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Moraxella catarrhalis expresses surface receptor proteins that specifically bind host transferrin (Tf) and
lactoferrin (Lf) in the first step of the iron acquisition pathway. Acute- and convalescent-phase antisera from
a series of patients with M. catarrhalis pulmonary infections were tested against Tf and Lf receptor proteins
purified from the corresponding isolates. After the purified proteins had been separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western blotting, we observed strong reactivity against Tf-
binding protein B (TbpB; also called OMP1) and Lf-binding protein B (LbpB) but little or no reactivity against
Tf-binding protein A (TbpA) or Lf-binding protein A (LbpA), using the convalescent-phase antisera. Consid-
erable antigenic heterogeneity was observed when TbpBs and LbpBs isolated from different strains were tested
with the convalescent-phase antisera. Comparison to the reactivity against electroblotted total cellular proteins
revealed that the immune response against LbpB and TbpB constitutes a significant portion of the total
detectable immune response to M. catarrhalis proteins. Preparations of affinity-isolated TbpA and LbpA
reacted with convalescent-phase antisera in a solid-phase binding assay, but blocking with soluble TbpB,
soluble LbpB, or extracts from an LbpA2 mutant demonstrated that this reactivity was attributed to contam-
inants in the TbpA and LbpA preparations. These studies demonstrate the immunogenicity of M. catarrhalis
TbpB and LbpB in humans and support their potential as vaccine candidates.

Moraxella catarrhalis is a common inhabitant of the human
upper respiratory tract and is implicated as an important cause
of upper respiratory infections in children and of lower respi-
ratory tract infections in the elderly (33). M. catarrhalis has
been shown to be responsible for approximately 15% of the
episodes of otitis media in children on the basis of culture, and
PCR analysis suggests that the frequency of colonization may
be even higher (33). Several lines of evidence have confirmed
this organism is a cause of infection in chronic obstructive
pulmonary disease patients, and it has been reported to be
responsible for up to 30% of exacerbations of disease in these
patients (33). The recognition of M. catarrhalis as a significant
human pathogen and the increasing prevalence of antibiotic
resistance has prompted interest in development of immuno-
therapeutic approaches to combat the threat of disease caused
by this organism.

A number of reports have explored the human immune
response to M. catarrhalis infections as a logical first step in
identifying potential vaccination targets (19, 25, 31, 43). This
approach has led to the identification of a number of candidate
antigens, including OMPB1 (12, 31, 43), CopB (1), UspA (2,
13), and CD (44). Since there are differences in the source of
sera and the methodologies used in the various studies, it is
difficult to make comparisons of the antigenicities of these
candidate antigens in human infections. Nevertheless, the use
of active or passive immunization in animal models has pro-
vided evidence for protective capacity of antibodies directed
against these antigens (1, 2, 13, 44).

Several members of the family Neisseriaceae, including M.
catarrhalis, have been shown to produce exquisitely host spe-
cific receptors to allow iron acquisition from transferrin (Tf)

and lactoferrin (Lf) during the infectious process (24). The
apparent inability of M. catarrhalis to utilize other potential
iron sources such as heme-hemopexin, hemoglobin, and hemo-
globin-haptoglobin (3) suggests an essential in vivo role of
these surface-exposed receptor proteins, making them putative
vaccine targets. The genes encoding these receptors, desig-
nated Tf-binding proteins A and B (TbpA and -B) and Lf-
binding proteins A and B (LbpA and -B), have been recently
identified (18, 34). The comigration of transferrin binding ac-
tivity with reactivity against convalescent-phase sera (12) and
inhibition of reactivity against convalescent-phase sera by sol-
uble receptor protein (31) has been used to implicate TbpB as
immunogenic protein during infections. Until relatively re-
cently, the identity of the Lf receptor proteins in M. catarrhalis
was uncertain (20), and there is no information on the immu-
nogenicity of these proteins in humans. In this study, we as-
sessed the abilities of both the Tf and Lf receptors to elicit an
immune response during a natural pulmonary M. catarrhalis
infection in humans and confirmed their identities by several
different methods.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Seventeen clinical isolates from pa-
tients with pulmonary infections that were attributed to M. catarrhalis based on
microbiological analysis of clinical samples (sputum, broncheoalveolar lavage
fluid, and transtracheal aspirate) were collected in conjunction with the acute-
and convalescent-phase sera used for this study. These isolates, designated n130
to n144, were collected by S. Ainsworth, Veteran Affairs Medical Center, Alex-
andria, La., and were from patients drawn from a region encompassing north-
western Louisiana and Western Texas. In an attempt to offset any geographical
bias or features specifically associated with isolates causing pulmonary diseases,
we included a limited selection of additional isolates: (i) three sputum isolates
(n056, n057, and n105) obtained from C. Anand, Foothills Hospital, Calgary,
Alberta, Canada; (ii) one pulmonary isolate (Q8) from M. Bergeron, University
of Laval, Montreal, Quebec, Canada; (iii) one otitis media isolate (4223) ob-
tained from T. Murphy, State University of New York, Buffalo; and (iv) three
isolates (25240, 43627, and 43617) obtained from the American Type Culture
Collection.

Strains stored in 30% glycerol suspensions at 270°C were used to inoculate
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chocolate agar plates and grown overnight at 37°C in an atmosphere containing
5% CO2. The cells were used to inoculate brain heart infusion broth cultures;
after reaching mid-log to late log phase of growth, the cells were subcultured (to
a starting A600 of 0.05) into broth containing 100 mM EDDA for iron limitation
and incubated until late log-stationary phase of growth.

Isolation of receptor proteins. To screen for reactivity against the native Tf
and Lf receptor proteins (Fig. 1 and 2), the proteins were isolated directly from
intact M. catarrhalis cells by modification of previously published procedures for
isolation of receptor proteins from crude total membrane preparations (10).
Cells collected after growth in iron-deficient media were resuspended in 50 mM
Tris-HCl (pH 8)–1 M NaCl (1 ml of buffer per 1 to 4 ml of culture), and the
receptor proteins were solubilized by the addition of EDTA (to 10 mM) and
Sarkosyl (to 0.3%) and incubation for 1 h at room temperature. After centrifu-
gation (10 min, 13,000 rpm) to remove insoluble debris, the supernatant was
applied to an iron-loaded human Tf (hTf)-Sepharose or hLf-Sepharose resin and
washed three times with solubilization buffer (containing 0.15% Sarkosyl) and
then with 50 mM Tris-HCl, (pH 8) buffer prior to elution with sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer.

Native Tf receptor complex (TbpA and TbpB) used in solid-phase binding
assays (Fig. 5) was isolated from crude total membrane preparations by previ-
ously published procedures (10). Selective isolation of TbpA was achieved by
exposure of the solubilized membrane proteins to apo-hTf-Sepharose, since
TbpB does not bind to apo-Tf and thus remained in the eluant (45). The eluant
was analyzed for the presence of TbpA and, if necessary, was exposed to addi-
tional apo-hTf-resin to remove all remaining TbpA. The TbpA-depleted eluant
was applied to a column containing the iron-loaded form of hTf-Sepharose to
isolate TbpB. Native Lf receptor (LbpA and LbpB) or LbpA for the solid-phase
binding assays was isolated essentially as described previously (10) except that
membranes prepared from an isogenic LbpB2 mutant (9) was used for LbpA
isolation. Bound receptor proteins were eluted from the various columns by the
addition of 100 ml of buffer containing .2 M guanidine hydrochloride, dialyzed
against three changes of 50 mM Tris buffer (pH 8.0), and then dialyzed against
ammonium bicarbonate before lyophilization and storage at 220°C.

For production of maltose-binding protein (Mbp) fusion proteins (Mbp::Tbp
and Mbp::Lbp) lacking a signal peptide, specific primers (Table 1) were designed
to allow PCR amplification of the tbpA or tbpB gene from strain 4223 or the lbpA
or lbpB gene from strain N141. Primers were designed to allow in-frame ligation
to the malE gene of pMal-c2 (New England Biolabs, Mississauga, Ontario,
Canada). Expression of the Mbp fusion proteins was induced by the addition of
isopropyl-b-D-thiogalactoside (IPTG) to Escherichia coli DH5a cells containing
the pMal-c2 derivative plasmid as described previously (8).

Collection and preparation of antisera. Sera were collected from patients with
pulmonary infections attributed to M. catarrhalis based on microbiological anal-
ysis of clinical samples (sputum, broncheoalveolar lavage fluid, or transtracheal
aspirate). Sera were collected at the time which the symptoms were first reported
(acute-phase sera) and after resolution of the infection after treatment (conva-
lescent-phase sera) and stored at 220°C.

For the production of antiserum in New Zealand White rabbits, 50 mg of
purified receptor protein emulsified in complete Freund’s adjuvant was used for
the first intramuscular injection and boosted on days 14 and 129 with the same
dose of protein emulsified in incomplete Freund’s adjuvant after the primary
injection.

Western blot or solid-phase immunoblot analysis. SDS-PAGE samples were
boiled in Laemmli sample buffer and separated by SDS-PAGE using a 7%
acrylamide gel with the Tris-HCl–glycine buffer system (28). Proteins were trans-
ferred to Immobilon-P (Millipore, Bedford, Mass.) and stained for protein
(amido black) or probed with specific antisera as described previously (10).

Samples of purified receptor proteins were either directly applied onto Nitro
ME-nitrocellulose (Micron Separations, Westboro, Mass.) membranes or placed
into a dot blot apparatus with vacuum apparatus attached. The remaining bind-
ing sites on the blot were blocked by incubation for 30 min with Tris-buffered

saline containing 0.5% blotting-grade nonfat dry milk blocker (Bio-Rad Labo-
ratories). After removal of blocking buffer, the membranes were exposed to the
indicated dilution of the patient acute- or convalescent-phase sera in blocking
solution and incubated for 1 h. Where indicated, purified, recombinant fusion
proteins (Mbp::TbpB or Mbp::LbpB) were added to the diluted antisera at a final
concentration of 100 mg/ml and incubated for 1 h prior to exposure to the
membrane. Similarly, 100 ml of crude cellular extracts of the LbpA2 mutant
obtained by French press lysis (10 mg of cellular protein/ml of buffer) was added
per 5 ml of diluted antisera and incubated for 1 h prior to exposure to the
membrane. After incubation, the diluted antisera was removed, the membrane
washed and then exposed to a 1/2,000 dilution of horseradish peroxidase-conju-
gated goat anti-human immunoglobulin G (IgG)-IgM-IgA and incubated for 1 h.
The second antibody solution was removed; the membrane washed and then
developed with horseradish peroxidase color development reagent (Bio-Rad).

RESULTS

Analysis of the immune response to native Tf and Lf recep-
tor proteins. A total of 17 paired sera from patients with
pulmonary infections attributable to M. catarrhalis were col-
lected, and isolates from 15 of the 17 paired sera were available
for analysis. To specifically evaluate the immune response
against Tf and Lf receptor proteins from these isolates, we
isolated the receptor proteins by affinity techniques. To facili-
tate analysis from a large number of strains, we adapted our
affinity isolation techniques to isolate receptor proteins directly
from intact cells (see Materials and Methods). Several addi-
tional strains, used for more extensive analysis of the receptor
proteins (11, 18, 34), were also included for comparison. Fig-
ure 1 illustrates the results obtained with one of the clinical
isolates from this series, N141, and with an otitis media isolate
that we have worked with previously, 4223 (45). The modified
procedure enabled us to obtain relatively pure preparations of
Tf receptor proteins with an hTf-Sepharose resin (Fig. 1A,
lanes 1 and 2, TbpA and TbpB) and relatively pure prepara-
tions of Lf receptor proteins with an hLf-Sepharose resin (Fig.
1B, lanes 1 and 2, LbpA and LbpB). We used SDS-polyacryl-
amide gels with a lower-percentage acrylamide (7%) to opti-
mally resolve LbpB from LbpA, since these two proteins comi-
grate on conventional (10%) gels (11).

The ability of the Tf and Lf receptor proteins to elicit an

TABLE 1. Oligonucleotide primer sequences used for
PCR amplification

Gene Regiona Oligonucleotide sequenceb

tbpA 59 TCTAGAATTCTTTCTTTGGGTCTGCTTAACATC
tbpA 39 CCCGGGAGATCTTTAAAACTTCATTTCAAGTGC
tbpB 59 TCTAGAATTGGTTCAGGTGGTTCAAATCCACC
tbpB 39 CCCGGGGGATCCTTACTTAACTTCTTGTTGTC
lbpA 59 AGAAGGGGTTCTGGTGTGGCAGTTTTACCCCTA
lbpA 39 TTAAGCTTAAAACTTCATTTCAAGACTGGC
lbpB 59 AAATCTAGACGCTCTGATGACATCAGCGTC
lbpB 39 TTAAGCTTATTTATCTTTAACAGCCCCAAAGAC

a 59, positive strand at the 59 end of the gene; 39, negative strand at the 39 end
of the gene.

b Restriction endonuclease recognition sites are underlined.

FIG. 1. Assessment of the ability of Tf and Lf receptor proteins to elicit an
immune response. Using hTf-Sepharose (A) or hLf-Sepharose (B) as the affinity
matrix, we isolated receptor proteins from iron-starved cells of M. catarrhalis
4223 and N141. The proteins were eluted by boiling in Laemmli sample buffer
and subjected to SDS-PAGE (7% gel), and Western blots were prepared. The
blots were either stained for protein (lanes 1, 2) or blocked and then probed with
rabbit polyclonal antiserum (lanes 3 and 4; 1/5,000 dilution), human convales-
cent-phase serum (lanes 5 and 6; 1/200 dilution), or human acute-phase serum
(lanes 7 and 8; 1/200 dilution). The human sera were obtained from the patient
with a pulmonary infection attributed to M. catarrhalis N141.
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immune response during the course of a natural infection in
humans was assessed by Western blot analysis. Electroblotted
receptor proteins were probed with either acute-phase or con-
valescent-phase sera from patients with a pulmonary infection
attributed to M. catarrhalis. Figure 1 illustrates the results
obtained with a representative set of paired antisera from a
patient infected with strain N141. Significant reactivity against
the lower-molecular-weight component of either the Tf recep-
tor (Fig. 1A, lanes 5 and 6, TbpB) or Lf receptor (Fig. 1B, lanes
5 and 6, LbpB) from either the infecting strain N141 or strain
4223 was observed with the convalescent-phase antiserum. In
contrast, little reactivity to either TbpA or LbpA was observed
with either strain. When the acute-phase antiserum was tested,
little reactivity was noted with the Tf (Fig. 1A, lanes 7 and 8)
and Lf (Fig. 1B, lanes 7 and 8) receptor proteins.

In a preliminary attempt to address the potential cause of
the lack of reactivity of TbpA and LbpA with the convalescent-
phase antiserum, we decided to test the immunogenicity of the
purified proteins in rabbits. Polyclonal antisera were prepared
by immunizations with affinity-purified receptor preparations
from strain 4223 emulsified in Freund’s adjuvant and tested
against the electroblotted receptor preparations. In contrast to
the convalescent-phase antiserum, the rabbit polyclonal serum
reacted strongly with electroblotted TbpA from either the ho-
mologous strain (Fig. 1A, lane 3) or a heterologous strain (lane
4). Similarly, the rabbit antiserum prepared against purified Lf
receptor reacted with LbpA from the homologous strain (lane
3) or the heterologous strain (lane 4). Thus, the lack of reac-
tivity of TbpA and LbpA with the convalescent-phase anti-
serum does not appear to be due to some intrinsic property of
these proteins.

The results obtained with the antisera from the patient in-
fected with strain N141 are fairly representative. There was
substantial reactivity against TbpB and LbpB from the infect-
ing strain in all of the convalescent-phase antisera and little or
no reactivity against these proteins in 14 of 17 of the acute-
phase sera (data not shown). However, the acute-phase anti-
sera from three of the patients had detectable reactivity against
LbpB and/or TbpB, albeit less than that observed in the con-
valescent-phase antisera. This is perhaps not surprising, as
most of the infections were acute exacerbations in elderly pa-
tients with chronic bronchitis, and we could not exclude the
possibility of prior subclinical infection in these patients. We
were unable to demonstrate reactivity of any of the convales-
cent antisera against TbpA or LbpA.

Analysis of TbpB and LbpB heterogeneity. The convales-
cent-phase antisera were tested against receptor proteins iso-
lated from a collection of 23 strains, including all of the clinical
isolates from the pulmonary infections, to assess the immuno-
logical heterogeneity of the TbpB proteins. The results dem-
onstrated that there was considerable antigenic heterogeneity
among TbpBs from different strains, and although the individ-
ual antisera appeared to provide a preliminary basis for group-
ing of the strains, the analysis did not result in any consistent
groupings (data not shown). Figure 2 illustrates representative
data for convalescent-phase antisera from three patients
against TbpBs from three of the strains. The convalescent-
phase antiserum from a patient infected with strain N137 dem-
onstrated strong reactivity against TbpBs from all three strains
(4223, Q8, and N141), whereas the antisera from the patients
infected with strain N141 and strain N132 reacted predomi-
nantly with TbpBs from two of the strains (4223 and N141 or
Q8 and N141, respectively). These results suggest that several
variable immunodominant epitopes are present on TbpBs
from different M. catarrhalis strains. Although immunization of
rabbits with purified Tf receptor proteins provided antiserum

that could cross-react with receptor proteins from all strains
(1/5,000 dilution [data not shown]), the distinctive pattern of
reactivity due to the immunodominant epitopes was evident at
higher dilutions (1:20,000).

The analysis of antigenic heterogeneity was also performed
on the Lbp proteins isolated from different strains. In most
cases, the reactivity to LbpB was more intense than the reac-
tivity of the same sera to TbpB from that strain, using equiv-
alent serum dilutions (Fig. 2). As with the TbpBs, there was
evidence of antigenic heterogeneity between LbpB proteins
from different strains, although the differences were not as
apparent when similar dilutions of the antiserum were used
(Fig. 2).

Recombinant Tbp and Lbp analysis. Affinity isolation of the
Tf and Lf receptor proteins was performed for the serological
analysis to facilitate identification of antibodies directed spe-
cifically against these proteins. The identification of the indi-
vidual receptor proteins (TbpA, TbpB, LbpA, and LbpB) was
based on their relative mobility in SDS-polyacrylamide gels as
demonstrated in previous studies (10, 11, 41). However, the
similar migration of LbpA and LbpB in SDS-polyacrylamide
gels and the appearance of multiple immunoreactive bands,
even in the affinity-isolated samples (Fig. 2), raised some con-
cern about the identification of the specific proteins. To defin-
itively confirm the identity of the immunoreactive bands with
convalescent-phase sera, we prepared recombinant receptor
proteins with the genes encoding the receptor proteins from M.
catarrhalis (18, 34).

The regions encoding each of the mature receptor proteins

FIG. 2. Analysis of host immune response to Tf and Lf receptor proteins
from homologous and heterologous M. catarrhalis strains. Using hTf-Sepharose
or hLf-Sepharose as the affinity matrix, we isolated receptor proteins from
iron-starved cells of M. catarrhalis 4223, Q8, and N141. The proteins were eluted
from the matrix by boiling in Laemmli sample buffer and subjected to SDS-
PAGE (7% gel), and replicate Western blots were prepared. The blots were
either stained for protein (A) or blocked and probed with convalescent-phase
antisera (1/200 dilution) obtained from patients infected with M. catarrhalis N137
(B), N141 (C) or N132 (D).
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were PCR amplified from chromosomal DNA and cloned in
frame to the malE gene of the pMal-c2 vector. SDS-polyacryl-
amide gels of cells containing the expressed Mbp fusions were
either stained for protein (Fig. 3, lanes 1 to 4) or electroblotted
and incubated with convalescent-phase antiserum (lanes 5 and
6) from the patient infected with strain N141. As occurred with
the native proteins, the convalescent-phase antiserum reacted
with recombinant TbpB (lane 6) and LbpB (lane 8) but not
with recombinant TbpA (lane 5) or LbpA (lane 7). Some of the
samples exhibited multiple immunoreactive bands (lane 8),
which we attribute to breakdown products and/or complexes of
the recombinant receptor fusion proteins since they are absent
in the other samples. When tested after electroblotting, only
Mbp::TbpB and Mbp::LbpB retained ligand binding activity
(data not shown), supporting our prior designations for these
proteins based on their functional attributes (11, 45).

Although our analysis confirmed that an immune response
was generated against TbpB and LbpB, we wanted to assess
this response relative to the response against other M. ca-
tarrhalis proteins. To this end, we isolated total cellular pro-
teins (Fig. 4, lane 1), Tf receptor proteins (lane 2), and Lf

receptor proteins (lane 3) from M. catarrhalis and tested them
for reactivity against acute-phase (lanes 4 to 6) and convales-
cent-phase (lanes 7 to 9) sera. The convalescent-phase anti-
serum reacted with a number of different protein bands in the
sample representing total cellular proteins (lane 7). There was
a strong immunoreactive band that comigrated with the affin-
ity-purified LbpB (lane 9) and a weaker band of immunoreac-
tivity that comigrated with affinity-purified TbpB (lane 8). To
demonstrate that the reactivity was directed toward TbpB and
LbpB, respectively, we preincubated the convalescent-phase
sera with amylose resin-affinity purified Mbp::TbpB and
Mbp::LbpB. Subsequently, the convalescent-phase sera dem-
onstrated little or no reactivity with either the purified native
TbpB (lane 11) or LbpB (lane 12). In addition, the reactivity of
the sera with the total cellular proteins decreased dramatically
at the regions that comigrated with the TbpB and LbpB (lane
10), confirming the identity of these immunoreactive regions as
TbpB and LbpB.

Solid-phase immunological and functional analysis. Since
the A constituents of the Tf and Lf receptors lose their ligand
binding capacity after SDS-PAGE and Western blotting, we
were concerned that our inability to detect anti-TbpA or anti-
LbpA antibodies could be due to conformationally dependent
epitopes destroyed by the denaturing conditions of SDS-
PAGE. Therefore, we sought to provide the receptor proteins
with a more native conformation for detection of convalescent-
phase serum reactivity. The affinity isolation methods provide
pure preparations of receptor proteins, and although they
require relatively harsh conditions for elution of the bound
proteins, we have been able to restore ligand binding in the
purified receptor preparations, suggesting that native confor-
mation is at least partially restored. However, receptor isolated
from wild-type strains contain both the A and B components,
and thus we needed to separate the individual receptor pro-
teins by biochemical or genetic means.

For the preparation of LbpA, we fortunately had a recently
constructed LbpB2 isogenic mutant (9) in which the wild-type
lbpB gene had been replaced with an insertionally inactivated
copy. LbpA isolated from this strain with an hLf-Sepharose
affinity column retained substantial Lf binding activity in solid-
phase binding assays (data not shown). We also were able to
readily purify the recombinant fusion proteins containing ma-
ture LbpA and LbpB (Mbp::LbpA and Mbp::LbpB, respective-
ly), but only the fusion containing LbpB retained significant Lf
binding activity in solid-phase binding assays (data not shown).
These various LbpA and LbpB preparations, along with native
receptor complex (LbpA and LbpB) isolated from the wild-
type parent, were tested in a solid-phase binding assay for
reactivity against the convalescent-phase antiserum (Fig. 5). In
this assay, excess Mbp::TbpB or Mbp::LbpB was premixed with
the convalescent-phase antiserum to bind antibody against
these proteins. The loss of reactivity of the antiserum against
Mbp::LbpB, Mbp::TbpB, and native TbpB (Fig. 5) demon-
strated that this preincubation was effective at eliminating the
binding activity.

The solid-phase binding assay demonstrated that there was
substantial reactivity of the convalescent-phase antiserum
against purified receptor complex (native LbpA and LbpB)
and LbpA purified from the isogenic mutant (native LbpA),
even in the presence of excess competing Mbp::LbpB (Fig. 5).
There was relatively little reactivity against Mbp::LbpA under
these conditions, initially suggesting most of the reactive anti-
body was directed against conformationally dependent
epitopes, since this latter LbpA preparation was deficient in Lf
binding activity. To exclude the possibility that the reactivity
observed against the native LbpA preparations was due to a

FIG. 3. Reactivity of convalescent-phase sera to recombinant Tf and Lf re-
ceptors. The regions encoding the mature forms of the individual Tf and Lf
receptor proteins were PCR amplified and ligated in frame with the malE gene
of the pMal-c2 vector for production of Mbp fusion proteins. Expression of the
Mbp fusions was induced by the addition of IPTG, and the cells were boiled in
Laemmli sample buffer prior to SDS-PAGE (7% gel). The electroblotted pro-
teins were either stained for protein (lanes 1 to 4) or probed with convalescent-
phase antiserum (1:500) from the patient with a pulmonary infection attributed
to M. catarrhalis N141. Lanes 1 and 5, Mbp::TbpA (strain 4223 tbpA gene); lanes
2 and 6, Mbp::TbpB (strain 4223 tbpB gene); lanes 3 and 7, Mbp::LbpA (strain
N141 lbpA gene); lanes 4 and 8, Mbp::LbpB (strain N141 lbpB gene). Symbols
are as in Fig. 1 and 2.

FIG. 4. Analysis of immune response to M. catarrhalis total cellular proteins.
The Tf receptor proteins from M. catarrhalis 4223 (lanes 2, 5, 8, and 11) or the
Lf receptors from strain N141 (lanes 3, 6, 9, and 12) were isolated by using either
hTf-Sepharose or hLf-Sepharose as the affinity matrix. The receptor proteins or
strain N141 whole cells (lanes 1, 4, 7, and 10) were boiled in Laemmli sample
buffer and subjected to SDS-PAGE (7% gel), and replicate Western blots were
prepared. The blots were either stained for protein (lanes 1 to 3) or blocked and
probed with either acute-phase sera from the patient infected with M. catarrhalis
N141 (lanes 4 to 6), the convalescent-phase sera alone (lanes 7 to 9), or the
convalescent-phase sera containing approximately 1 mg each of Mbp::TbpB and
Mbp::LbpB purified by amylose affinity chromatography.
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contaminant (i.e., lipopolysaccharide) isolated from M. ca-
tarrhalis, the convalescent antiserum was preincubated with
crude extracts obtained from an LbpA2 isogenic mutant of M.
catarrhalis (14). As illustrated in Fig. 5, preincubation with the
LbpA2 mutant essentially eliminated reactivity against native
receptor complex and LbpA, demonstrating that there was no
reactivity directed against LbpA and that any apparent reac-
tivity was due to some contaminant in the affinity-isolated
LbpA preparation.

The preferential binding of TbpB to the iron-loaded form of
hTf (45) enabled us to use affinity methods to purify and
separate native TbpA and TbpB from M. catarrhalis. This prep-
aration of TbpA retained substantial hTf binding activity in
solid-phase binding assays, unlike electroblotted TbpA. As an
alternate source of the individual Tf receptor proteins, we used
recombinant fusion proteins containing the intact mature
TbpA and TbpB proteins fused to Mbp which were isolated
and purified with an amylose affinity column. The convales-
cent-phase serum demonstrated significant levels of reactivity
with native receptor complex (TbpA and TbpB), native TbpB,
Mbp::TbpB, and to a lesser extent native TbpA (Fig. 5). Al-
though the method of production of native TbpA resulted in
relatively pure preparations based on SDS-PAGE analysis
(45), we could not exclude the possibility that trace amounts of
TbpB were responsible for the reactivity observed against the
native TbpA preparation. Therefore, the sera were preincu-
bated with excess amounts of Mbp::TbpB, or Mbp::LbpB, as a
control. The pretreatment with Mbp::TbpB resulted in a sub-
stantial decrease in the reactivity against the native TbpA
preparation, indicating that contaminating TbpB must have
been responsible for a substantial amount of the observed
reactivity. Although there was a weak but detectable reactivity
remaining against the native TbpA preparation in the presence
of excess competing Mbp::TbpB, this was also detected in the
native TbpB preparation, suggesting that it may be due to
reactivity against contaminants in these preparations. Unfor-
tunately, we do not have isogenic TbpA2 or TbpB2 strains of
M. catarrhalis that would have allowed us to address this ques-
tion.

DISCUSSION

Tf receptors in pathogenic gram-negative bacteria from the
families Pasteurellaceae and Neisseriaceae play a critical role in
acquisition of iron from Tf (7, 15, 23, 27), which appears to be
an essential process for survival in vivo (16). Lf receptors in
members of the Neisseriaceae are similarly required for acqui-
sition of iron from Lf (8, 9, 29, 35), but the importance of this
function in vivo has not been established. The role that these
receptor proteins play and their requisite surface accessibility
suggest that they may serve as ideal candidates for vaccines and
has led to considerable effort at evaluating their utility.

As TbpB is a largely exposed surface lipoprotein anchored
by its fatty acyl tails (24), it may be a reasonable target for
immunotherapy. The bactericidal activity of antisera prepared
against receptor complex from Neisseria meningitidis in rabbits
was directed against TbpB (17), suggesting that it may be a
more useful target for vaccine development. Further, studies
indicate that recombinant TbpBs (produced in E. coli) from N.
meningitidis (38), Haemophilus influenzae (30), and M. ca-
tarrhalis (34) retain their propensity to bind Tf and ability to
generate strain-specific bactericidal and protective anti-TbpB
antibodies. Thus, industrial production of TbpB suitable for
vaccination purposes may be an achievable goal. The homo-
logue of TbpB involved in Lf iron acquisition has only recently
been identified and characterized (8, 11, 29, 35); thus, there is
little information on its potential as a vaccine antigen. Never-
theless, recent studies have shown that recombinant LbpB
from M. catarrhalis is capable of inducing bactericidal antibod-
ies (11), suggesting that its potential as a vaccine antigen may
parallel that of TbpB.

The ability to produce functional antibody in animals sup-
ports the potential utility of TbpB and LbpB for human vac-
cines, but evidence from the human host is ultimately required.
Previous studies have demonstrated that convalescent-phase
sera from patients infected with H. influenzae (26) or N. men-
ingitidis (6, 21) contains antibody directed against TbpBs. Sim-
ilarly, convalescent-phase antisera from a natural infection by
M. catarrhalis reacted strongly with OMPB1 (43), which was
shown to comigrate with Tf binding activity (12), suggesting
that the antibody was directed against TbpB. However, comi-
gration is not necessarily a good basis for identification, as the
experience with initial identification of TbpB (42) and subse-
quent confusion with a major 70-kDa protein (4) demonstrate.
The use of affinity-purified protein as target (Fig. 1 and 2) or as
a blocking agent (31) provides more convincing evidence for a
human anti-TbpB response. Furthermore, the use of recombi-
nant TbpB protein as a target for antibody (Fig. 3) or to
competitively block reactivity in the binding assays (Fig. 4 and
5) enables us to conclusively state that there is a substantial
human antibody response directed against M. catarrhalis TbpB.
Our results (Fig. 1 to 5) also enable us to definitively conclude
that there is a substantial antibody response directed against
LbpB after natural M. catarrhalis infection. The recent identi-
fication of LbpB from N. meningitidis (8, 29, 35) should facil-
itate similar studies with receptor from that species.

Although there are studies demonstrating an antibody re-
sponse against TbpB and LbpB in humans, there is no evidence
for production of functional human antibody against these
proteins. However, recombinant TbpBs from veterinary patho-
gens have been successfully used in active immunization ex-
periments in the native host (36, 40), which, by inference,
suggests that production of functional antibody in humans is
possible.

A considerable degree of genetic and antigenic heterogene-
ity has been demonstrated for TbpBs from N. meningitidis (32),

FIG. 5. Solid-phase immunological analysis. Native Tf receptor proteins
were affinity isolated with apo- or holo-hTf-Sepharose from M. catarrhalis 4223
(TbpA and TbpB, TbpA alone, or TbpB alone). Native Lf receptor proteins were
affinity isolated with holo-hLf-Sepharose from strain N141 or from an N141
LbpB2 isogenic mutant (9). The Mbp receptor protein fusions were affinity
isolated by using an amylose resin. Approximately 50 ng of isolated protein was
spotted onto the nitrocellulose matrix and incubated with a 1:1,000 dilution of
convalescent-phase sera from the patient infected with M. catarrhalis N141 (sera
alone; columns 1 and 4), the same sera preincubated with approximately 1 mg of
either Mbp::TbpB (column 2) or Mbp::LbpB (column 3) or with 100 ml of a
crude extract from the N141 LbpA2 isogenic mutant (9) (column 5).
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H. influenzae (30), and M. catarrhalis (34), probably a conse-
quence of their surface exposure and immunogenicity. Anti-
genic variation clearly has important implications regarding
consideration of TbpB as a vaccine antigen; thus, it is note-
worthy that despite the considerable variation, two meningo-
coccal TbpBs were capable of producing functional antibody
that cross-reacted with a representative collection of meningo-
coccal strains (39). Analysis of the human antibody response to
M. catarrhalis TbpBs also demonstrates the antigenic hetero-
geneity of these proteins (Fig. 2). Analysis of the predicted
amino acid sequences of TbpBs and the bactericidal activity of
guinea pig antisera suggests that there may be two broad
groups of TbpBs (34), reminiscent of the situation with me-
ningococcal TbpBs (37). In this context, it is interesting that
although some of the human antisera readily discriminated
between the representative strains from these two groups
(4223 and Q8; N141 and N137 antisera [Fig. 2]), other antisera
were capable of recognizing both TbpBs (N137 antiserum).

Since LbpBs have only recently been identified (8, 11, 29,
35), there is less information available on genetic and antigenic
heterogeneity among these proteins. Sequence comparisons
among LbpBs from M. catarrhalis revealed comparatively high
levels of identity (77% among LbpBs from three strains) (11).
Surprisingly, there is complete identity among the published
sequences of meningococcal LbpBs (8, 29, 35). To exclude the
possibility that this is a consequence of use of the same strains
(even though different strain names were reported), sequences
from additional strains will be required. The analysis of human
antisera from patients with M. catarrhalis infections demon-
strated the presence of cross-reactive antibody against heter-
ologous Lbps (Fig. 1 and 2), but the functionality of this anti-
body is not known. Preliminary evidence for cross-reactive
bactericidal activity of antisera raised against M. catarrhalis
LbpBs in guinea pigs are encouraging (11), but the results
indicate that in spite of greater sequence similarity, there still
is sufficient antigenic heterogeneity to necessitate inclusion of
several representative LbpBs for broad-spectrum coverage.

The critical roles that TbpA and LbpA play in iron acquisi-
tion from Tf and Lf suggest that they might be preferred
targets for immunotherapy. However, several features have
limited their consideration for vaccine development. Unlike
TbpB and LbpB, recombinant TbpA and LbpA have failed to
produce bactericidal antibodies (18, 34). TbpA requires export
and assembly in the outer membrane to attain a native con-
formation capable of binding ligand (22), which may also be
necessary for induction of functional antibody (5, 6). This re-
quirement may ultimately limit consideration of intact recom-
binant protein as a vaccine antigen.

Analysis of convalescent human antisera from patients with
meningococcal (6, 21) or M. catarrhalis (Fig. 1, 2, and 4) in-
fections has failed to detect anti-TbpA or anti-LbpA antibody
against electroblotted proteins. Since this could also be attrib-
uted to failure of electroblotted TbpA and LbpA to attain the
appropriate conformation necessary for binding antibody, at-
tempts have been made to use purified TbpA or LbpA in
solid-phase binding assays (6) (Fig. 5). Indeed some antibody
binding activity is detected in preparations of purified TbpA or
LbpA (6) (Fig. 5), albeit less than that observed for TbpB or
LbpB. Substantial loss of antibody binding by prior denatur-
ation of the receptor protein (6) provides additional evidence
for the antibody being directed at conformational epitopes in
TbpA.

One disadvantage of using purified receptor proteins iso-
lated from the original bacterium to evaluate reactivity against
human antisera is that it is difficult to totally exclude the con-
tribution of contaminants in the receptor preparation, in spite

of the apparent purity by conventional analyses. Thus, addition
of extracts from an LbpA2 isogenic mutant to dilutions of the
human convalescent-phase antiserum effectively eliminated re-
activity against purified LbpA (Fig. 5). This finding indicates
that the reactivity was due not to LbpA but to some contam-
inant in the preparation, even though there were no contam-
inants evident in SDS-PAGE analysis of the affinity-purified
LbpA preparation (data not shown). Similarly, although there
was no TbpB detected in the purified preparation of TbpA
(data not shown), addition of excess recombinant TbpB signif-
icantly reduced the detected reactivity against the TbpA prep-
aration (Fig. 5). It is certainly possible that the remaining
reactivity was directed against TbpA, but since we did not have
an available TbpA2 isogenic mutant of M. catarrhalis, we could
not exclude the possibility that it was due to other contami-
nants in the TbpA preparation.

At present we have no conclusive evidence for antibody
against TbpA or LbpA from M. catarrhalis in convalescent-
phase human sera. In this context, it is interesting that cattle
immunized with purified (and functional) preparations of
TbpA isolated from the cattle pathogen Pasteurella haemolytica
exhibited little or no anti-TbpA antibody response, whereas a
robust anti-TbpB response was detected in animals immunized
with recombinant TbpB, using the same adjuvant (36). This
finding suggests that TbpA may not be immunogenic in the
native host, which could possibly be a selected attribute of this
protein since, unlike TbpB, it is not subject to the same degree
of antigenic variation. Immunization experiments with TbpAs
from other veterinary pathogens (in their native hosts) would
be useful to establish whether this is a general property of
TbpAs. In addition, it may be warranted to reevaluate the
evidence for antibody against TbpA from N. meningitidis in
convalescent-phase antisera (6), as this also has implications
on the immunogenicity of TbpA in the native host and the
utility of TbpA as a vaccine antigen. More extensive studies on
the immune response against this protein may be essential if
TbpA or its derivatives are to be considered for vaccination
purposes.
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