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Nasopharyngeal colonization represents the initial interaction between Haemophilus influenzae and its
human host. Factors that influence bacterial carriage likely affect transmission and incidence of infection.
Therefore, we investigated host factors involved in limiting H. influenzae colonization in BALB/c mice, as
colonization can be established in this genetic background. Unlike what is observed in the C57BL/6 back-
ground, initial colonization of BALB/c mice was mainly limited by adaptive immune components. This effect on
colonization did not require either CD4- or CD8-positive T cells. Instead, initial colonization by genetically
diverse strains was limited by preexisting natural antibody with a lesser contribution of complement activity
and the presence of neutrophils. Natural serum immunoglobulin from mice was able to bind to the bacterial
surface and exhibited complement-dependent bactericidal activity against these genetically diverse H. influ-
enzae strains. Moreover, natural immunoglobulin G (IgG) recognizing these strains was detected at the
nasopharyngeal mucosal surface. This antibody-mediated effect required exposure to the normal mouse
microbial flora, since mice raised under germfree (GF) conditions showed increased levels of H. influenzae
colonization that were not limited by adaptive immunity. In addition, serum IgG from GF mice exhibited less
surface binding to H. influenzae, suggesting that natural antibody, induced through prior exposure to the
microbial flora, mediated the observed reduction in initial colonization. The broad effect of natural IgG against

genetically diverse isolates suggests the presence of conserved species-wide protective targets of antibody.

Haemophilus influenzae is a gram-negative pathogen that
commonly colonizes the mucosal surface of the human naso-
pharynx. This species is capable of causing a wide spectrum of
diseases ranging from acute infection of the respiratory tract to
sepsis and meningitis. Invasive infections were most commonly
associated with the encapsulated type b strain (H. influenzae
type b [Hib]); however, the introduction of Hib conjugate
polysaccharide vaccines has dramatically reduced the inci-
dence of these infections. Conversely, nontypeable strains
(nontypeable H. influenzae [NTHI]) do not express a polysac-
charide capsule and are frequently associated with mucosal
infections including otitis media, chronic bronchitis, and com-
munity-acquired pneumonia (1, 11, 26). The development of
an effective vaccine to prevent NTHI infection has been ham-
pered by the marked intra- and interstrain heterogeneity of
surface antigens in this genetically diverse species.

Nasopharyngeal colonization precedes invasive disease and
may exceed 50% in some populations (for a review, see refer-
ence 13). Since this organism is a strict human pathogen, this
asymptomatic carriage likely represents the primary reservoir
leading to horizontal spread. Therefore, factors influencing
rates and density of bacterial colonization will affect transmis-
sion and incidence of infection in the population. Currently,
specific host-pathogen interactions that affect H. influenzae
colonization are incompletely characterized due to the lack of
a convenient and genetically tractable animal model system.

Host genetic differences likely play a significant role in con-
ferring predisposition to both colonization and infection. For
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example, initial colonization of artificial animal model systems
could be limited by multiple factors, including the lack of an
essential receptor(s), the availability of nutrients, the indige-
nous flora, and the innate and/or adaptive immune responses.
Previous studies in our laboratory have described colonization
dynamics of H. influenzae in the murine nasopharynx (29, 46),
suggesting that an essential receptor or nutrient acquisition is
not lacking in this artificial host. In particular, H. influenzae
colonization of C57BL/6 mice is associated with recruitment of
an inflammatory infiltrate comprised primarily of neutrophils
to the nasal spaces, resulting in bacterial clearance mediated by
multiple components of innate immunity (46). However, con-
tinued studies revealed that BALB/c mice are more susceptible
to both Hib and NTHI colonization, suggesting that these
innate immune factors are less effective in mice of this back-
ground.

Differing degrees of susceptibility to infection by inbred
mouse strains have been characterized for numerous human
bacterial pathogens including Streptococcus pneumoniae (14),
Streptococcus pyogenes (34), Staphylococcus aureus (43), Myco-
bacterium tuberculosis (35, 38), and Salmonella enterica (4).
Specifically, C57BL/6 and BALB/c mice have been shown to
generate distinct immune responses against Helicobacter pylori
(23, 42) and Candida albicans (41), and BALB/c mice are more
susceptible to S. pneumoniae and H. influenzae infection in a
model of otitis media (36). As we have previously described
innate immunity-mediated clearance of H. influenzae by
C57BL/6 mice and observed an increased susceptibility of
BALB/c mice to various H. influenzae strains, we set forth to
identify host factors that impact colonization in the BALB/c
mouse background. Unlike what is observed in the C57BL/6
background, colonization of BALB/c mice was limited by adap-
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tive immune components. Moreover, natural immunoglobulin
G (IgG) antibody from conventionally reared BALB/c mice
that bound to the bacterial surface was present at the naso-
pharyngeal mucosa, and serum Ig exhibited bactericidal activ-
ity against these genetically diverse H. influenzae strains. Our
analysis of host factors affecting colonization of BALB/c mice
suggests that conserved targets of IgG-mediated mucosal im-
munity may exist for this species.

MATERIALS AND METHODS

Mouse strains. Female BALB/c mice (wild type [WT]) and polymeric Ig
receptor (pIgR)-deficient mice (C57BL6-pIgR"™") were purchased from Taconic
Laboratories. pIgR-deficient mice contain a targeted deletion of the pIgR locus
resulting in animals lacking secretory Ig (20). Germfree (GF) BALB/c WT
and SCID mice were provided by J. J. Cebra (University of Pennsylvania), and
maintenance of these strains has been previously described (19). C57BL/6 and
B6.129-S2-Igh-6'"™'“&"/J (WMT) mice were obtained from Jackson Laboratories.
MT mice contain a targeted mutation in the heavy-chain locus of C57BL/6 IgM
and do not produce mature B cells or antibody (25). Studies were conducted in
compliance with the guidelines of the University of Pennsylvania, and all mice
were housed in accordance with Institutional Animal Care and Use Committee
protocols. Water and a standard rodent diet were provided ad libitum. Mice were
inoculated at the age of 5 to 8 weeks unless otherwise specified.

Bacterial strains and culture conditions. H. influenzae strains were grown in
brain heart infusion broth (Becton Dickinson) supplemented with 2% Fildes
enrichment (Remel) and 20 pg/ml B-NAD hydrate (NAD; Sigma). Strains were
previously described and included H636, Eagan type b capsule (Hib); H648, a
spontaneous b~ mutant of Eagan lacking both copies of the cap locus (18);
NTHI-1 strain TN106.P2 (33); NTHI-2 strain SR7332 (32); and NTHI-3 strain
86.028NP (31). Strains NTHI-1 and NTHI-2 were used because they had been
previously shown to persist in the murine airway (9, 32). NTHI-3 was chosen
because of the availability of its entire genomic sequence (16). All strains used in
colonization experiments were spontaneously streptomycin-resistant mutants
and were animal passaged.

Mouse model of nasopharyngeal colonization. Mice were inoculated intrana-
sally with 10 wl containing 107 to 108 CFU of phosphate-buffered saline (PBS)-
washed, mid-log-phase H. influenzae. The animal was sacrificed at the time point
specified, the trachea was cannulated, and 200 wl of PBS was instilled. Lavage
fluid was collected from the nares for determination of viable counts of bacteria
in serial dilutions plated on selective medium containing streptomycin (50 pg/ml)
to inhibit the growth of contaminants. The lower limit of detection for bacteria
in lavage fluid was 20 CFU/ml.

Depletion of CD4 and CD8 T-cell populations. To deplete CD4-positive cells,
mice were treated with 200 pg of anti-CD4 monoclonal antibody (MAb) GK1.5
intraperitoneally (i.p.) 4 days and 2 days prior to H. influenzae inoculation and
boosted with 200 pg at day 1 postinoculation (p.i.). To deplete CD8-positive
cells, mice were treated with 200 pg of anti-CD8 MAD 2.43 i.p. 4 days and 2 days
prior to H. influenzae inoculation and boosted with 200 pg at day 1 p.i. Both
antibodies, GK1.5 and 2.43, were purified from cell culture supernatants by
affinity chromatography using recombinant protein G agarose (Life Technolo-
gies), as previously described (39). The efficiency of T-cell depletion was assessed
by flow cytometric analysis comparing splenocytes isolated from GK1.5-treated,
2.43-treated, and untreated mice. The following antibodies were applied: rat
anti-mouse CD4, to detect CD4™ T cells; rat anti-mouse CD8a, to detect CD8*
T cells; and anti-mouse CD3 molecular complex, to detect all mature T cells. All
three antibodies were obtained from BD Biosciences. A total of 50,000 cells were
collected for each sample, and groups were compared using FlowJo software
(Tree Star).

Neutrophil and complement depletion. MAb RB6-8CS5, a rat anti-mouse
IgG2b directed against Ly6G on the surface of murine myeloid (and limited
subpopulations of lymphoid) lineage cells, was purified from ascites of nude mice
given the RB6-8C5 hybridoma (7, 17). To deplete neutrophils, RB6-8C5 MAb
was administered by i.p. injection as described previously (46). Hypocomple-
mentemia was induced by i.p. injection of cobra venom factor (CVF; Quidel) in
PBS as described previously (46). Where indicated, mice were treated with both
RB6-8C5 (24 h) and CVF (18 h) prior to bacterial inoculation.

Western blot analysis. Bacterial strains were grown to mid-logarithmic phase
in supplemented brain heart infusion, pelleted, and lysed in sodium dodecyl
sulfate (SDS) sample buffer. Five microliters of each lysate was loaded and
separated by SDS-polyacrylamide gel electrophoresis (PAGE) on a 15% poly-

NATURAL ANTIBODY LIMITS H. INFLUENZAE COLONIZATION 3459

acrylamide gel and transferred to polyvinylidene difluoride (PVDF) transfer
membranes (ThermoScientific). Membranes were then probed with the follow-
ing primary antibodies at 4°C: serum or nasal lavage fluid from uninfected
BALB/c mice, serum or nasal lavage fluid from uninfected SCID BALB/c mice,
or serum isolated from BALB/c mice 14 days post-Hib inoculation (immune
serum). Primary antibody was used at a 1:300 dilution of serum or a 1:20 dilution
of nasal lavage fluid. Membranes were then incubated with a 1:10,000 dilution of
alkaline phosphatase-conjugated anti-mouse IgG or IgM (whole molecule;
Sigma) at room temperature. Antibody binding to H. influenzae strains was
detected with 4-nitroblue tetrazolium chloride-5-bromo-4-chloro-3-indolylphos-
phate.

Flow cytometric analysis. Two hundred microliters of mid-logarithmic-phase
bacterial cells was pelleted and resuspended in 200 wl of Hanks’ buffer (Gibco)
supplemented with 5% fetal calf serum (HyClone). A serum source was added to
reaction mixtures at 1:20 or 1:100 dilutions, and all reaction mixtures were
incubated at 4°C overnight. Sources of serum included samples from uninfected
BALB/c, SCID, and GF BALB/c mice. Bacteria were pelleted and incubated
with Hanks’ buffer plus 5% fetal calf serum containing a 1:200 dilution of goat
anti-mouse IgG R-phycoerythrin conjugate (Sigma) for 1 h at 4°C. Reaction
mixtures were then washed and resuspended in 200 pl of PBS containing 1%
bovine serum albumin and 0.5% paraformaldehyde. A total of 10,000 cells were
collected for each sample, and groups were compared using FlowJo software
(Tree Star).

Bactericidal assays. Mid-logarithmic-phase bacteria were diluted 1:10, and 20
ul was added to 140 pl Hanks’ buffer with Ca>* and Mg>* (Gibco). Twenty
microliters of fresh serum from SCID mice was used as a complement source,
and 20 pl of fresh, heat-inactivated (56°C for 30 min) BALB/c serum was added
as a source of antibody. No-antibody controls contained 20 pl of fresh heat-
inactivated serum from SCID mice. Reaction mixtures were incubated at 37°C
for 45 min, and viable counts were determined by plating serial dilutions. Percent
survival in the presence of antibody was determined by calculating the percent-
age of survival of each strain in the presence (heat-inactivated BALB/c serum)
and absence (heat-inactivated SCID serum) of antibody.

Statistical analysis. Statistical comparisons of colonization among groups
were made by the Mann-Whitney test (GraphPad Software) unless otherwise
specified.

RESULTS

Components of adaptive immunity promote mucosal clear-
ance and limit the establishment of H. influenzae colonization.
To investigate host and bacterial factors involved in mucosal
clearance of H. influenzae, we utilized a murine model of
nasopharyngeal colonization. By isolating bacteria from the
nasal lavage fluid following intranasal inoculation, we identi-
fied an encapsulated type b strain (Hib) and nontypeable
strains (NTHI) exhibiting detectable levels of colonization of
BALB/c mice. Colonization levels were examined at 3 and 14
days p.i. At 3 days, initial colonization of Hib was observed that
was independent of phosphorylcholine (PC) expression (Fig.
1A), which has been shown to contribute to bacterial persis-
tence on the mucosal surface during colonization (44). Addi-
tionally, NTHI-1 and NTHI-2 were tested because they have
been previously shown to colonize BALB/c mice (9, 32), and
NTHI-3 was tested because of the availability of its entire
genome sequence (16). Colonization of NTHI-1 and NTHI-2
but not NTHI-3 was observed, and bacterial densities of Hib
and NTHI at day 3 varied from strain to strain (Fig. 1A).
Colonization of Hib and NTHI was cleared by 14 days, indi-
cated by the detection of very few or no bacteria (Fig. 1B).

The role of adaptive immune responses in limiting and clear-
ing H. influenzae colonization was investigated by inoculating
BALB/c SCID mice with each of these strains and determining
colonization levels at 3 and 14 days p.i. As expected, SCID
mice exhibited attenuated clearance of Hib and the two NTHI
strains tested at 14 days p.i., suggesting that the onset of adap-
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FIG. 1. Adaptive immunity limits H. influenzae colonization. The
density of the H. influenzae strain indicated in the upper respiratory
tract lavage fluid of BALB/c WT (circles) and SCID (triangles) mice
was determined at 3 days (A) and 14 days (B) post-intranasal inocu-
lation. Bacterial strains included Hib with or without PC expression,
NTHI-1 strain TN106.P2, NTHI-2 strain SR7332, and NTHI-3 strain
86.028NP. The log CFU/ml of each H. influenzae strain in the lavage
fluid is indicated for each mouse, and horizontal bars denote mean
values. The dashed line indicates the limit of detection. Statistical
differences were determined using the Mann-Whitney test (%, P <
0.05; %, P < 0.01).

tive immune responses is essential to promote clearance of H.
influenzae (Fig. 1B). Interestingly, in comparison to immuno-
competent WT mice, SCID mice exhibited significantly im-
paired early clearance of Hib and NTHI-1 at 3 days p.i. (Fig.
1A). Moreover, NTHI-3, which is cleared by day 3 from im-
munocompetent mice, colonized SCID mice (Fig. 1A). Cumu-
latively, these data suggest that, in addition to promoting the
clearance of H. influenzae after the predicted onset of specific
adaptive immune responses, components of adaptive immunity
also limit the establishment of H. influenzae colonization.
CD4- and CDS8-positive T cells do not limit the establish-
ment of H. influenzae colonization. To assess whether the es-
tablishment of H. influenzae colonization is CD4" T cell de-
pendent, mice were treated with GKI1.5, an IgG2b subclass
MAD recognizing L3T4 on CD4™" T cells (10). We used the Hib
PC™ strain, as it exhibited the most consistent levels of colo-
nization (Fig. 1A and data not shown). Fluorescence-activated
cell sorting analysis confirmed the depletion of >99% of CD4™*
cells from the splenocyte population of these anti-CD4-treated
mice (data not shown). Mice treated with anti-CD4 exhibited
colonization levels of Hib that were similar to those of no-
antibody-treated controls (P > 0.05; Fig. 2A). To determine if
CDS8™ T cells attenuate levels of H. influenzae colonization,
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FIG. 2. Nonsecretory antibody, but not CD4- or CD8-positive T
cells, limits Hib colonization. (A) Individual depletion of either CD4-
or CD8-positive cells does not affect colonization. The density of Hib
PC™" in the upper respiratory tract lavage fluid of BALB/c mice treated
with no antibody (control), MAb GK1.5 (anti-CD4), or MAb 2.43
(anti-CD8) to deplete CD4- or CD8-expressing cells, respectively, at 3
days p.i. (B) Nonsecretory antibody limits Hib PC™* colonization. The
density of Hib in the upper respiratory tract lavage fluid of C57BL/6
(WT), antibody-deficient (uMT), and secretory antibody-deficient
(pIgR) mice at 3 days post-Hib inoculation. The log CFU/ml of each H.
influenzae strain in the lavage fluid is indicated for each mouse, and
horizontal bars denote mean values. The dashed line indicates the limit
of detection. Statistical differences were determined using the Mann-
Whitney test (x%%; P < 0.001).

mice were treated with MADb 2.43 recognizing Lyt-2 expressed
by this cell population, resulting in the depletion of >95% of
CD8™" T cells from the splenocyte population of these anti-
CDS8-treated mice (data not shown). Similar to the results for
the anti-CD4-treated mice, treatment with anti-CD8 did not
alter bacterial colonization levels (P > 0.05; Fig. 2A). Cumu-
latively, these data suggest that neither CD4- nor CD8-positive
T cells individually represent the component(s) of adaptive
immunity that is limiting the initial colonization of H. influ-
enzae.

Natural antibody limits H. influenzae colonization. Due to
the lack of availability of knockout animals in the BALB/c
background, we initially investigated the role of antibody in
limiting H. influenzae colonization by using antibody-deficient
(nMT) C57BL/6 mice. At day 3 p.i., uMT mice had a greatly
increased density of Hib colonization compared to that of the
WT (P < 0.0001; Fig. 2B). Moreover, at day 3 p.i., inmuno-
competent C57BL/6 mice cleared NTHI-1 (zero/five mice ex-
hibited detectable colonization levels) compared to uMT mice
challenged with NTHI-1, which remained colonized (five/five
mice; range, 10° to 10* CFU/ml). The increased clearance of
Hib and NTHI is likely caused by the presence of preexisting
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FIG. 3. Neutrophils and complement components limit Hib colo-
nization. The density of Hib PC™ at 3 days p.i. in the nasal lavage fluid
of BALB/c mice treated with rat IgG (control), RB6-85C (i.p. antibody
treatment to deplete neutrophil-like cells), CVF (i.p. CVF pretreat-
ment to deplete complement), or RB6-85C and CVF. The log CFU/ml
of Hib in the lavage fluid is indicated for each mouse, and horizontal
bars denote mean values. The dashed line indicates the limit of detec-
tion. Statistical differences were determined using the Mann-Whitney
test (%, P < 0.05; *%, P < 0.01).

natural antibody in immunocompetent mice, as it occurs prior
to the predicted onset of adaptive immune responses leading
to the production of specific antibody. To specifically investi-
gate the role of secretory antibody (secretory IgA and secre-
tory IgM), we had previously tested pIgR-deficient mice (46).
Interestingly, these mice, which do not transport antibody to
the mucosal surface, exhibited Hib colonization levels similar
to those of the WT mice (Fig. 2B). Together these data suggest
that naturally acquired, nonsecretory antibody limits initial H.
influenzae colonization at the mucosal surface.

The presence of neutrophils and complement components is
associated with decreased levels of H. influenzae colonization.
Since our previous work showed that H. influenzae colonization
promotes an acute inflammatory response associated with the
influx of neutrophils (46), we investigated the roles of both
neutrophils and complement in colonization of BALB/c mice
by Hib. To assess whether colonization of H. influenzae is
limited by neutrophils, mice were treated with RB6-8CS5, a rat
MADb recognizing murine Ly6G, prior to intranasal challenge.
This treatment has been shown to deplete neutrophils from
peripheral blood (17) and prevent their recruitment to the
nasopharynx in colonized mice (29). Mice treated with RB6-
85C had an increased density of Hib colonization at day 3 p.i.
compared to that of WT mice (P = 0.03; Fig. 3). To determine
the role of complement in colonization, mice were treated with
CVF to induce hypocomplementemia prior to bacterial chal-
lenge. Colonization levels of Hib were increased in treated
mice compared to WT mice (P = 0.016). Moreover, there was
not an additive effect on colonization levels when mice were
treated with both RB6-85C and CVF prior to bacterial inocu-
lation (Fig. 3). This suggests that complement and neutrophils
function in the same pathway to decrease H. influenzae colo-
nization. This effect of complement and neutrophils, however,
is less dramatic than a lack of antibody as observed in wuMT
and SCID mice. Therefore, it is possible that the role for
natural antibody in limiting H. influenzae colonization extends
beyond promotion of phagocytic and complement-mediated
killing.
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FIG. 4. Adaptive immune components from conventionally reared
but not GF mice limit Hib colonization. The density of Hib PC" in the
nasal lavage fluid of conventionally reared BALB/c mice (WT), GF
BALB/c mice (WT-GF), and GF SCID mice (SCID-GF) at 7 days p.i.
The log CFU/ml of Hib in the lavage fluid is indicated for each mouse,
and horizontal bars denote mean values. The dashed line indicates the
limit of detection.

GF mice do not exhibit limited colonization. At 3 days p.i.,
adaptive immune components of conventionally reared mice
limit H. influenzae colonization (Fig. 1A). Furthermore, the
data in the C57BL/6 background suggest that natural antibody
is essential to prevent effective bacterial colonization. There-
fore, we wanted to determine whether the antibodies limiting
colonization are generated by exposure to other microbial spe-
cies by use of BALB/c mice reared under GF conditions. At 7
days p.i., conventional WT mice exhibit a decrease in coloni-
zation density compared to levels in WT-GF and SCID-GF
mice (Fig. 4). Therefore, in mice lacking a normal microbial
flora, adaptive immunity is no longer associated with a de-
crease in H. influenzae colonization levels. Cumulatively, these
data support the involvement of preexisting antibody that is
generated through prior microbial exposure in limiting initial
colonization.

Targets of preexisting antibody appear to be conserved
among H. influenzae strains. To determine if serum from un-
infected, conventional mice contains IgG antibodies that rec-
ognize H. influenzae strains, whole-cell lysates were probed by
Western blot analysis with either serum from uninfected
BALB/c mice or serum that was isolated from mice 17 days
after Hib intranasal inoculation (immune serum). Serum from
uninfected mice contained IgG antibodies that recognized
multiple components of H. influenzae lysates, and many of
these targets appear similar across the panel of strains (Fig.
5A). Immune sera exhibited similar banding patterns at an
increased intensity, implying that sera isolated from mice
boosted by Hib colonization generated specific antibodies to
targets that appear to be conserved among H. influenzae strains
(Fig. 5B).

To investigate if serum antibodies from conventional and
GF mice are reactive with H. influenzae surface components,
we incubated Hib and NTHI strains with uninfected sera from
conventional WT, conventional SCID (SCID), and GF WT
(GF) mice. Samples were then incubated with a phycoerythrin-
labeled anti-mouse IgG, and antibody binding was determined
by flow cytometry. Binding of serum antibody to whole Hib was
observed with normal mouse sera and absent when Hib was
incubated with sera from either SCID or GF mice (Fig. 5C).
This increase in IgG binding when H. influenzae was incubated
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FIG. 5. Natural antibody from conventionally reared mice recognizes targets expressed by all H. influenzae strains. (A and B) IgG antibodies
from uninfected conventionally reared BALB/c mice recognize conserved H. influenzae targets by Western blot analysis. Whole-cell lysates of Hib
with or without PC and without capsule (Cap ™), NTHI-1, NTHI-2, and NTHI-3 were separated by SDS-PAGE, transferred to PVDF membranes,
and probed with sera from uninfected BALB/c mice (A) or immune sera (B) followed by alkaline phosphatase-conjugated anti-mouse IgG. Strains
tested included NTHI-1 (lane 1), NTHI-2 (lane 2), Hib PC™ (lane 3), Hib PC" (lane 4), Hib Cap™ (lane 5), and NTHI-3 (lane 6). Molecular mass
markers are in kDa. (C and D) Natural antibodies from conventionally reared BALB/c mice bind to the surface of all H. influenzae strains tested.
Flow cytometric analysis was conducted on each H. influenzae strain incubated with no serum (“No primary”) or uninfected sera from conven-
tionally reared uninfected BALB/c mice (WT), GF uninfected mice (GF), or conventionally reared SCID mice (SCID) followed by phycoerythrin-
labeled anti-mouse whole IgG. (C) Fluorescence intensity is represented on the x axis, and binding of the antibody to the surface of Hib (PC™)
is indicated by a shift of the curve to the right. The image is representative of three independent experiments. Each serum source was added to
reaction mixtures at a 1:20 dilution. (D) The percent IgG binding was determined by calculating the percentage of 10,000 events with an increase
in mean fluorescence intensity compared to that of no-serum controls. Each H. influenzae strain was incubated with sera from WT (hatched bars),
GF (open bars), or SCID (solid bars) BALB/c mice at a 1:100 dilution. Values are derived from three independent experiments and are shown =+

standard deviations.

with WT sera compared to the binding when it was incubated
with GF sera was observed for all strains (Fig. 5D). Cumula-
tively, these data indicate that natural serum IgG antibodies
from conventional mice recognize surface targets expressed by
a diverse array of H. influenzae strains. Moreover, fewer H.
influenzae-specific antibodies recognizing H. influenzae surface
components are present in GF mouse sera. This observation
further supported our hypothesis that prior exposure to the
microbial flora is the source of preexisting antibodies that limit
colonization.

The presence of natural antibody is associated with in-
creased bactericidal killing of all H. influenzae strains. To
determine if natural serum antibodies from uninfected conven-
tionally reared mice promote bactericidal killing of H. influen-
zae, each strain was incubated with conventional SCID serum
as a complement source and either heat-inactivated conven-
tional WT serum that contains antibody or heat-inactivated
conventional SCID serum (antibody-negative control). The

percent survival in the presence of antibody was determined by
calculating the CFU/ml of each strain in the presence (heat-
inactivated BALB/c serum) divided by the CFU/ml of each
strain in the absence (heat-inactivated SCID serum) of anti-
body. Lower percent survival of all H. influenzae strains was
observed in the presence of antibody (Fig. 6). This demon-
strates that natural antibody from conventionally reared mice
exhibits bactericidal activity.

The murine nasopharyngeal mucosa contains natural IgG
antibody recognizing H. influenzae components. Although the
serum of BALB/c mice contains natural IgG antibodies that
recognize H. influenzae strains, we wanted to determine if
anti-H. influenzae antibody (IgM or IgG) is also present at the
primary site of colonization, the nasopharyngeal mucosa.
Whole-cell lysates of each H. influenzae strain were separated
by SDS-PAGE, transferred to PVDF membranes, and incu-
bated with nasal lavage fluids from uninfected BALB/c mice.
No IgM binding was detected in nasal lavage fluids (data not
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FIG. 6. Natural antibody contributes to bactericidal killing of ge-
netically diverse H. influenzae. The H. influenzae strain indicated was
incubated with a complement source (SCID serum) and either a
source of antibody (heat-inactivated BALB/c serum) or a no-antibody
control (heat-inactivated SCID serum) at 37°C for 45 min, and viable
counts were determined. Percent survival in the presence of antibody
(v axis) was determined by calculating the ratio of bacterial survival in
the presence of WT serum (presence of antibody) to bacterial survival
in the presence of SCID serum (absence of antibody). Values are
derived from three independent experiments and are shown * stan-
dard deviations. Statistical differences were determined using the one-
sample ¢ test (%, P < 0.05).

shown). In contrast, nasal lavage fluids contained IgG antibod-
ies that recognized multiple components for all H. influenzae
lysates (Fig. 7), confirming the presence of anti-H. influenzae
IgG at the mucosal surface.

DISCUSSION

In this study we were able to take advantage of the intrinsic
differences associated with heterologous host species and ge-
netic differences within a host species to further define immune
components essential to limiting H. influenzae colonization.
Innate immune factors in C57BL/6 mice promote the rapid
clearance of H. influenzae (46). Conversely, comparatively
higher levels of colonization of BALB/c mice by encapsulated
and nontypeable (NTHI) strains may indicate a less effective
innate immune response, rendering this murine strain more
susceptible to H. influenzae infection. Using the BALB/c
mouse model, we determined that adaptive immunity is the
major factor that limits initial H. influenzae colonization and
that this effect is not associated with the presence of either
CD4- or CDS8-positive T cells. Further studies showed that the
main component of adaptive immunity limiting levels of initial
colonization is likely preexisting or natural IgG. Natural serum
antibodies from BALB/c mice are able to bind to the surface of
and exhibit bactericidal activity against genetically diverse H.
influenzae strains, and natural IgG recognizing these strains is
present at the nasopharyngeal mucosal surface.

The generation of this antibody-mediated protective effect
requires prior exposure to normal mouse microbial flora since
mice raised as GF exhibited higher levels of Hib colonization
that were not limited by adaptive immune responses. Further-
more, serum IgG from GF mice exhibited less binding to ge-
netically diverse H. influenzae strains. Previous studies using
GF animals have focused on the role of the gut microbiota in
the development and maturation of local immune responses
(for reviews, see references 8 and 21). However, it has also
been shown that GF mice have decreased serum Ig levels (5).
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FIG. 7. Natural IgG antibody recognizing H. influenzae strains is
present on the mucosal surface. Western analysis showing whole-cell
lysates of Hib with or without PC and without capsule (Cap~),
NTHI-1, NTHI-2, and NTHI-3 separated by SDS-PAGE and trans-
ferred to PVDF membranes. Immunoblotting was carried out with
nasal lavage fluid obtained from uninfected BALB/c mice followed by
alkaline phosphatase-conjugated anti-mouse IgG to detect mucosal
IgG recognizing H. influenzae targets. Strains tested included NTHI-1
(lane 1), NTHI-2 (lane 2), Hib PC™ (lane 3), Hib PC" (lane 4), Hib
Cap™ (lane 5), and NTHI-3 (lane 6). Molecular mass markers are in
kDa.

The specific impact of these immunological defects on the
nasopharyngeal mucosa of GF mice has not been character-
ized. One previous study determined that nasal colonization
levels of Klebsiella pneumoniae were similar in GF and the
corresponding WT mice (27), suggesting that the general im-
mune deficiencies associated with these mice do not universally
impact clearance mechanisms of the nasopharyngeal mucosa.
In our system, where initial colonization is not limited by adap-
tive immunity in GF mice, it is possible that the normal murine
flora promotes expression of cross-reactive antibodies recog-
nizing broadly reactive targets that limit H. influenzae coloni-
zation.

The production of germ line-encoded natural antibodies by
naive animals has been previously described and is most com-
monly of the IgM subclass (2). These antibodies have been
associated with control of viral and bacterial infection, and the
protective effects mediated by these antibodies are similar for
WT and GF mice (37). Here we describe a different mecha-
nism in which the presence of IgG antibody produced by naive
animals develops in response to the normal mouse microbiota.
This antibody may promote complement-dependent bacteri-
cidal activity or phagocytic killing. Our findings suggest that
natural antibody may additionally limit colonization by com-
plement- and neutrophil-independent mechanisms. For exam-
ple, antibody may have neutralizing effects by, for example,
blocking adherence to host cells or promoting bacterial agglu-
tination that leads to clearance.

Since natural antibody recognizing PC has been previously
described for both mice (28) and humans (15), and GF
BALB/c mice do not express anti-PC antibodies until they are
conventionalized (28), we investigated the role of anti-PC an-
tibody in our system. PC is an immunodominant structure
incorporated into the lipopolysaccharide (LPS) of H. influen-
zae in a phase-variable manner (45), and anti-PC antibodies
are protective against infection with another respiratory patho-
gen, S. pneumoniae (6). Therefore, we wanted to determine if
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H. influenzae lacking PC expression would exhibit higher col-
onization levels by thwarting the effects of natural anti-PC
antibody. PC expression, however, did not affect the establish-
ment of colonization. Moreover, reactivity to LPS constituents,
which could represent a target conserved among H. influenzae
strains, was not observed in the Western analysis of H. influ-
enzae lysates probed with BALB/c serum. Cumulatively, these
data suggest that preexisting antibody to PC-decorated LPS is
not limiting H. influenzae colonization. The specific bacterial
target(s) of the natural antibody is currently being investigated.

Although natural antibody limited H. influenzae colonization
of BALB/c mice, these strains effectively colonize humans;
therefore, it is interesting to speculate about the difference
between these two hosts. Ig concentrations within nasal secre-
tions of healthy humans consist primarily of secretory IgA but
also contain comparably lower levels of IgG and secretory IgM
(24). It is possible that the proportions of particular antibody
types differ in mouse and in human nasal secretions or that
these murine antibodies recognizing broadly reactive H. influ-
enzae targets are lacking in the human host. Alternatively, it is
possible that H. influenzae is able to thwart the effects of this
antibody in its natural host. An example of such a mechanism
is the production of IgA protease by H. influenzae and other
pathogens inhabiting the human nasopharynx (22, 30, 40). Pro-
duction of this enzyme, which is highly specific for IgA of
humans and other great apes, likely interferes with the effec-
tiveness of protective IgA1 antibodies. Perhaps H. influenzae is
also capable of utilizing a method of interfering with IgG-
mediated protection in the human host.

Previous studies have demonstrated that children colonized
with H. influenzae exhibit a predominately IgA-mediated mu-
cosal antibody response and develop strain-specific bacteri-
cidal antibodies (3, 12). Moreover, children with a greater
mucosal antibody response rapidly eliminate their H. influen-
zae strain compared to children exhibiting prolonged coloni-
zation or colonization with multiple strains (12). Therefore, in
the human host, antibodies mediate strain-specific protection
from H. influenzae colonization; however, the genetic diversity
associated with this organism permits subsequent colonization
of new strains. Therefore, identifying the protective targets
expressed by genetically diverse H. influenzae strains that are
recognized by natural IgG antibody from naive BALB/c mice
may reveal a species-wide vaccine candidate.
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