is more likely. Since the Hia protein
mediates efficient in vitro adherence of nontypeable H. influ-
enzae to Chang epithelial cells (3), the Hia protein or other
unknown adhesins may play a role in the adherence patterns of
these isolates. Five of the 12 isolates, the 4 isolates of group IV
and 1 isolate of group V, expressed HMW proteins. Therefore,
these five isolates may express HMW proteins that give rise to
an adherence pattern different from HMW1- and HMW2-type
adherence, or they may express HMW adhesins in combination
with Hia or an unknown adhesin. The combined presence of
hia and hmw was reported earlier for an otitis media isolate
(15), but among 59 nontypeable H. influenzae strains in an-
other study, none harbored both hmw and hia (27).

One isolate expressing an HMW protein did not adhere,
indicating that HMW proteins may not always function in
adherence. In addition, the hmw knockout mutant of strain
A950006 showed residual adherence, indicating that besides
the HMW protein, another adhesin was involved in the adher-
ence of this strain. However, loss of adherence by knockout
mutation of the hmw of three representative isolates from
groups I, II, and IV confirmed that the HMW proteins were
the major adhesins of these strains (data not shown). Although
HMW-expressing strains may also adhere through other ad-
hesins, the strong correlation of adherence with HMW and the
inhibitory effect of dextran sulfate in most HMW-positive iso-
lates indicate that HMW proteins were relevant adhesins for
these isolates.

Since significantly more otitis media isolates and COPD
isolates were hmw and HMW positive than isolates from
healthy carriers, HMW expression may be important for the

FIG. 2. Western blot of whole-cell lysates of strain A950006 and clones. The
lysates were probed with E. coli-absorbed rabbit serum 25D. Lanes: 1, E. coli
DH5a containing pGJB103; 2, E. coli DH5a clone 6 containing hmw; 3, H. in-
fluenzae Rdrec1 containing pGJB103; 4, H. influenzae Rdrec1 clone 6 containing
hmw; 5, strain A950006; 6, A950006 (hmw::kan); 7, strain 12-2 (HMW1 positive
and HMW2 negative) 8, strain 12-10 (HMW1 negative and HMW2 positive).

FIG. 3. Western blot of whole-cell lysates of strain A950006 and clones. The
lysates were probed with rabbit serum K1-050. Small arrowheads, HMW1 and
HMW2 of strain 12; large arrowhead, HMW protein of A950006. Lanes: 1, strain
A950006; 2, mutant A950006 (hmw::kan); 3, mutant A950006 (hmw::kan) con-
taining hmw; 4, strain 12.
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onset of infections such as otitis media as well as for COPD. A
similar high frequency of HMW-positive nontypeable H. influ-
enzae isolates from otitis media has been reported in other
studies, which showed that 75 to 80% of these isolates ex-
pressed HMW proteins (4, 15, 27). Otitis media isolates also
adhered significantly more to the two cell lines than carrier
isolates. In contrast, the proportions of COPD isolates and
carrier isolates adhering to the cell lines were similar, suggest-
ing that, in our in vitro assay, the carrier isolates adhered more
often by adhesins other than HMW. It may be that nonadher-
ing isolates express adherence factors for which no receptors
are available on these two cell lines, as shown for fimbria-
mediated adherence of H. influenzae (30, 38). For nonadherent
isolates, an alternative adherence mechanism may be impor-
tant in COPD patients. In the lower respiratory tract of these
patients, neutrophil defensins are present continuously due to
the low-level inflammation of the bronchial tree, and it has

been shown that nonadherent H. influenzae cells are able to
adhere to epithelial cells in the presence of neutrophil de-
fensins (11).

Screening of the isolates with a panel of six HMW protein-
specific MAbs in whole-cell ELISA showed that the HMW
proteins of COPD isolates and carrier isolates were more dis-
tinct from the HMW proteins from strain 12 than those from
otitis media isolates. In another study using electrophoretic
typing of H. influenzae isolates from different sources, it was
found that otitis media isolates were more clonal than iso-
lates from COPD isolates (36). Since infections in COPD are
chronic and antibody-mediated defense mechanisms are active
in these patients, the antigenic heterogeneity may be the con-
sequence of accumulation of mutations, as observed in other
immunogenic outer membrane proteins during persistent in-
fections of these patients (6, 7).

Adherence characteristics and the results of Western blot-

FIG. 4. Complete amino acid sequence comparison of the predicted HMWA protein of H. influenzae strain A950006 compared to the derived amino acid sequences
of HMW1 and HMW2 of H. influenzae strain 12 (2). Sequences were aligned and compared by Align Plus 3.0. Identical amino acids are indicated with dots; gaps are
indicated with dashes. The RGD sequences of A950006 HMW protein and HMW2 are indicated.
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ting of strain A950006 and its hmw knockout mutants showed
that this strain expressed an HMW adhesin that was not rec-
ognized by serum 25D nor by any of the MAbs. Sequence
analysis of the hmwA gene of this strain showed that it was
75% homologous to hmw1A and 76% homologous to hmw2A,
as published by Barenkamp and Leininger (2). Also, 22 copies
of a 7-bp repeat were found in front of the hmwA gene of strain
A950006. Since it was shown that the presence of 17 copies or
more of this sequence leads to a low level of expression of the
HMW proteins (5), the high number of these copies in strain
A950006 may lead to a low level of HMW expression in this
strain, and the diversity in the hmwA gene may lead to anti-
genic differences. A low expression level in conjunction with
antigenic differences can explain the lack of the reactivity of
the anti-HMW polyclonal serum 25D with strain A950006.
Reactivity of this polyclonal serum with the A950006 HMW
expressed by the E. coli and H. influenzae clones may be due to
overexpression of the HMW from the plasmid by these clones.

We found no association between the HMW1- and HMW2-
like adherence patterns of the isolates and reactivity with the
HMW1-specific MAbs or the HMW2-specific MAb, respec-
tively, indicating that antigenic sites and adherence sites are
different. The predicted amino acid sequence of the HMWA of
strain A950006 contained the sequence RGD from amino ac-
ids 460 to 462. The RGD sequence of the Bordetella pertussis
filamentous hemagglutinin, which is related to the HMW pro-
teins, has been implicated in adherence to the integrin CR3
(22). HMW2A also contains the RGD sequence, but at a
different position, namely from amino acid 785 to amino acid
787. Since the HMW protein of strain A950006 mediated ad-
herence similar to HMW2-mediated adherence, this RGD se-
quence may be involved in adherence of group II isolates.

In conclusion, HMW is strongly related to the ability of
nontypeable H. influenzae isolates to adhere to the Chang and
NCI-H292 epithelial cell lines. Probably as a result of the
variability in hmwA sequence, HMW proteins show a large
antigenic diversity, although their HMW1- and HMW2-like
adherence patterns are conserved.
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