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The P2 porin protein is the major outer membrane protein of nontypeable Haemophilus influenzae and is a
potential target of a protective immune response. Nine monoclonal antibodies (MAbs) to P2 were developed by
immunizing mice with nontypeable H. influenzae whole organisms. Each MAb reacted exclusively with the
homologous strain in a whole-cell immunodot assay demonstrating exquisite strain specificity. All nine MAbs
recognized abundantly expressed surface-exposed epitopes on the intact bacterium by immunofluorescence and
immunoelectron microscopy. Each MAb was bactericidal to the homologous strain in an in vitro complement-
mediated killing assay. Immunoblot assay of cyanogen bromide cleavage products of purified P2 indicated that
MAb 5F2 recognized the 10-kDa fragment, and the other eight MAbs recognized the 32-kDa fragment.
Competitive ELISAs confirmed that 5F2 recognized an epitope that is different from the other eight MAbs. To
further localize epitopes, MAbs 5F2 and 6G3 were studied in protein footprinting by using reversed-phase
high-performance liquid chromatography. Three potential epitope-containing peptides which were reactive in
an enzyme-linked immunosorbent assay with both 5F2 and 6G3 were isolated. These peptides were identified
by N-terminal amino acid sequence and localized to loops 5 and 8 of the proposed model for P2. Fusion proteins
consisting of glutathione S-transferase fused with variable-length peptides from loops 5 and 8 were expressed
in the pGEX-2T vector. Immunoblot assay of fusion peptides of loops 5 and 8 confirmed that SF2 recognized
an epitope within residues 338 to 354 of loop 8; 6G3 and the remaining MAbs recognized an epitope within
residues 213 to 229 of loop 5. These studies indicate that nontypeable H. influenzae contains bactericidal
epitopes which have been mapped to two different surface-exposed loops of the P2 molecule. These potentially
protective epitopes are strain specific and abundantly expressed on the surface of the intact bacterium.

Since the recognition of nontypeable Haemophilus influen-
zae as a major pathogen in such diseases as otitis media,
chronic sinusitis, and chronic obstructive pulmonary disease
(COPD), among others (4, 21, 29, 50, 51), investigators have
focused on identifying a potentially protective immune re-
sponse to this organism (5, 10, 14, 16, 31, 32, 36). Several lines
of evidence indicate that bactericidal antibodies are associated
with protection from infection. Shurin et al. demonstrated that
serum bactericidal antibodies develop during the course of
otitis media resulting from nontypeable H. influenzae (40).
They further demonstrated that susceptibility to Haemophilus
otitis correlated with the absence of bactericidal antibody in
acute-phase serum samples. More recently, in a prospective
trial of children with otitis media, Faden et al. showed that
bactericidal antibody to strains of nontypeable H. influenzae
correlated with strain-specific protection from otitis media (9).
Furthermore, the presence of serum bactericidal antibody was
associated with a significant reduction in the concentration of
bacteria in middle ear fluid (9). These data indicate that
bactericidal antibody is associated with protection from infec-
tion by nontypeable H. influenzae.
One of the specific targets of bactericidal antibody to

nontypeable H. influenzae, in both normal human sera and
immune sera, is the heterogeneous P2 protein (2, 12, 31, 49).
P2 is the predominant outer membrane protein, ranging in
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molecular mass from 36 to 42 kDa among strains (3, 24, 28,
41). As the sole porin for H. influenzae, it exists as a trimer and
is closely associated with lipooligosaccharide (7, 13, 22, 25, 47,
48). Even in immune sera depleted of polyribosylribitol phos-
phate capsule, antibodies to the P2 protein were protective in
the infant rat model of experimental meningitis resulting from
H. influenzae type b (27); this demonstrates the potential
importance of antibodies to P2 in the immune response not
only to nontypeable strains but to typeable strains as well.
The goal of this study was to characterize monoclonal

antibodies (MAbs) that recognize P2 of nontypeable H. influ-
enzae, map the epitopes, and assess the bactericidal activity of
the antibodies. Localization of surface-exposed bactericidal
epitopes will expand our understanding of antigenic structure
and identify critical portions of the P2 molecule in its interac-
tion with the host.

MATERIALS AND METHODS

Bacterial strains. Four strains of nontypeable H. influenzae
(strains 1479, 3198, 5657, and 7502) used in this study were
recovered from the sputum of adults with chronic bronchitis in
Buffalo, N.Y. An additional 97 nontypeable H. influenzae
strains, 25 type b, and one each of types a, c, d, e, and f from
diverse clinical sources and geographic areas were studied.
Each strain required both hemin (X factor) and NAD (V
factor) for growth. Capsular serotypes were determined by
counterimmunoelectrophoresis or agglutination with specific
antisera. There were 19 isolates of other Haemophilus species
used in this study and 24 isolates of a variety of other
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gram-negative bacilli, including Actinobacillus actinomycetem-
comitans, Moraxella (Branhamella) catarrhalis, Neisseria gonor-
rhoeae, Neisseria meningitidis, Escherichia coli, Enterobacter
cloacae, Enterobacter aerogenes, KUebsiella pneumoniae, Serratia
species, Salmonella minnesota, Proteus mirabilis, Morganella
morganii, and Pseudomonas aeruginosa. Isolates were stored in
Mueller-Hinton broth with 10% glycerol at -70°C.
Development of MAbs. Whole cells of strain 1479 were used

to immunize BALB/c mice intraperitoneally on days 0 and 28.
On day 32, the mice were sacrificed and splenic lymphocytes
were fused with SP2/0-Agl4 plasmacytoma cells as described
previously (19, 35). Nine clones which produced antibodies
reactive to the strain 1479 P2 protein by immunodot and
immunoblot assays were cloned by limiting dilution (15, 30).
Hybridomas producing the selected antibodies were injected
intraperitoneally into pristane-primed BALB/c mice. The re-
sulting ascitic fluid was harvested 2 to 3 weeks later, tested for
specificity, and stored at -70°C.

Antibody isotyping. The isotype of each MAb was deter-
mined by immunodiffusion using the Ouchterlony method.
Plates were prepared by using 13 ml of 1% DNA-grade
agarose (Bio-Rad, Hercules, Calif.) in phosphate-buffered
saline (PBS)-0.1% NaN3 per 100-mm plate. After the agarose
solidified, 4-mm wells were punched into the agarose in a
circular pattern. The center well contained goat anti-mouse
subclass-specific antibody (Southern Biotechnologics Associ-
ates, Birmingham, Ala.). Outer wells were filled with either
undiluted or, where necessary, five-times-concentrated tissue
culture supernatant containing MAbs to be tested alternated
with MAbs of known isotypes. After the plates were incubated
for 24 to 96 h in a humid chamber at ambient temperature,
they were examined for white lines of immunoprecipitation.
Immunofluorescence microscopy. Indirect immunofluores-

cence was used to determine whether the MAbs recognized
surface epitopes on the homologous bacterial strain. A suspen-
sion of H. influenzae in PBS was air dried, heat fixed to a glass
slide, and incubated with MAb in undiluted tissue culture
supernatant. Reactivity was detected with fluorescein-labeled
goat anti-mouse immunoglobulin G (IgG) as described previ-
ously (15).
Immunoelectron microscopy. Anti-mouse IgG conjugated to

15-nm colloidal gold particles was used to detect MAb reac-
tivity to surface-exposed antigenic determinants by immuno-
electron microscopy as described previously (30).

Bactericidal assay. Bacterial strains were grown on choco-
late agar overnight in 5% CO2 at 37°C. A turbid suspension
was made in a small amount of growth medium (brain heart
infusion broth supplemented with 10 ,ug of hemin per ml and
fresh NAD at 10 ,ug/ml) and used to adjust a flask of growth
medium to a starting optical density at 600 nm (OD6.) of 0.05.
The bacteria were grown to the mid-logarithmic phase (OD6.,
0.24) at 37°C with agitation. After the culture was diluted to 5 x
10 CFU/ml in Gey's balanced salt solution (GIBCO Labora-
tories, Life Technologies, Inc., Grand Island, N.Y.)-10% bo-
vine serum albumin (GBSS-BSA), a 25-,ul aliquot was added to
each reaction vial. This was the equivalent of -2,000 CFU per
250-,ul total reaction volume.
The complement source used in the bactericidal assays was

serum from patients with hypogammaglobulinemia. Whole
blood was allowed to clot on ice, and aliquots of the serum
were frozen at -70°C. Each aliquot was thawed only once. The
antibody source was MAbs from ascitic fluid which were
protein A (IgG2a and IgG2b) or protein G (IgGl) affinity
purified. Each MAb was used at a single concentration of 80
,ug/ml per assay vial except for MAbs SF2 and 6G3, which were
diluted for titer determination. Heat-inactivated normal hu-

man serum containing bactericidal antibody plus the comple-
ment source was used as a positive control of complement
activity. A negative control containing only bacteria and com-
plement was included to ensure that complement was not
killing in the absence of antibody. An irrelevant MAb (8E6)
specific for M catarrhalis was also used as a negative control.
Each MAb was tested both with and without the addition of
complement. Both nontypeable H. influenzae 1479 and 5657
were tested with each antibody.
The reaction vial consisted of 25 pl of bacteria, 20 ,ug of

MAb or 25 pl of normal human serum, and 22 pl of comple-
ment (8.8% of the total volume), with the remainder of the
250-pl reaction mixture made up of GBSS. Complement was
thawed and added to the vials last. Reaction vials were
incubated in a rotary shaker at 37°C for 2 h. A 25-,ul aliquot
was inoculated onto chocolate agar plates in duplicate at times
0, 60, and 120 min. Colony counts were determined from
duplicate plates after an overnight incubation in 5% CO2 at
37°C. The average of the duplicate plates was calculated.
SDS-PAGE and immunoblot assays. Whole-cell prepara-

tions were solubilized in sample buffer and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) with 15% gels under denaturing conditions (23, 30).
Gels were stained with Coomassie blue (34) or silver stain (28,
46) or transferred to nitrocellulose for immunoblot assay (30).

Purification of P2. P2 was purified as described previously
(30).

Competitive ELISA. To determine whether each of the nine
MAbs recognized the same or different epitopes on the P2 of
strain 1479, a competitive enzyme-linked immunosorbent assay
(ELISA) using biotinylated purified P2 was performed as
detailed by Haase et al. (15). Briefly, SF2 and 6G3 were used
to coat microtiter plates in separate experiments; nonspecific
reactivity was blocked with 3% gelatin. Serial dilutions of each
MAb were preincubated with biotinylated P2 from strain 1479
for 1 h at ambient temperature prior to being added to the
coated microtiter plates. Avidin peroxidase conjugate was
added; after the plates were incubated for 1 h at ambient
temperature, color was developed with ortho-phenylenedia-
mine substrate in citric-phosphate buffer (pH 5.0)-0.003%
H202. After the plates were incubated for 30 min at ambient
temperature, color development was stopped with the addition
of 5 N H2SO4. The A490 was determined for each well on a
BIO-TEK EL-307 ELISA reader.

Negative controls included MAb 1G9, which recognizes an
epitope on the lipooligosaccharide of strain 1479, and an
anti-P2 MAb (2E6), which does not react with strain 1479. In
addition, affinity-purified SP2 hybridoma ascites was used to
monitor nonspecific background mouse antibody.

Protein footprinting using rHPLC. The reversed-phase
high-performance liquid chromatography (rHPLC) procedure
was a modification of the one used by Jemmerson and Pater-
son to map epitopes on cytochrome c (17).

Trypsin digestion. To prepare for trypsin hydrolysis, the P2
and antibody samples were precipitated in ethanol and briefly
air dried before being solubilized in digestion buffer (50 mM
NH4HCO3 [pH 8.3]). P2 was combined with antibody in an
equimolar ratio (0.56:1) where indicated. The P2, MAb, and
P2-MAb samples, including the NH4HCO3 controls, were
preincubated at 4°C for 4 h with end-over-end mixing. Trypsin
(Sigma Chemical Co., St. Louis, Mo.) was reconstituted just
before use in 0.01% trifluoroacetic acid (TFA). Trypsin (5%
[wt/wt] P2) was added to the appropriate vials, and the vials
were incubated at 37°C for 90 min in a shaking water bath.
Trypsin digestion was stopped by adding 30 ,ul of 2.0 N acetic
acid to the 150-pl total reaction volume. Each sample was
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frozen in dry ice and ethanol before being lyophilized in a
Speedvac (Savant) under low heat and stored at -20°C.
Controls included NH4HCO3 without trypsin (0 h and 90 min),
trypsin (5 ,ug at 0 h and at 90 min), and trypsin (15 ,ug at 0 h)
and the oxidized beta chain of bovine insulin plus trypsin (5%
[wt/wt] insulin). The controls identified NH4HCO3 breakdown,
trypsin self-hydrolysis, and trypsin activity.

Separation of peptides by rHPLC. A Waters Deltapak C18
reversed-phase column (3.9 mm by 15 cm) with a 30-nm pore
size and a 5-,um particle size was used in all HPLC separations.
Prior to being loaded, lyophilized samples were reconstituted
in 200 RI of 0.1% (wtlvol) TFA to which 25 [lI of an internal
protein standard was added. The samples were centrifuged for
1 min at 2,000 x g. A 200-,ul sample was loaded onto the
column in 100% solvent A (0.1% [wt/vol] TFA in H20) and
eluted at a flow rate of 1.0 ml/min in a linear gradient of 0 to
72% solvent B (0.075% [wt/vol] TFA in 70% [wt/vol] acetoni-
trile) over 137 min at ambient temperature. Peak absorbance
was monitored simultaneously at 214 and 280 nm. Peak
fractions at 214 nm from the trypsin digestion of P2 were
collected manually, lyophilized in a Speedvac, and stored at
-200C.

Purification of peptide fractions. Selected fractions from the
tryptic digestion of P2 were reconstituted in 0.1% (wtlvol)
TFA, pooled from a number of runs, and applied to the same
column with solvents A and B as described above. Peptide
fractions were separated at a flow rate of 1.0 ml/min in a linear
gradient where the increase in solvent B was 10% over 50 min.
The starting and ending concentrations of the elution buffer in
the linear gradient were optimized for each selected fraction
region. Peaks were monitored at 214 and 280 nm. Single peaks
at 214 nm were manually collected, lyophilized in a Speedvac,
and stored at -200C.
ELISA. Lyophilized P2 tryptic fractions were each sus-

pended in 50 jIl of 50 mM carbonate buffer (pH 9.6) and
coated onto 96-well flat-bottom microtiter plates, and the
plates were incubated overnight at 4°C. Purified strain 1479 P2
(250 ng per well) was used as a positive control, and strain 3198
P2 and strain 7502 P2 at the same concentrations (i.e., 250 ng
per well) were used as negative controls. Following a single
wash in PBS, nonspecific binding was blocked with 3% BSA in
PBS (300 pI per well), and the plates were incubated for 1 h at
37°C. After five washes with PBS-0.05% Tween 20 (PBS-
Tween), MAb (6G3) appropriately diluted in assay diluent
(PBS, 1% BSA, 0.05% Tween 20) was added to designated
wells (50 [l per well), and the wells were incubated for 2 h at
370C. The plates were washed in PBS-Tween as described
above, and protein A-horseradish peroxidase (protein A-HRP)
conjugate (Zymed) diluted in assay diluent was added to each
well and incubated at ambient temperature for 1 h. Color was
developed by using tetramethylbenzidine (Sigma)-0.015%
H202 (50 pI per well) for 30 min at 37°C. The reaction was
stopped by the addition of 4 N H2SO4. The A450 of each well
was determined on a Dynatech MR600 Microplate Reader.
The use of MAb SF2 (IgGl) as a primary antibody in the

assay required a goat anti-mouse IgG-HRP conjugate (Kirkeg-
aard & Perry Laboratories, Inc.) in place of the protein
A-HRP. As in the protein footprinting assay, only MAbs 6G3
and SF2 were used to screen for potential epitopes in the
ELISA.
PCR. PCR was employed to obtain appropriate fragments of

the P2 gene for subcloning and expression as fusion proteins. A
plasmid which contains the 3' half of the P2 gene of nontype-
able H. influenzae 1479 was used as template DNA (41).
Primers were designed with restriction sites for directional
cloning into pGEX-2T. MgCl2 was added to the reaction

mixture to a final concentration of 3.7 mM. PCR was carried
out as follows. The template was denatured at 95°C for 5 min;
five cycles were run at 95°C for 1 min 30 s, 37°C for 2 min, and
50°C for 3 min. This was followed by twenty-five cycles of 95°C
for 1 min, 50°C for 1 min, and 72°C for 2 min (extension).
Finally, 8 min of extension time at 72°C was included to
complete the reaction.

Construction of plasmids. The pGEX-2T vector was used to
express peptides as fusion proteins (43). The vector was
digested with EcoRI and BamHI for most of the constructions
except for pTM208-A, which had two BamHI sites. Since the
primers were designed so that the PCR products had different
restriction sites, directional subcloning was possible in most
cases. Appropriate DNA bands were excised from 2.4% low-
melting-point agarose (NuSieve; FMC Bioproducts, Rockland,
Maine). Agarose was heated at 65°C with the same volume of
TE buffer (10mM Tris-HCl, lmM EDTA [pH 8.0]) until it was
melted, and the sample was extracted with phenol and precip-
itated with ethanol. Restriction digestion was performed on
purified DNA fragments to acquire compatible ends with the
pGEX-2T vector. Digested vector and insert DNAs were
mixed at a 1:2 molar ratio. T4 DNA ligase was used as
instructed by the manufacturer (Promega). The ligation mix-
ture was incubated at 16°C overnight. The recombinant DNA
molecule was electroporated into E. coli DHSa F'. The
electroporation was performed at 25 ,uF, 200 fl, and 1.80 kV
for 4 to 5 ms. Transformed cells were plated on LB amp
(Luria-Bertani medium plus 60 pug of ampicillin per ml).
Transformants were screened by restriction digest analysis of
plasmid DNA. Clones which contained the expected size insert
were confirmed by DNA sequencing.

Purification of fusion protein. Fusion proteins were purified
by the method of Smith and Johnson (43). Briefly, bacteria
were grown overnight at 37°C in 80 ml of LB amp with vigorous
shaking. The overnight culture was diluted with fresh medium
to 800 ml. After 1 h of incubation, isopropyl-o-D-thiogalacto-
pyranoside (IPTG) was added to 0.4 mM; 3 to 4 h of incubation
followed. The cells were pelleted, resuspended in MTPBS (150
mM NaCl, 16 mM Na2HPO4, 4 mM NaH2PO4 [pH 7.3]), and
lysed by moderate sonication on ice. After Triton X-100
(Fisher Scientific, Fair Lawn, N.J.) was added to 1%, the lysed
cell suspension was centrifuged at 10,000 x g for 5 min at 4°C.
The supernatant was mixed with 2 ml of 50% glutathione
agarose beads (Sigma) with gentle shaking by inverting the
tube for 2 min. After centrifugation at 500 x g, the mixture was
washed with 50 ml of MTPBS three times. To elute the fusion
protein from the beads, the same volume of 5 mM reduced
glutathione (Sigma) in 50 mM Tris-HCl (pH 8.0) was added to
the mixture with gentle shaking by inverting the tube for 2 min
to elute the fusion protein. The eluate was collected by
centrifuging the beads at 500 x g. The eluting process was
carried out twice for thorough harvest of fusion proteins.

RESULTS

Characterization of MAbs. (i) Antigenic specificity. Nine
MAbs from a single fusion using splenocytes from mice
immunized with whole cells of nontypeable H. influenzae 1479
were identified by reactivity in an immunodot assay using
bacterial whole-cell lysates of the homologous strain. In im-
munoblot assays, each antibody bound to a 42-kDa protein
which corresponds to the P2 protein in whole-cell lysates of
strain 1479 (Fig. 1). Each MAb also recognized purified P2 in
immunoblot assays and ELISAs. MAbs SF2 and 6G3 were
characterized previously (15).

(ii) MAb isotype. The isotyping results obtained for the
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FIG. 1. Immunoblot assay of nontypeable H. influenzae 1479

whole-cell lysate (all lanes) incubated with MAbs and detected with
protein A-peroxidase and 4-chloro-1-naphthol. Lanes were incubated
with the following MAbs: a, 7B10; b, 6G3; c, 6F2; d, 6D2; e, 6C5; f,
6A11; g, SF2; h, 3C10; i, 1B5. Molecular mass standards in kilodaltons
(k) are shown on the right.

MAbs by Ouchterlony assay were as follows: 3C10, IgG2b;
1B5, 6A11, 6C5, 6D2, 6F2, 6G3, and 7B10, IgG2a; 5F2, IgGl.

(iii) Surface exposure. Immunoelectron microscopy and
immunofluorescence were performed to determine whether
the epitopes recognized by the MAbs on the homologous
strain were exposed on the surface of the intact bacterial cell.

A

Previously, it was shown that both MAbs 5F2 and 6G3
recognized surface-exposed epitopes on strain 1479 (15).

In this study, the other seven MAbs (iB5, 3C10, 6A11, 6C5,
6D2, 6F2, and 7B10) also reacted with an abundant surface-
exposed antigenic determinant(s) on H. influenzae 1479 by
immunoelectron microscopy as represented by MAb 3C10 in
Fig. 2. Controls consisting of SP2 hybridoma supernatant and
MAb to an irrelevant antigen used in place of the anti-P2
MAbs were consistently negative. These results were con-
firmed by indirect immunofluorescence microscopy which
showed that the other seven MAbs were highly reactive. We
conclude that all nine MAbs recognize epitopes which are
abundantly expressed on the surface of strain 1479.

(iv) Strain and species specificity. To determine the strain
and species specificity, MAb in undiluted tissue culture super-
natant was incubated with a panel of immunodots consisting of
whole-cell lysates of each of the 174 organisms listed in
"Bacterial strains" above. Each of the nine MAbs reacted
exclusively with the homologous strain, indicating that the
epitopes were unique to this strain.

(v) Bactericidal activity of MAbs. In vitro assays were
performed to determine if each of the MAbs was bactericidal
for strain 1479. Table 1 shows that each of the nine anti-P2
MAbs was bactericidal, with a 0% survival at 2 h. The
corresponding negative controls consisting of MAb in the
absence of complement had a survival of greater than 100%,
indicating that killing was complement mediated. Similarly, a

FIG. 2. Immunoelectron micrographs of nontypeable H. influenzae 1479 whole organisms incubated with MAb and then with goat anti-mouse
IgG conjugated to 15-nm colloidal gold particles. (A) MAb 3C10 undiluted tissue culture supernatant; (B) SP2 undiluted tissue culture supernatant
(negative control). Bar, 1 ,um.
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TABLE 1. Bactericidal activity of nine MAbs to the P2 protein of
nontypeable H. influenzae

% Survival at 120 mina
MAb Concn(MIg/mi) Strain 1479 with Strain 5657 with

complement complement"

1B5 80 0 126.0
3C10 80 0 164.9
5F2C 68 0 89.8
6A11 80 0 217.0
6C5 80 0 191.0
6D2 80 0 171.3
6F2 80 0 166.3
6G3d 50 0 97.2
7B10 80 0 152.1
Control 0 257.8 114.8

a % Survival = [(average CFU at T2 h)/(average CFU at To h)A X 100, where
T is time.

b Standard deviation from the mean was 4.7 per 100 CFU per duplicate plate
set.

c Titer, 40 ,ug/ml.
d Titer, 0.100 jig/ml.

control containing only bacteria and complement had a sur-
vival of greater than 100%, indicating that the complement
source did not contain bactericidal antibody to the specific
strain. The complement activity was sufficient since the normal
human serum with the addition of complement was bacteri-
cidal. At each sampling time, i.e., 0, 1, and 2 h, the number of
CFU on duplicate plates was averaged. Analysis of plates with
at least 100 CFU from 227 assay vials indicated that the
standard deviation from the mean was 4.7 per 100 CFU per
duplicate plate set.
As an additional control, each of the anti-P2 antibodies was

tested with the nontypeable strain H. influenzae 5657, which is
nonreactive with all of the antibodies. The survival at 2 h was
greater than 89% for each MAb both with (Table 1) and
without complement. An irrelevant MAb to M. catarrhalis
(8E6) was included as a negative control. When this antibody
was used, there was a survival of greater than 100% at 2 h with
both strains 1479 and 5657. We conclude that each of the nine
MAbs recognizes a strain-specific bactericidal epitope on the
P2 protein.

Bactericidal activitywas defined as less than or equal to 50%
survival [(average CFU at 2 h)/(average CFU at 0 h) x 1001
after 2 h of incubation. Upon diluting MAbs SF2 and 6G3, the
minimum bactericidal concentration for SF2 was 40 ,ug/ml in
comparison with 0.100 pLg/ml for 6G3.

Identification of epitopes. (i) Cyanogen bromide cleavage of
P2. Purified P2 was cleaved with cyanogen bromide as de-
scribed previously (30). The P2 protein of strain 1479 contains
one methionine residue and was cleaved into two fragments
with approximate molecular masses of 32 and 10 kDa as
determined by SDS-PAGE. The cleaved P2 was transferred
onto nitrocellulose for the immunoblot assay. Previously, it was
shown that MAb SF2 reacted with the 10-kDa band and 6G3
reacted with the 32-kDa band (15). The other seven MAbs
(1B5, 3C10, 6A11, 6C5, 6D2, 6F2, and 7B10) all reacted with
the 32-kDa band as shown in Fig. 3. Therefore, 6G3 and the
other seven MAbs recognize an epitope(s) which is distinctly
different from the one recognized by 5F2.

(ii) Competitive ELISAs. By cyanogen bromide cleavage of
P2, it was determined that the panel of MAbs recognized at
least two epitopes on P2. Competitive ELISAs were designed
to further define epitope differences by comparing the abilities
of the MAbs to bind to P2 in the liquid phase, thereby blocking
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FIG. 3. Immunoblot assay of cyanogen bromide cleavage of puri-

fied P2 from H. influenzae 1479. Lanes were incubated with the
following MAbs: a, 7B10; b, 6G3; c, 6F2; d, 6D2; e, 6C5; f, 6A11; g,
SF2; h, 3C10; i, lBS. Molecular mass standards in kilodaltons (k) are
shown on the right.

the ability of P2 to bind MAb immobilized on a microtiter
plate. The percent inhibition was calculated to determine the
extent to which a competing MAb inhibited the binding of the
coating MAb to biotinylated P2 at each P2 concentration
tested. The result, relative to purified SP2 hybridoma control
ascites which contained nonspecific mouse background anti-
bodies, was calculated by using the following formula: [(OD490
of SP2 - OD490 of MAb)/OD490 of SP2] x 100. The concen-
tration of MAb (micrograms per milliliter) resulting in 50%
inhibition was then determined for each competing MAb.
To compare the inhibition of each MAb with that of the

coating MAb, the relative concentration was calculated as
follows: concentration (micrograms per milliliter) of the het-
erologous MAb at 50% inhibition/concentration (micrograms
per milliliter) of the homologous MAb at 50% inhibition.
Figure 4 shows the results of competitive ELISAs when SF2
and 6G3 were used as the coating antibodies. When MAb SF2
was used as the coating antibody (Fig. 4A), the eight heterol-
ogous MAbs inhibited less than the homologous antibody
(arrow), with relative concentrations greater than 1.0. The
average variation between duplicate wells was 0.90%. In
comparison, when 6G3 was used to coat the plates (Fig. 4B),
seven of the heterologous MAbs were better inhibitors, with
relative concentrations less than 1.0, and one MAb inhibited
slightly less than the homologous antibody (arrow), with a
relative concentration of 1.7. The average variation between
duplicate wells was 0.98%. In each assay, the relative concen-
tration of the negative control MAbs 1G9 and 2E6 was much
greater than 1.0, indicating no inhibition. The differences
between the homologous and the heterologous antibodies
were considerably greater in the SF2 experiment (Fig. 4A) than
in the 6G3 experiment (Fig. 4B).

Previously, we showed that 5F2 inhibited the binding of 6G3
to P2 but that the reverse was not true (15). We now expand
our findings to include the other seven MAbs. The competitive
ELISAs confirm that SF2 recognizes an epitope that is differ-
ent from the other eight MAbs. Whether any further differ-
ences in epitope specificity exist among the eight MAbs which
recognized the larger fragment from cyanogen bromide cleav-
age remains inconclusive from competitive ELISAs.
On the basis of present and previous results from cyanogen

bromide cleavage and competitive ELISAs, MAbs SF2 and
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FIG. 4. Competitive ELISA. MAbs SF2 and 6G3 were used to coat
microtiter plates. Serially diluted MAbs were preincubated with bioti-
nylated P2 prior to being added to the coated plates to determine if the
soluble MAbs were able to inhibit the binding of the immobilized
MAbs to P2. Each panel shows the comparison of the relative
concentration of competing MAbs at 50% inhibition when SF2 (A) or

6G3 (B) was used as the coating MAb. Relative concentration is the
concentration (micrograms per milliliter) of heterologous MAb at 50%
inhibition divided by the concentration (micrograms per milliliter) of
homologous MAb at 50% inhibition. Coating MAb is the homologous
MAb (+). Symbols: El, strain 1479 P2-specific MAbs; *, negative
controls. 1G9 is the strain 1479 lipooligosaccharide-specific MAb, and
2E6 is the strain 5657 P2-specific MAb.

6G3 were selected for protein footprinting to define the
epitopes which they recognize.

(iii) Protein footprinting by rHPLC. (a) Strategy. Protein
footprinting of the P2 protein by rHPLC was used to deter-
mine the epitopes recognized by MAbs 5F2 and 6G3 in a

modification of a method previously described by Jemmerson
and Paterson for horse cytochrome c (17). Protein footprinting
is based on the concept that antibody binding to a protein will
protect the protein from trypsin hydrolysis in the region of
binding. Purified P2 from strain 1479 was preincubated with
and without MAb before partial digestion with trypsin. MAb
2E6, which was reactive with the P2 of strain 5657 but not with
strain 1479, was used as the negative control. The chromato-
gram of trypsin hydrolysis of the P2-P2-specific MAb complex
was compared with that of P2 alone to determine where
specific antibody binds to P2. The chromatograms were exam-

A
0.14

0.12

0.1

0.08

0.06

B 0.04

0.14

0)
U

CoL.
0
Cl)
:

0.12

0.1

0.08

.....P2 + mAb
-PP2.mAb

0.14

0.08

0.06

0.04
28 30 32 34 36 38 40

Retention Time (min)

FIG. 5. Comparison of the 39.2 P2 peak (arrow) in the tryptic
digests of P2 versus P2-MAb complex separated by rHPLC. Each
panel consists of an overlay of chromatograms of P2 alone, MAb
alone, and P2-MAb. (A) MAb 6G3; (B) MAb 2E6 (negative control);
(C) MAb 5F2. I.S., internal standard. The column used was a Waters
Deltapak C18 (3.9 mm by 15 cm) with a 30-nm pore size and a 5-,um
particle size. The flow rate was 1.0 ml/min. The mobile phases were
0.1% (wt/vol) TFA in H20 (solvent A) and 0.075% (wt/vol) TFA in
70% acetonitrile (solvent B). The eluent was 0 to 72% solvent B over
137 min. Monitoring was done at 214 nm.

ined for the disappearance of peaks, appearance of new peaks,
and changes in peak height of existing peaks. To confirm that
selected peptide fractions from protein footprinting were
specific for MAb and to probe for additional peptides that
could not be picked out by footprinting because of multiple
peak overlays, single peak fractions from the trypsin digestion
of P2 were collected and tested in an ELISA and reactive
peptides were identified by N-terminal amino acid sequencing.

(b) Analysis of peptides from trypsin digestion of P2. To
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TABLE 2. Reactivity and identification of tryptic peptides with
MAbs 6G3 and SF2 in an ELISA

Peptide Reactivity' (% Location in P2
peak of P2 control) N-terminal sequence mocuoebmoleculeno. 6G3 5F2

19.2 20.1 11.1 DDSNNHYQQ Loop 5
39.2 24.4 0 DACTYITiIYYP Loop 5
43.5 19.2 35.4 EQAVLFGIDHK Loops 7 and 8
55.2 26.3 48.3 ATHNLLGA (?) Mixedc

a Reactivity was calculated as follows: (absorbance of peptide - background
absorbance)/(absorbance of P2 - background absorbance), where background
absorbance is the absorbance produced by the irrelevant tryptic peptide of P2.

b See Fig. 5.
CThis sequence did not correspond to the P2 sequence, so it likely represents

a mixed peptide.

achieve partial digestion of P2 with isolated peaks and good
peak height and minimal digestion of the MAbs, the optimal
digestion conditions of 90 min and 37°C were chosen. Prote-
olysis of purified P2 produced a tryptic map of approximately
49 peptides. MAbs 6G3 and 5F2 were digested into approxi-
mately 52 peptides on average, and control MAb 2E6 pro-
duced approximately 59 peptides. The Maxima 825 software
program (Dynamic Solution, Division of Millipore, Ventura,
Calif.) enabled the comparison of the trypsin digestion of P2,
MAb, and the P2-MAb complex by overlaying chromatograms.
The probable source of each peak of the P2-MAb chromato-
gram was identified as P2, MAb, trypsin, or a combination.
Those areas where the P2-MAb peak overlapped a P2 peak
were considered potential epitopes in protein footprinting.
Suspected epitope peaks were those P2 peaks which had an
overall decrease in peak height with the addition of antibody of
greater than or equal to 50%. Some P2 peaks where a shoulder
peak either appeared or disappeared with the addition of
antibody were also considered suspicious epitope regions. In
each assay, the tryptic map of P2 was compared with those of
P2-6G3 and P2-5F2 and the negative control P2-2E6. In at
least four assays, triads of peaks at 39 min (Fig. 5) and 55 min
(data not shown) were identified as regions containing possible
epitopes. However, a comparison of the areas of change in
P2-6G3 and P2-5F2 were not consistently different and showed
considerable overlap. As expected in the negative control, the
P2 peaks in the P2-2E6 tryptic map remained relatively
unchanged compared with those of P2 alone. Since peaks at 39
and 55 min could only be identified as being changed with the
addition of strain 1479-specific MAb, it was necessary to try to
clarify the SF2-specific and 6G3-specific peptides by ELISA
using the P2 tryptic peptides separated by rHPLC.

All peptide fractions from five tryptic digests of P2 were

collected and tested with MAbs SF2 and 6G3 in an ELISA.
Each peptide fraction was lyophilized, reconstituted in carbon-
ate buffer, and used to coat a microtiter plate. The optimal
concentrations of purified P2 from strain 1479 for the positive
control and of P2 from strains 7502 and 3198 for the negative
controls were determined by checkerboard titration. Because
of the limited sample, the optimal concentration of each
peptide could not be determined. Furthermore, to achieve
optimal peptide reactivity, different conjugates were required
for SF2 and 6G3 because of the difference in isotypes. This
resulted in considerable background reactivity, which was

subtracted by using the result of an apparently nonreactive
peptide.
The results of these ELISAs along with the footprinting

results noted above were used to direct further analysis of
peptides. In addition to peaks in the 39- and 55-min regions
identified by protein footprinting, peaks in the 19- and 43-min
regions were also reactive in ELISAs. Peptide fractions con-

taining these selected peaks were pooled from several runs and
purified to single peaks by rHPLC using optimal linear gradi-
ents for each region. The reactivity of individual isolated peaks,
i.e., peaks 19.2, 39.2, 43.5, and 55.2, with MAb SF2 or 6G3 was

verified by ELISA. Table 2 shows the results of ELISAs and
N-terminal amino acid analysis of the four peptide peaks. The
results of ELISAs were standardized by subtracting the result
obtained from an apparently irrelevant peptide. Table 2 shows
that peaks 19.2 and 39.2 produced reactivity with MAb 6G3 out
of proportion to that with MAb SF2. The N-terminal amino
acid sequence of these two peptides indicated that they
corresponded to the loop 5 region of the P2 molecule, suggest-
ing that MAb 6G3 recognizes an epitope on loop 5.

Similarly, peaks 43.5 and 55.2 showed reactivity with MAb
SF2 out of proportion to that with MAb 6G3. Analysis of peak
55.2 indicated that it was a mixed peptide. The N-terminal
sequence of peak 43.5 corresponded to the carboxy-terminal
portion of loop 7 which is buried in the membrane. Since the
actual length of this peptide is unknown and the N-terminal
amino acid sequence identified only 11 residues, it is probable
that the peptide extended into the surface-exposed portion of
loop 8. The combination of these results with those of the
cyanogen bromide cleavage and surface exposure studies sug-
gested that MAb SF2 recognizes an epitope on loop 8 of the P2
molecule.

In summary, analysis of the results of protein footprinting
and ELISAs of tryptic peptides of the P2 protein suggested
that MAb 6G3 recognized an epitope on loop 5 and MAb SF2
recognized an epitope on loop 8. By using these results as a

TABLE 3. Oligonucleotides used for fusion protein construction

Amino acid
Clone 5' Oligonucleotide 3' Oligonucleotide residues of

mature P2

pTM205-A 5'GCGTGGATCCACAAATTATAAAGACAG3' 5'CGATGAATTCCTAAACTAGCTAAAGC3' 203-248
pTM205-L 5'GCGTGGATCCACAAATTATAAAGACAG3' 5'CGATGAATTCGGTAAATTATGGTGGTG3' 203-232
pTM205-M 5'GCGTGGATCCACAAATTATAAAGACAG3' 5'CGATGAATTCGTTGGC'1TITGGGGAT'1'T3' 203-220
pTM205-S 5'GCGTGGATCCACAAATTATAAAGACAG3' 5'CGATGAATTCATAACTATGATTACTGT3' 203-212
pTM205-LI 5'GCGTGGATCCGACGCCGACACCGACAC3' 5'CGATGAATTCGGTAAATTATGGTGGTG3' 223-232
pTM205-LJ 5'GCGTGGATCCACGCAAAAAATCCCCAA3' 5'CGATGAATTCGGTGGTGTCGGTGTCGG3' 213-229
pTM208-A 5'GCGCGGATCCTATATTGAAGGTGC3' 5'GCGCGGATCCTACACCCACTGATT3' 331-364
pTM208-L 5'GCGTGGATCCTCTAGAACTAGAACAAC3' 5'CGATGAA1TCTITIT'T'T1TCAGT'ITYI7ACT3' 338-360
pTM208-M 5'GCGTGGATCCTCTAGAACTAGAACAAC3' 5'CGATGAATITCTAC1TITGAAGCAACTT3' 338-354
pTM208-S 5'GCGTGGATCCTCTAGAACTAGAACAAC3' 5'CGATGAATTCACCTACAGAAGTTGTTC3' 338-346
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FIG. 6. Schematic diagram of the P2 molecule of nontypeable H.
influenzae 1479 showing the regions of loops expressed as fusion
proteins with GST. Expressed peptides are represented as filled bars.
The numbers correspond to amino acid numbers of the mature protein
(21). Loops 5 and 8 are illustrated to reveal the peptides expressed by
each clone. The reactivity of the MAbs (positive or negative) is shown
below the corresponding clone.

guide, the next series of experiments was designed to specifi-
cally localize the epitopes recognized by these antibodies.

(iv) Expression and analysis of P2 fusion peptides. To more
precisely characterize the epitopes, defined regions which
correspond to loop 5 and loop 8 of the P2 gene were subcloned
into the pGEX-2T vector. The clones expressed corresponding
peptides as fusion proteins with glutathione S-transferase
(GST).
pTM205-A, which included the entire loop 5, was con-

structed and expressed as a fusion protein with GST (Table 3
and Fig. 6). The purified fusion protein of pTM205-A was
visualized by SDS-PAGE. The fusion protein shifted up
slightly compared with GST, indicating that it indeed gained an
extra peptide. After being transferred to nitrocellulose, the
pTM205-A fusion peptide was probed with MAbs (Fig. 7).
Eight MAbs recognized the pTM205-A peptide, while SF2 and
control MAb 2E6, which recognizes the P2 of strain 5657, did

18.5k-

B a b a b a b a a
FIG. 7. Immunoblot assay of nine MAbs to the purified loop 5

fusion protein (pTM205-A). Lanes: a, contain loop 5 fusion protein; b,
contain GST only. Molecular mass markers in kilodaltons (k) are
shown on the left. Each MAb is labeled at the top. (A) MAbs lB5,
6D2, 6C5, and 6F2 are specific for strain 1479. (B) MAbs 6G3, 3C10,
6A11, and 5F2 are specific for strain 1479; MAb 2E6 (negative control)
is specific for the P2 of strain 5657 and is nonreactive with strain 1479.

not recognize the fusion peptide. In an effort to further define
the epitope, three clones of different lengths (pTM205-L,
pTM205-M, and pTM205-S) were constructed by excluding
amino acids from the C-terminal end of the loop 5 peptide
(Table 3 and Fig. 6). Only pTM205-L fusion protein was
reactive to the eight MAbs. Since this suggested that the
epitope might be located within a unique region of pTM205-L,
clone pTM205-LI was constructed (Table 3 and Fig. 6). None
of the eight MAbs, however, recognized the pTM205-LI fusion
protein. Another clone was made to encompass amino acid
residues 213 to 229 (pTM205-LJ). The eight MAbs which
recognized the pTM205-A fusion protein also recognized the
pTM205-LJ fusion protein.
On the basis of previous data which showed that MAb SF2

recognized the smaller fragment of CNBr-cleaved P2 protein
(15) and on the basis of protein footprinting, it was suspected
that 5F2 recognized an epitope on loop 8. Therefore, the clone
pTM208-A which covered the entire loop 8 region was con-
structed (Table 3 and Fig. 6). The purified fusion protein of
pTM208-A was visualized by SDS-PAGE. The immunoblot
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FIG. 8. Immunoblot assay of MAb SF2 incubated with the purified

loop 8 fusion proteins. Lanes: a, contains fusion protein of pTM208-M;
b, contains pTM208-S protein. Molecular mass markers in kilodaltons
(k) are shown on the left.

containing pTM208-A fusion protein was probed with MAb
5F2; SF2 recognized the loop 8 fusion protein but did not react
with GST, a negative control. To narrow down the epitope on
loop 8, three clones were made with a series of 3' end deletions
in the same manner as that for loop 5 (Table 3 and Fig. 6).
MLAb SF2 recognized pTM208-L and pTM208-M but did not
react with pTM208-S (Fig. 8). Therefore, the epitope for SF2
was localized to amino acid residues 338 to 354.

DISCUSSION

A panel of MAbs was generated to the P2 protein by
immunizing mice with nontypeable H. influenzae whole organ-
isms. Each MAb was exquisitely strain specific and recognized
abundantly expressed epitopes on the surface of the bacterium.
Additionally, all nine MAbs were bactericidal to the homolo-
gous strain in an in vitro complement-mediated killing assay.
Immunoblot assays of the cyanogen bromide-cleaved P2 and
competitive ELISAs indicated that MAb 5F2 recognized an
epitope clearly different from the other MAbs and that the
epitopes of the other eight MAbs may be identical or closely
related. Therefore, MAbs 5F2 and 6G3, as representatives of
the eight other MAbs, were chosen for further study.

Protein footprinting using rHPLC was a physical means that
was used in an effort to further map the epitopes of the two
MAbs. The basic premise of this method is that specific
antibody will protect portions of the antigen from proteolysis
(17, 39). The parts of the antibody in direct contact with
antigen (epitope) and indirect contact (steric hindrance) will
reduce the rate of release of the P2 peptides from these
regions. Therefore, in the P2 tryptic map, those peaks contain-
ing suspected epitope peptides will be smaller when specific
antibody is added. This strategy is useful in characterizing not
only linear epitopes but conformational ones as well.

Peptides from four regions of the tryptic digest of P2 were
identified by protein footprinting and ELISA as containing
potential epitopes of MAbs 5F2 and 6G3. N-terminal amino
acid sequencing of these rHPLC-purified peptides identified

loop 5 and loop 8 by the molecular model of strain 1479
developed by Sikkema and Murphy (41).
On the basis of the results of protein footprinting and

ELISAs of tryptic peptides of P2, loops 5 and 8 were chosen for
the expression of peptides as fusion proteins. This approach is
useful for defining linear epitopes. Since the panel of MAbs
recognized epitopes when P2 was presented both in the whole
organism and the purified form immobilized on nitrocellulose
or coated onto a microtiter plate, the epitopes were most likely
linear. Fusion proteins containing variable-length peptides
from loops 5 and 8 were constructed and used in an immuno-
blot assay. MAb SF2 mapped within residues 338 to 354 of loop
8. This is a proposed surface-exposed variable region. A similar
region of the P2 of H. influenzae type b was recognized by two
MAbs developed by Srikumar et al. (44, 45); however, these
MAbs were neither bactericidal in vitro nor immunoprotective
in the infant rat model.
MAb 6G3 and the other seven MAbs that reacted with the

32-kDa cyanogen bromide fragment of P2 recognized an
epitope within residues 213 to 229 of loop 5. This region
contains part of a variable region which is the largest among
three nontypeable H. influenzae strains sequenced in our
laboratory and produces the largest surface-exposed loop
according to the topological model of this protein (41).
Whether the epitopes of the MAbs that recognize loop S are
identical or closely related was not resolved.

In ELISAs with each of the fusion proteins (208-M and
205-U) used to coat the plates, SF2 reacted exclusively with
the loop 8 peptide and 6G3 reacted exclusively with the loop 5
peptide, confirming the immunoblot results and the lack of
cross-reactivity of the MAbs. The absence of differentiating
protein footprinting results may have occurred because of
technical details or possibly because SF2 binding to loop 8 of
P2 in a three-dimensional state also protects the 6G3 epitope
on loop S by steric hindrance, reducing the rate of release of
peptides from both the SF2 and 6G3 epitopes. This hypothesis
was supported by the competitive ELISA data in which SF2
blocked binding of both SF2 and 6G3, whereas 6G3 blocked
binding only to itself. A similar situation was reported by
Klebba et al. in competitive radioimmunoassay experiments of
surface-reactive MAbs to the OmpF porin of E. coli (20).
Antibodies recognizing site S1 blocked binding of antibodies
that recognized site S2, but the reverse was not observed. The
schematic model for P2 does not totally describe the surface
topology of the molecule. Whether P2 is membrane bound or
in purified form, loops S and 8 may be geometrically closer
than is apparent in the model; steric hindrance by SF2 could
have been a factor in experiments where P2 was presented in
the soluble phase. One additional explanation for such results
is that conformational changes in tertiary porin structure
induced by binding of antibody to one epitope caused a
disruption of the other epitope (20).

Identification of variable regions in the P2 protein shows
where potential immunodominant epitopes are located. In this
study, after the immunization of mice with whole organisms,
which simulates the natural form of presentation of the
organism, strain-specific bactericidal MAbs which recognize
surface-exposed epitopes on loops S and 8 of the P2 protein
were developed. We hypothesize that loop S is an apparent
immunodominant portion of the molecule. Epitope mapping
using MAbs that recognize the P2 of other strains of nontype-
able H. influenzae is needed to confirm this hypothesis. Also,
depending on the conformation of P2 within the membrane,
binding of P2 by antibodies such as SF2 that bind loop 8 could
conceivably block binding of antibodies to loop 5, decreasing
the effective P2-specific antibody repertoire. These are two of

INFECT. IMMUN.



BACTERICIDAL EPITOPES ON H. INFLUENZAE P2 PROTEIN 3721

five hypervariable regions previously identified by Duim et al.
by nucleotide sequencing nontypeable H. influenzae isolates
from patients with COPD and otitis media (8). Duim et al.
found that loop 6 is particularly variable only in isolates from
patients with COPD with persistent infection and that antibody
response to this loop may interfere with the immune response
to other portions of the P2 molecule (8). In studying the P2
from H. influenzae type b, both Srikumar et al. and Martin et
al. mapped the surface-exposed epitopes of a panel of MAbs to
loops 4 and 8 (26, 44, 45).

In initial prevalence studies of normal adult human sera,
bactericidal antibody to nontypeable strains of H. influenzae
was present but less frequently than antibody to the type b
strains (14, 16). These antibodies may have arisen from natural
immunity induced by cross-reacting antigen on other non-
Haemophilus bacteria colonizing the nasopharynx or gastroin-
testinal tract or by infection with H. influenzae (37). The
strain-specific nature of the antibody response to infection with
nontypeable H. influenzae has been noted in several studies.
Animal studies using chinchillas for experimental induction of
Haemophilus otitis media have shown the production of strain-
specific serum antibodies to outer membrane proteins which
provide passive protection only against the homologous strain
(1, 18). Groeneveld et al. demonstrated that rabbits immu-
nized with intact nontypeable H. influenzae isolates from
patients with COPD containing a minor variation in the amino
acid sequence of P2 elicited strain-specific bactericidal anti-
body (12). Otitis media in children is known to stimulate the
production of strain-specific bactericidal antibodies (2, 9, 40);
recurrent otitis media episodes are usually due to different
nontypeable H. influenzae strains, indicating a lack of cross-
protection by the bactericidal antibodies developed during
previous episodes (9, 33). We hypothesize that the strain-
specific bactericidal antibodies which develop following infec-
tion in humans are directed to the epitopes defined by the
bactericidal MAbs characterized here.

Variations within the surface-exposed hypervariable regions
are one means this organism has to evade the immune system.
This permits reinfection of the host despite a prior immune
response to other strains of the same organism (6). If cross-
reacting antibody is generated, it may not be bactericidal or
protective (49). Strain-specific bactericidal antibody response
in conjunction with other immune mechanisms such as op-
sonophagocytosis is likely to clear the bacteria and resolve the
infection (36, 38, 42). If a subsequent episode of otitis media or
an exacerbation of COPD occurs, it is usually caused by a new
strain or a variant of the previous strain (9, 11, 33).

Further study of the P2 protein with MAbs to other surface-
exposed regions will help to delineate how the loops are
arranged topologically in the outer membrane and which
residues are potentially immunogenic and immunoprotective.

ACKNOWLEDGMENTS

This work was supported by research grant A119641 from the
National Institutes of Health and by the Department of Veterans
Affairs.
We thank Alice O'Donnell for technical assistance with HPLC, Alan

J. Lesse and Karin L. Klingman for their computer expertise, Adeline
Thurston for preparation of the manuscript, and David Smail for
photography.

REFERENCES
1. Barenkamp, S. J. 1986. Protection by serum antibodies in exper-

imental nontypable Haemophilus influenzae otitis media. Infect.
Immun. 52:572-578.

2. Barenkamp, S. J., and F. F. Bodor. 1990. Development of serum

bactericidal activity following nontypable Haemophilus influenzae
acute otitis media. Pediatr. Infect. Dis. J. 9:333-339.

3. Barenkamp, S. J., R. S. Munson, Jr., and D. M. Granoff. 1982.
Outer membrane protein and biotype analysis of pathogenic
nontypable Haemophilus influenzae. Infect. Immun. 36:535-540.

4. Berk, S. L., S. A. Holtsclaw, S. L. Wiener, and J. K. Smith. 1982.
Nontypeable Haemophilus influenzae in the elderly. Arch. Intern.
Med. 142:537-539.

5. Branefors, P., and T. Dahlberg. 1980. Serum bactericidal effect on
capsulated and non-capsulated Haemophilus influenzae. Acta
Pathol. Microbiol. Scand. Sect. C 88:47-56.

6. Brunham, R. C., F. A. Plummer, and R. S. Stephens. 1993.
Bacterial antigenic variation, host immune response, and patho-
gen-host coevolution. Infect. Immun. 61:2273-2276.

7. Burns, J. L., and A. L. Smith. 1987. A major outer-membrane
protein functions as a porin in Haemophilus influenzae. J. Gen.
Microbiol. 133:1273-1277.

8. Duim, B., J. Dankert, H. M. Jansen, and L. van Alphen. 1993.
Genetic analysis of the diversity in outer membrane protein P2 of
non-encapsulated Haemophilus influenzae. Microb. Pathog. 14:
451-462.

9. Faden, H., J. Bernstein, L. Brodsky, J. Stanievich, D. Krystofik, C.
Shuff, J. J. Hong, and P. L. Ogra. 1989. Otitis media in children.
I. The systemic immune response to nontypable Haemophilus
influenzae. J. Infect. Dis. 160:999-1004.

10. Gnehm, H. E., S. I. Pelton, S. Gulati, and P. A. Rice. 1985.
Characterization of antigens from nontypable Haemophilus influ-
enzae recognized by human bactericidal antibodies. J. Clin. Invest.
75:1645-1658.

11. Groeneveld, K., L. van Alphen, P. P. Eijk, G. Visschers, H. M.
Jansen, and H. C. Zanen. 1990. Endogenous and exogenous
reinfections by Haemophilus influenzae in patients with chronic
obstructive pulmonary disease: the effect of antibiotic treatment
on persistence. J. Infect. Dis. 161:512-517.

12. Groeneveld, K., L. van Alphen, C. Voorter, P. P. Eijk, H. M.
Jansen, and H. C. Zanen. 1989. Antigenic drift of Haemophilus
influenzae in patients with chronic obstructive pulmonary disease.
Infect. Immun. 57:3038-3044.

13. Gulig, P. A., and E. J. Hansen. 1985. Coprecipitation of lipopoly-
saccharide and the 39,000-molecular-weight major outer mem-
brane protein of Haemophilus influenzae type b by lipopolysaccha-
ride-directed monoclonal antibody. Infect. Immun. 49:819-827.

14. Gump, D. W., P. Tarr, C. A. Phillips, and B. R. Forsyth. 1971.
Bactericidal antibodies to Hemophilus influenzae. Proc. Soc. Exp.
Biol. Med. 138:76-80.

15. Haase, E. M., A. A. Campagnari, J. Sarwar, M. Shero, M. Wirth,
C. U. Cumming, and T. F. Murphy. 1991. Strain-specific and
immunodominant surface epitopes of the P2 porin protein of
nontypeable Haemophilus influenzae. Infect. Immun. 59:1278-
1284.

16. Harada, T., Y. Sakakura, and Y. Miyoshi. 1984. Serum bactericidal
effect on capsulated and non-capsulated Haemophilus influenzae in
chronic sinusitis. Arch. Otorhinolaryngol. 240:79-83.

17. Jemmerson, R., and Y. Paterson. 1986. Mapping epitopes on a
protein antigen by the proteolysis of antigen-antibody complexes.
Science 232:1001-1004.

18. Karasic, R. B., C. E. Trumpp, H. Gnehm, P. A. Rice, and S. I.
Pelton. 1985. Modification of otitis media in chinchillas rechal-
lenged with nontypable Haemophilus influenzae and serological
response to outer membrane antigens. J. Infect. Dis. 151:273-279.

19. Kennett, R. H. 1979. Cell fusion. Methods Enzymol. 58:345-359.
20. Klebba, P. E., S. A. Benson, S. Bala, T. Abdisllah, J. Reid, S. P.

Singh, and H. Nikaido. 1990. Determinants of OmpF porin
antigenicity and structure. J. Biol. Chem. 265:6800-6810.

21. Klein, J. 0. 1981. Microbiology and antimicrobial treatment of
otitis media. Ann. Otol. Rhinol. Laryngol. 90:30-36.

22. Klingman, K. L., E. M. Jansen, and T. F. Murphy. 1988. Nearest
neighbor analysis of outer membrane proteins of nontypeable
Haemophilus influenzae. Infect. Immun. 56:3058-3063.

23. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

24. Loeb, M. R., and D. H. Smith. 1980. Outer membrane protein

VOL. 62, 1994



3722 HAASE ET AL.

composition in disease isolates of Haemophilus influenzae: patho-
genic and epidemiological implications. Infect. Immun. 30:709-
717.

25. Loeb, M. R., and K. A. Woodin. 1987. Cross-reactivity of surface-
exposed epitopes of outer membrane antigens of Haemophilus
influenzae type b. Infect. Immun. 55:2977-2982.

26. Martin, D., R. Munson, Jr., S. Grass, P. Chong, J. Hamel, G.
Zobrist, M. Klein, and B. R. Brodeur. 1991. Mapping of B-cell
epitopes on the outer membrane P2 porin protein of Haemophilus
influenzae by using recombinant proteins and synthetic peptides.
Infect. Immun. 59:1457-1464.

27. Munson, R. S., Jr., J. L. Shenep, S. J. Barenkamp, and D. M.
Granoff. 1983. Purification and comparison of outer membrane
protein P2 from Haemophilus influenzae type b isolates. J. Clin.
Invest. 72:677-684.

28. Murphy, T. F., and M. A. Apicella. 1985. Antigenic heterogeneity
of outer membrane proteins of nontypable Haemophilus influenzae
is a basis for a serotyping system. Infect. Immun. 50:15-21.

29. Murphy, T. F., and M. A. Apicella. 1987. Nontypable Haemophilus
influenzae: a review of clinical aspects, surface antigens, and the
human immune response to infection. Rev. Infect. Dis. 9:1-15.

30. Murphy, T. F., and L. C. Bartos. 1988. Purification and analysis
with monoclonal antibodies of P2, the major outer membrane
protein of nontypable Haemophilus influenzae. Infect. Immun.
56:1084-1089.

31. Murphy, T. F., and L. C. Bartos. 1988. Human bactericidal
antibody response to outer membrane protein P2 of nontypeable
Haemophilus influenzae. Infect. Immun. 56:2673-2679.

32. Murphy, T. F., L. C. Bartos, P. A. Rice, M. B. Nelson, K. C. Dudas,
and M. A. Apicella. 1986. Identification of a 16,600-dalton outer
membrane protein on nontypable Haemophilus influenzae as a
target for human serum bactericidal antibody. J. Clin. Invest.
78:1020-1027.

33. Murphy, T. F., J. M. Bernstein, D. D. Dryja, A. A. Campagnari,
and M. A. Apicella. 1987. Outer membrane protein and lipooligo-
saccharide analysis of paired nasopharyngeal and middle ear
isolates in otitis media due to nontypable Haemophilus influenzae:
pathogenetic and epidemiological observations. J. Infect. Dis.
156:723-731.

34. Murphy, T. F., K. C. Dudas, J. M. Mylotte, and M. A. Apicella.
1983. A subtyping system for nontypable Haemophilus influenzae
based on outer-membrane proteins. J. Infect. Dis. 147:838-846.

35. Murphy, T. F., M. B. Nelson, K. C. Dudas, J. M. Mylotte, and
M. A. Apicella. 1985. Identification of a specific epitope of
Haemophiluts influenzae on a 16,600-dalton outer membrane pro-
tein. J. Infect. Dis. 152:1300-1307.

36. Musher, D. M., M. Hague-Park, R. E. Baughn, R. J. Wallace, Jr.,
and B. Cowley. 1983. Opsonizing and bactericidal effects of normal
human serum on nontypable Haemophilus influenzae. Infect. Im-
mun. 39:297-304.

37. Myerowitz, R. L., C. W. Norden, and T. A. Demchak. 1978.
Significance of noncapsular antigens in protection against experi-
mental Haemophilus influenzae type b disease: cross-reactivity.

Infect. Immun. 21:619-626.
38. Noel, G. J., S. Katz, and P. J. Edelson. 1988. Complement-

mediated early clearance of Haemophilus influenzae type b from
blood is independent of serum lytic activity. J. Infect. Dis. 157:85-
90.

39. Sheshberadaran, H., and L. G. Payne. 1989. Protein footprinting
method for studying antigen-antibody interactions and epitope
mapping. Methods Enzymol. 178:746-764.

40. Shurin, P. A., S. I. Pelton, I. B. Tazer, and D. L. Kasper. 1980.
Bactericidal antibody and susceptibility to otitis media caused by
nontypeable strains of Haemophilus influenzae. J. Pediatr. 97:364-
369.

41. Sikkema, D. J., and T. F. Murphy. 1992. Molecular analysis of the
P2 porin protein of nontypeable Haemophilus influenzae. Infect.
Immun. 60:5204-5211.

42. Sloyer, J. L., Jr., V. M. Howie, J. H. Ploussard, G. Schiffman, and
R. B. Johnston, Jr. 1976. Immune response to acute otitis media:
association between middle ear fluid antibody and the clearing of
clinical infection. J. Clin. Microbiol. 4:306-308.

43. Smith, D. B., and K. S. Johnson. 1988. Single-step purification of
polypeptides expressed in Escherichia coli as fusions with glutathi-
one S-transferase. Gene 67:31-40.

44. Srikumar, R., A. C. Chin, V. Vachon, C. D. Richardson, M. J. H.
Ratcliffe, L. Saarinen, H. Kayhty, P. H. Makela, and J. W.
Coulton. 1992. Monoclonal antibodies specific to porin of Hae-
mophilus influenzae type b: localization of their cognate epitopes
and tests of their biological activities. Mol. Microbiol. 6:665-676.

45. Srikumar, R., D. Dahan, M. F. Gras, M. J. H. Ratcliffe, L. van
Alphen, and J. W. Coulton. 1992. Antigenic sites on porin of
Haemophilus influenzae type b: mapping with synthetic peptides
and evaluation of structure predictions. J. Bacteriol. 174:4007-
4016.

46. Tsai, C. M., and C. E. Frasch. 1982. A sensitive silver stain for
detecting lipopolysaccharides in polyacrylamide gels. Med. Bio-
chem. 119:115-119.

47. Vachon, V., D. N. Kristjanson, and J. W. Coulton. 1988. Outer
membrane porin protein of Haemophilus influenzae type b pore
size and subunit structure. Can. J. Microbiol. 34:134-140.

48. Vachon, V., D. J. Lyew, and J. W. Coulton. 1985. Transmembrane
permeability channels across the outer membrane of Haemophilus
influenzae type b. J. Bacteriol. 162:918-924.

49. van Alphen, L., P. Eijk, L. Geelen-van den Broek, and J. Dankert.
1991. Immunochemical characterization of variable epitopes of
outer membrane protein P2 of nontypeable Haemophilus influen-
zae. Infect. Immun. 59:247-252.

50. Wald, E. R., G. J. Milmoe, A. Bowen, J. Ledesma-Medina, N.
Salamon, and C. D. Bluestone. 1981. Acute maxillary sinusitis in
children. N. Engl. J. Med. 304:749-754.

51. Wallace, R. J., Jr., C. J. Baker, F. J. Quinones, D. G. Hollis, R. E.
Weaver, and K. Wiss. 1983. Nontypable Haemophilus influenzae
(biotype 4) as a neonatal, maternal, and genital pathogen. Rev.
Infect. Dis. 5:123-135.

INFECT. IMMUN.


