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ABSTRACT The reemergence of pertussis or whooping cough in several countries
highlights the need for better vaccines. Acellular pertussis vaccines (aPV) contain alum
as the adjuvant and elicit Th2-biased immune responses that are less effective in pro-
tecting against infection than the reactogenic whole-cell pertussis vaccines (wPV), which
elicit primarily a Th1/Th17 response. An important goal for the field is to devise aPV that
will induce immune responses similar to those of wPV. We show that Bordetella coloni-
zation factor A (BcfA), an outer membrane protein from Bordetella bronchiseptica, has
strong adjuvant function and elicits cellular and humoral immune responses to heterolo-
gous and Bordetella pertussis antigens. Addition of BcfA to a commercial aPV resulted in
greater reduction of B. pertussis numbers from the lungs than that elicited by aPV alone.
The more-efficient pathogen clearance was accompanied by increased interleukin-17 (IL-
17) and reduced IL-5 and an increased ratio of IgG2/IgG1 antibodies. Thus, our results
suggest that BcfA improves aPV-induced responses by modifying the alum-induced Th2-
biased aPV response toward Th1/Th17. A redesigned aPV containing BcfA may allow
better control of pertussis reemergence by reshaping immune responses to resemble
those elicited by wPV immunization.
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The Gram-negative bacterium Bordetella pertussis is the etiologic agent of the disease
whooping cough, or pertussis. Efficient control of infection and disease and long-

lived protective immunity are best provided by whole-cell pertussis vaccines (wPV),
which elicit strong Th1/17-skewed cellular and humoral immune responses. However,
the reactogenicity of wPV led to their replacement in the United States and other
countries with acellular pertussis vaccines (aPV), which induce mixed Th1/2-skewed
responses. While current aPV protect immunized individuals against the severe disease,
they do not protect efficiently against infection and subsequent interindividual trans-
mission. Adolescents and adults infected with B. pertussis suffer from prolonged cough
and can constitute up to 50% of the reported cases (1). These individuals may serve as
carriers and transmit the bacteria to infants and children who are either unvaccinated
or are too young to be fully vaccinated (2–5). In 2016, greater than 139,000 cases
and 89,000 deaths due to pertussis were reported globally by WHO (http://www.who
.int/immunization/monitoring_surveillance/burden/vpd/surveillance_type/passive/
pertussis/en/).

Although the mechanisms that lead to reemergence of pertussis and subsequent
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transmission are multifactorial, lower vaccine efficacy due to less protective Th2-skewed
immune responses induced by aPV is one explanation (6–8). Recent studies in murine
models showed that experimental aPV with adjuvants that elicit predominantly Th1-
skewed responses provide better protection against pertussis infection than alum-
adjuvanted vaccines (9–11), suggesting that modification of the current formulations
may improve vaccine efficacy. Furthermore, nonhuman primate models of B. pertussis
infection demonstrate that immunization with wPV induces protection against infec-
tion and subsequent transmission while aPV immunization does not prevent transmis-
sion (12). Here we report that BcfA, an outer membrane protein from Bordetella
bronchiseptica (13), has strong adjuvant function and activates innate and adaptive
immune responses. Immunization of mice with an experimental aPV containing BcfA as
the adjuvant induced more-rapid clearance of a B. pertussis infection from mouse lungs
than did alum-adjuvanted aPV. Importantly, the addition of BcfA to a commercial aPV
(Boostrix) provided immunized mice with better protection against infection than
Boostrix alone. Clearance was accompanied by a marked reduction in the Th2 cytokine
interleukin-5 (IL-5) and a higher ratio of serum Th1-type antibodies. These results
suggest that the addition of BcfA as an adjuvant to approved vaccines may elicit
more-protective immune responses than current formulations.

RESULTS
BcfA has adjuvant function. We previously reported that immunization of mice with

BcfA adsorbed to alum protected against a B. bronchiseptica infection (13) and induced a
Th1-type immune response. In this report, we tested whether BcfA would enhance humoral
and cellular immune responses to heterologous protein antigens. F1 and V are two
well-characterized protective antigens of Yersinia pestis (14). Mice (male and female
C57BL/6, 8 to 12 weeks old) were immunized and boosted intramuscularly (i.m.) in the
forelimb on day 0 and day 28 with 30 �g BcfA plus 10 �g recombinant F1/V fusion protein
(BcfA�F1V) (15). BcfA was produced in an Escherichia coli overproduction system, essen-
tially as we described previously (16). Serum was harvested on day 12 postboost and tested
by enzyme-linked immunosorbent assay (ELISA). Higher IgG antibody titers against F1, V,
and BcfA were detected (Fig. 1A) in mice immunized with BcfA�F1/V than in mice treated

FIG 1 BcfA enhances antibody and CD8� T cell responses to heterologous protein antigens. (A) C57BL/6 mice
(3 to 5 per group) were immunized intramuscularly (i.m.) with 10 �g of F1/V fusion protein either alone (open
symbols) or mixed with 30 �g of BcfA protein (closed symbols), on day 0 and day 28. Serum was collected
on day 42 (14 days postboost) and tested by ELISA for reactivity against F1, V, and BcfA proteins. One
representative experiment of 3 is shown. (B) C57BL/6 mice (3/group) were immunized intraperitoneally on
days 0, 14, and 28 with 10 �g of chicken ovalbumin protein either alone or with 30 �g BcfA. Spleens were
harvested on day 42, and IFN-� production in response to stimulation with the H-2Kb-restricted SIINFEKL
peptide was tested by ELISPOT. One representative experiment of two is shown. *, P � 0.05.
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with F1/V immunization alone. This result demonstrates that BcfA enhances humoral
immune responses to heterologous protein antigens.

To test the ability of BcfA to enhance CD8� T cell responses, we immunized naive
C57BL/6 mice intraperitoneally (i.p.) on days 0, 14, and 28 with 100 �g chicken
ovalbumin (OVA) protein alone or mixed with 30 �g BcfA. On day 35, spleen cells were
stimulated with the SIINFEKL peptide (17) and tested for gamma interferon (IFN-�)
production in an enzyme-linked immunosorbent spot (ELISPOT) assay. This highly
immunogenic epitope presented within the OVA protein is presented on the major
histocompatibility complex class I (MHC-I) molecule H-2Kb and recognized by CD8� T
cells. It is a widely used model antigen to evaluate CD8� T cell responses (17).
BcfA�OVA immunization increased SIINFEKL-specific CD8� T cell responses com-
pared with OVA alone, showing that BcfA enhances CD8� effector responses (Fig.
1B). Together these data show that BcfA has adjuvant activity and can enhance both
humoral and cellular responses.

BcfA induces BMDC maturation. Next, we examined the ability of BcfA to upregu-
late costimulatory molecule expression and cytokine production by bone marrow-
derived dendritic cells (BMDCs) in vitro. BMDCs were generated from C3H/HeJ mice,
which are deficient in Toll-like receptor 4 (TLR4). Lipopolysaccharide (LPS) signals
through TLR4. Thus, any contribution of the minimal LPS in the BcfA preparation to
BMDC activation was avoided by using C3H/HeJ mice (18). Cells were stimulated with
BcfA for 24 h and analyzed for the expression of costimulatory molecules by flow
cytometry, with supernatant tested for cytokine production by ELISA. Expression of
CD40 was highly upregulated, with moderate upregulation of CD80 and CD86 (Fig. 2A).
Production of tumor necrosis factor alpha (TNF-�), as well as of the Th1/17-skewing
cytokines IL-6 and IL-12/23, was increased upon BcfA stimulation (Fig. 2B). These results
suggest that innate immune responses elicited by BcfA support Th1/17-skewed adap-
tive immune function.

BcfA-adjuvanted vaccines elicit protective immune responses against B. per-
tussis. Based on the above-described results that demonstrated BcfA’s adjuvant func-
tion, we tested whether an experimental vaccine containing BcfA as the adjuvant
would elicit protective immune responses against a B. pertussis challenge. C57BL/6 mice
were immunized with filamentous hemagglutinin (FHA; an antigen in many current
aPV) alone, with alum and FHA (alum/FHA), or with Bcf and FHA (BcfA/FHA). The

FIG 2 BcfA activates murine bone marrow-derived dendritic cells. Murine BMDCs derived from C3H/HeJ
mice were stimulated for 20 to 24 h with various doses of BcfA. The supernatant was collected, and the
cells were harvested for analysis of costimulatory molecule expression. (A) Expression of CD40, CD80, and
CD86 following BcfA stimulation. Hatched line, medium alone; dark line, BcfA stimulation. One repre-
sentative well stimulated with 10 �g/ml of BcfA is shown. (B) Supernatant was tested by sandwich ELISA
for production of cytokines IL-6, TNF-�, and IL-12/23 common chain. Bars represent the average values
for 3 mice tested in triplicate under each condition. One representative experiment of 3 independent
experiments is shown. *, P � 0.05; **, P � 0.005; ***, P � 0.001.
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bacterial load of B. pertussis strain Bp536 in the lungs was determined from day 3 to day
21 postinoculation (Fig. 3A). BcfA/FHA immunization resulted in a lower bacterial
burden in the lungs than did FHA alone (P � 0.007) and was similar to the protection
provided by alum/FHA immunization (P � 0.0053 versus alum/FHA; P � 0.0037 versus
BcfA/FHA). Alum/BcfA/FHA immunization elicited the most-significant reduction in lung
bacterial numbers (P � 0.0001) across all time points, demonstrating an additive effect
of combining alum and BcfA as adjuvants. These data suggest that the combination of
BcfA and alum may provide better protection than either adjuvant alone.

BcfA does not function as a protective antigen for B. pertussis. BcfA is a
pseudogene in B. pertussis (19; our unpublished analyses) and thus was not expected
to be a protective antigen. To confirm that mice immunized with BcfA alone are not
protected from colonization with B. pertussis, mice were immunized and boosted with
30 �g of BcfA adsorbed to alum (alum/BcfA) as described above and challenged with
5 � 105 CFU of Bp536 on day 14 postboost. On day 4 postinoculation, lung colonization
was similar in naive and alum/BcfA-immunized mice (Fig. 3B) showing that BcfA is not
a protective antigen for B. pertussis.

BcfA-containing vaccines downregulate Th2 cytokine production. To evaluate
the immune response elicited by BcfA-containing vaccines, spleen cells from mice
immunized with the above-described vaccines were harvested on days 3 to 4 postin-
oculation and stimulated with FHA. Seven days poststimulation, the supernatant was
tested for the presence of IFN-�, IL-17, and IL-5. Similar levels of IFN-� (Fig. 4A) and IL-17
(Fig. 4B) were produced by spleen cells from all vaccinations. Notably, there was a
marked reduction in IL-5 production from spleen cells of mice immunized with a
BcfA-containing vaccine (Fig. 4C). This result suggests that BcfA attenuates production

FIG 3 The combination of adjuvants BcfA and alum elicits better clearance of a B. pertussis infection from
the lungs than either adjuvant alone. (A) Mice were immunized with the indicated vaccines and
challenged intranasally with Bp536. CFU in the lung were enumerated on days 3 to 21 postinoculation.
Each point is the average for 4 or 5 mice per group. One representative experiment of two experiments
is shown. *, P � 0.05; **, P � 0.005; ***, P � 0.001. (B) Mice were immunized i.m. on day 0 and boosted
on day 28 with 30 �g BcfA/50 �g alum and challenged on day 14 postboost. Lungs were harvested on
day 4 postchallenge. NS, not significant.

FIG 4 Reduced Th2 cytokine production from spleen cells of mice immunized with BcfA-adjuvanted
vaccines. Spleens from immunized mice harvested at day 3 postinoculation were stimulated for 7 days
with FHA. Supernatant was tested by sandwich ELISA for the presence of IFN-� (A), IL-17 (B), and IL-5 (C).
One representative experiment of two, with 4 or 5 mice per group, is shown. *, P � 0.05; **, P � 0.005;
***, P � 0.001.
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of Th2 cytokines and highlights the ability of BcfA to modify alum-induced immune
responses.

BcfA enhances B. pertussis clearance from mouse lungs mediated by an ap-
proved aPV. We next determined whether the addition of BcfA would enhance the
protection mediated by a currently approved commercial vaccine, Boostrix, which
contains FHA, Prn (pertactin), PT (pertussis toxin), and aluminum hydroxide as the
adjuvant, as well as diphtheria and tetanus toxoid. C57BL/6 mice were immunized i.m.
on days 0 and 28 with 1/5 the human dose of Boostrix alone or mixed with 30 �g BcfA
and then were challenged intranasally with Bp536 on days 12 to 14 postboost. We
selected this dose of aPV since it has been used by others to test vaccine-induced
immune responses in mice (20–23). Bacterial colonies in the lungs were enumerated on
days 1, 4, 7, and 14 postchallenge. Mice immunized with aPV�BcfA had significantly
lower numbers of CFU in the lungs on days 1 and 4 postchallenge than did mice
immunized with aPV alone (P � 0.005) (Fig. 5). By day 14, both vaccines had cleared the
infection from the lungs. These results show that inclusion of BcfA in the vaccination
enhanced the protection provided by an approved aPV.

BcfA remodels aPV-induced cytokine responses by attenuating Th2 cytokine
production. We determined whether addition of BcfA to the aPV would modify the
cytokines produced by immune spleen cells. Spleens of mice immunized with aPV or
aPV�BcfA were stimulated with antigens FHA, Prn, or PT. High IFN-� production was
detected and was unchanged by the addition of BcfA to the vaccine (Fig. 6A). There was
a moderate increase in FHA-specific IL-17 in aPV�BcfA-immunized mice (Fig. 6B). As
observed with the experimental vaccine containing FHA alone, there was a marked
decline in IL-5 secretion from spleens of aPV�BcfA-immunized mice (Fig. 6C), demon-
strating the ability of BcfA to modulate cytokine responses in a complex vaccine
formulation.

FIG 5 Addition of BcfA to an approved aPV enhances bacterial clearance from the lungs of immunized
mice. C57BL/6 mice were immunized i.m. on day 0 and day 28 with 1/5 the human dose of aPV (Boostrix)
or 1/5 the human dose of aPV plus 30 �g BcfA (aPV�BcfA) and challenged on days 12 to 14 postboost.
Lung colonies were enumerated on the indicated days. Each point is the average for 5 mice per group
with the experiment repeated once. Open circles, naive (unimmunized) mice challenged with bacteria;
closed diamonds, aPV (Boostrix) alone; closed squares, aPV�BcfA. *, P � 0.05; **, P � 0.01.

FIG 6 Addition of BcfA to aPV increases IL-17 and decreases IL-5 production from immune spleen cells.
Spleens from aPV- and aPV/BcfA-immunized mice were dissociated and stimulated in vitro for 7 days with
FHA, Prn, or PT. Supernatant was tested by ELISA for IFN-� (A), IL-17 (B), and IL-5 (C). **, P � 0.01; ***,
P � 0.005.
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Th1-skewed antibodies are more prevalent in the serum of aPV�BcfA-
immunized mice. Alum-adjuvanted vaccines elicit primarily IgG1 antibodies, while
wPV elicit IgG1 and IgG2 antibodies. We tested whether the addition of BcfA would
affect the quantity or composition of serum antibodies elicited by immunization. Total
serum IgG levels were not significantly different in mice immunized with aPV alone and
in those immunized with aPV�BcfA (data not shown). We determined the ratios of the
Th1 isotypes IgG2b and IgG2c to the Th2 isotype IgG1 and found increased ratios of
FHA- and PT-specific IgG2b and FHA-specific IgG2c antibodies (Fig. 7), suggesting that
the predominantly Th2-biased antibody response elicited by alum was altered to the
more-protective Th1-skewed isotypes by the addition of BcfA to the aPV.

DISCUSSION

An active area of investigation to control pertussis resurgence is the develop-
ment and validation of novel adjuvants and/or antigens that elicit protective
responses similar to those elicited by wPV and extend the duration of vaccine-
mediated protection. Studies in mice and baboons (12) suggest that wPV provide
better protection against infection because they elicit Th1/17 T cell and antibody
responses. In contrast, aPV elicit mixed Th1/2 responses and are less protective than
wPV. The failure of current vaccines is attributed to this dichotomy of immune
responses between wPV and aPV (24). Next-generation aPV may be more easily
developed by modifying currently approved aPV than by developing and validating
an entirely new formulation.

We report here the adjuvant and immune-modulatory properties of BcfA, an outer
membrane protein from B. bronchiseptica. BcfA enhanced antibody responses to F1/V,
a fusion protein from Y. pestis, and increased CD8� T cell responses to the model
antigen OVA, demonstrating its ability to augment humoral and cellular immune
responses.

BcfA was produced in an E. coli overproduction system, with careful removal of
endotoxin. The amount of LPS in each injection (�4 endotoxin units [EU]) was well
below the endotoxin levels present in current aPV (�100 EU/dose) (25, 26). This
quantity of LPS was insufficient to trigger BMDCs from C57BL/6 mice (data not shown).
Furthermore, BcfA stimulation upregulated costimulatory molecule expression and
elicited cytokine production from BMDCs of TLR4 knockout mice, demonstrating that
activation of innate immune cell function is not mediated by the minimal LPS in the
BcfA preparation.

An experimental vaccine containing BcfA as the adjuvant (BcfA/FHA) displayed
protective efficacy similar to that of a vaccine containing alum (alum/FHA), while the
vaccine containing the combination of these adjuvants (BcfA/alum/FHA) was much
more effective than either adjuvant alone. Importantly, improved protective efficacy
was also observed when BcfA was added to Boostrix, an approved aPV, further
strengthening the observation that BcfA enhances the protection mediated by alum-
adjuvanted vaccines. Immunization with BcfA alone adsorbed to alum did not reduce
lung colony numbers, demonstrating that BcfA does not serve as an additional anti-
genic target.

The most notable observation with respect to development of an improved vaccine

FIG 7 The ratio of Th1-type antibodies is increased in the serum of aPV/BcfA-immunized mice. Serum
collected on day 7 postinoculation was tested by multiplex Luminex assay for the presence of FHA-, PRN-,
and PT-specific antibodies. The total IgG levels and isotypes were determined, and the ratio of IgG2b/c
to IgG1 was calculated. **, P � 0.05; ***, P � 0.005.
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for pertussis was the finding that BcfA modified alum-induced immune responses.
Alum/FHA or aPV immunization induced high levels of the Th2 cytokine IL-5, while
spleens of mice immunized with a BcfA-containing vaccine produced markedly lower
IL-5. The levels of IFN-� and IL-17 elicited by alum, BcfA, or the combination of the two
were similar, suggesting that BcfA skews cytokine responses toward Th1/17 by atten-
uating the Th2 response. Low levels of IL-4 were detected but were not different
between aPV and aPV�BcfA groups (data not shown). The observation that murine
BMDCs stimulated with BcfA in vitro produced the Th1/17-skewing innate cytokines IL-6
and IL-12/23 but not the Th2-skewing cytokines IL-4 or IL-10 (data not shown) suggests
that this skewing may occur at the level of dendritic cell maturation and initiation of the
adaptive immune response. The ability of BcfA to skew immune responses toward
Th1/17 by attenuating Th2 cytokine production is a distinct advantage, since the
Th1/2-skewed responses elicited by the current adjuvant, alum, are less protective than
the Th1/17 responses elicited by the wPV (9–11). The role of CD4� T cells in protective
immunity against B. pertussis is well established (7, 11, 27–30). Thus, the FHA- and
Prn-specific responses detected here suggest that the adjuvant activity of BcfA aug-
ments CD4� T cell responses as well.

Whole-cell pertussis vaccines elicit Th1-type antibodies that persist longer in chil-
dren than the Th2-skewed responses elicited by aPV (31). Experimental adjuvants that
elicit a higher proportion of Th1-type antibodies provide better protection against a B.
pertussis infection in mice than do alum-adjuvanted vaccines (10, 32). Although total
serum IgG levels were similar, a higher ratio of IgG2 to IgG1 was observed in aPV�BcfA-
immunized animals, suggesting that BcfA modifies the alum-induced antibody re-
sponse.

Current aPV may be improved by incorporation of additional antigens that broaden
the immunological targets (33) or novel adjuvants that amplify or modify the response.
One such novel target, a lipoprotein identified recently in B. pertussis, has dual function
as an antigen and an adjuvant (10). However, BcfA is not a protective antigen for B.
pertussis, showing that the addition of an adjuvant to experimental and approved
alum-adjuvanted aPV is powerful enough to modify aPV-induced immune responses
without the need for additional immune targets.

The development of allelic variations in B. pertussis specifically in antigens
included in the pertussis vaccines has been proposed as an explanation for the
current resurgence in pertussis. While this hypothesis is debatable, it is striking that
since the introduction of aPV, genetic changes have been observed in genes
encoding FHA, PRN, PT, and Fim2,3. Additionally, many circulating strains either are
deficient in certain vaccine antigens or produce larger amounts of the remaining
vaccine antigens (34, 35). In this context, the addition of an adjuvant that does not
function as a protective antigen would avoid vaccine-mediated selection pressure
and the development of BcfA-negative escape variants. However, selection against
other current aPV antigens may still occur, and inclusion of additional antigenic
targets may be necessary to elicit an optimal response to aPV antigen-deficient
circulating strains.

Thus, a modified vaccine that includes BcfA may remodel immune responses in
adolescents and adults with waning immunity to the more protective Th1/17-skewed
phenotype and thereby increase the longevity of protection against a B. pertussis
infection.

MATERIALS AND METHODS
Animals. All experiments were reviewed and approved by the WFUSM Institutional Animal Care and

Use Committee. C57BL/6 mice (male and female, 8 to 12 weeks old) were bred in-house. C3H/HeJ mice
were purchased from Jackson Laboratories.

Reagents. Purified FHA for immunizations was purchased from Kaketsuken (Japan) and was free
of detectable endotoxin as tested using the Limulus amebocyte lysate (LAL) test (Lonza). Purified
proteins FHA, Prn, and PT for ELISAs were from List Biologicals. Boostrix (GlaxoSmithKline) was
purchased from the Wake Forest School of Medicine (WFSM) pharmacy. BcfA was overproduced in
E. coli and purified essentially as described previously (16), with size exclusion chromatography as
an additional step. Residual LPS was removed using MustangQ filters or polymyxin B agarose.
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Endotoxin was quantified and was �150 pg/�g protein (�4 EU/30-�g injection). Alhydrogel,
polymyxin B agarose, and fetal bovine serum (FBS) were from Sigma-Aldrich (St. Louis, MO). ELISA
kits were from eBioscience, and antibodies for flow cytometry were from eBioscience (Thermo
Fisher), BD Biosciences (San Jose, CA), or Tonbo Biosciences (San Diego, CA). RPMI was from Lonza
(Walkersville, MD). Biotinylated secondary antibodies were from BioLegend (San Diego, CA). F1/V
fusion protein was provided by Steven Mizel, Wake Forest University Health Sciences (WFUHS).
Ovalbumin protein, SIINFEKL peptide, and anti-TLR2 antibody were from InvivoGen (San Diego, CA).
MagPlex C magnetic microspheres were from Luminex Corporation.

Immunizations. C57BL/6 mice were lightly anesthetized with 2.5% isoflurane–O2 and immunized
intramuscularly (i.m.) in the forelimb on day 0 and boosted on day 28 with 100 �l of vaccine containing
1.5 �g FHA alone, FHA adsorbed to 50 �g Alhydrogel (aluminum hydroxide), 30 �g BcfA adsorbed to 50
�g Alhydrogel, or FHA plus 30 �g BcfA mixed and then adsorbed to 50 �g Alhydrogel (30 min at room
temperature). For aPV immunization, C57BL/6 mice were immunized i.m. on day 0 and day 28 with
100 �l (1/5 the human dose) of Boostrix alone or Boostrix mixed with 30 �g BcfA.

Bacterial challenge. The laboratory strain of B. pertussis, Bp536, was grown to log phase in
Stainer-Scholte medium in room air at 37°C overnight and diluted in phosphate-buffered saline (PBS) to
5 � 105 CFU/50 �l PBS. On days 12 to 14 postboost, mice were lightly anesthetized with 2.5%
isoflurane–O2, and the 50-�l inoculum was delivered to both nares.

Colony enumeration. Mice were euthanized at various days postchallenge, and the lungs were
harvested in PBS–2% casein. Tissues were dissociated by Dounce homogenization, and dilutions were
plated on Bordet-Gengou agar plates containing 10% sheep’s blood, streptomycin (100 �g/ml), and
nalidixic acid (20 �g/ml). Antibiotics were stored at 4°C prior to addition to growth medium. Colonies
were counted after 4 days of incubation at 37°C. Centrifuged supernatants were stored for cytokine
analysis.

ELISA analysis. Spleens were dissociated, and red blood cells (RBCs) were lysed, plated at 2.5 � 106

cells/ml of complete T cell medium (RPMI, 10% FBS, Gentamicin, 5 � 10�5 M 2-mercaptoethanol [2-ME])
in 48 wells, and stimulated with 0.5 to 1 �g/ml FHA or medium alone. Supernatant was collected on day
7 poststimulation. Production of IFN-�, IL-5, and IL-17 was quantified using sandwich ELISAs (eBioscience)
according to the manufacturer’s instructions.

Bone marrow dendritic cell (BMDC) generation and stimulation. Bone marrow was isolated from
the arms and legs of C3H/HeJ mice and plated in 10-cm petri dishes. BMDCs were generated essentially
as described previously (36) and stimulated with 40 ng/ml of granulocyte-macrophage colony-
stimulating factor (GM-CSF) in T cell medium. One-half of the medium was removed every 2 days and
replaced with fresh T cell medium containing GM-CSF. On day 7 of culture, BMDCs were plated at 2.5 �
106 cells/well in 48-well plates and stimulated with medium alone or BcfA at 1, 3, or 10 �g/ml.
Supernatant was collected at 20 to 24 h poststimulation and analyzed by ELISA for production of IL-6,
TNF-�, and IL-12/23. The stimulated BMDCs were harvested and stained for expression of CD11c, CD40,
CD80, and CD86. Marker expression was determined on a BD FACSCanto or FACSCalibur and analyzed
using FACSDiva or Cellquest software, respectively.

Multiplex antibody analysis. Purified antigens were coupled through an amine linkage to MagPlex
C magnetic microspheres (Luminex Corporation), each with a unique fluorescent bead region address,
and combined to form a 5-plex microarray. Mouse serum or lung homogenates were diluted in assay
buffer, PBS– 0.1% Brij-35–1% bovine serum albumin (BSA), pH 7.2, and incubated with the beads for 2 h
at room temperature (r.t.) in the dark while shaking at 800 rpm. After washing, appropriate biotinylated
detection antibody was added, i.e., goat anti-mouse total IgG, rat anti-IgG1, rat anti-IgG2a, rat anti-IgG2b,
or goat anti-IgG2c, at a 1:250 dilution in assay buffer for 1 h at r.t. After washing, streptavidin-
phycoerythrin (SA-PE) at 1:250 in assay buffer was added for 1 h with shaking. Unbound SA-PE was
removed by washing, and the beads were resuspended in 100 �l PBS prior to reading on a Luminex 200
flow cytometer. Antibody isotype and subclass values are reported in arbitrary fluorescent intensity units.

Statistical analysis. Bacterial colonies in the lung were evaluated using a 2-way analysis of variance
(ANOVA) model that included terms for time, group, and a time-by-group interaction. If the interaction
was not significant, then the ANOVA model was refit to compare groups adjusting for time. Additional
ANOVA models were fit at each time point separately to examine which specific time points had
statistically significant differences among the groups. In these analyses, multiple-comparison adjust-
ments were made using the Student Newman-Keuls multiple-range test approach. Student’s t test was
used to determine differences in ELISAs, with P values of �0.05 considered significant.
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