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TABLE 1. Reactivities of the LOS-specific MAbs with Bordetella strains as evaluated by dot immunoassay, Western immunoblotting,
and radioimmunobinding assay

Reactivity of MAb in:

Strains Dot immunoassaya Western immunoblotting" Radioimmunobinding assay'

BL-2 BL-8 BL-9 BL-2 BL-8 BL-9 BL-2 BL-8 BL-9

LOS AB laboratory strains
9340 + + + A B B ++ + +
9797 + + + A B B + + + +
Tohama 1 and 3779

Vir+ Gna- + + - A B B ++ -
Vir- Gna- + + + A B B ++ ++ +
Vir- Gna+ + + + A B B ++ ++ +

LOS B variant strains
134
Vir+ Gna- - + + - B B - ++
Vir- Gna- - + + - B B - ++ +
Vir- Gna+ - + + - B B - ++ +

D3148 - + + - B B + ++ +
10901 - + + - B B + ++ +
11615 - + + - B B + ++ +

Revertant LOS AB strains
10901R + + + A B B ++ + +
11615R + + + A B B ++ + +

B. pertussisd 64/64 0/64 0/64 A(4) B(4) B(4) + +(4) ±(4) +(3)
B. parapertussisd 0/13 0/13 0/13 -(1) -(1) -(1) -(3) -(3) _(3)
B. bronchiseptica

Vir+ (3) + - - A - NDe + _ _
Vir- (3) - - - A B ND +- -

Other bacterial strainsf (21) 0 0 0 0 0 0 0 0 0

a +, Strong reaction; +, weak reaction; -, no reaction.
b A, identification of the LOS A band; B, identification of the LOS B band. Numbers in parentheses indicate the numbers of strains tested.
c + +, More than 10,000 cpm; +, between 5,000 and 10,000 cpm; ±, between 500 and 5,000 cpm; -, less than 500 cpm. Numbers in parentheses indicate the

numbers of strains tested.
d Clinical isolates.
e ND, not tested.
f Clinical isolates or bacterial strains (ATCC number) are Alcaligenes faecalis (8750), Branhamella catarrhalis, Citrobacter freundii, Edwardsiella tarda

(15947), Enterobacter aerogenes (13048), Enterobacter cloacae (23355), Escherichia coli, Haemophilus influenzae type b (Eagan strain), Klebsiella pneumoniae
(13883), Neisseria catarrhalis (8176), Neisseria perflava (14799), Neisseria subflava (19243), Proteus rettgeri (25932), Proteus vulgaris (13315), Pseudomonas
aeruginosa, Salmonella typhimurium (14028), Serratia marcescens (8100), Shigella flexneri (12022), Shigella sonnei (9290), Streptococcus faecalis, and
Streptococcus pneumoniae group A.

1,000 cpm, were recorded when this MAb was incubated
with the LOS B strain 134 and its variants. Binding values of
approximately 5,000 cpm were noted when this MAb was
incubated with Vir+ B. bronchiseptica strains, but only
background values were recorded for their corresponding
Vir- isogenic strains (Fig. 3B). In contrast, the epitope
recognized by MAb BL-8 is readily accessible on the surface
of the LOS B strain 134 and its Vir- phenotypic variants as
well as on the surface of the Vir- phenotypic variants of the
LOS AB strains Tohama 1 and 3779 (Fig. 3A). Lower values,
between 2,000 and 9,000 cpm, were observed when MAb
BL-8 was incubated with the Vir+ wild-type strains Tohama
1 and 3779. Since the radiolabelled antiserum used in this
study is known to have a weak affinity for mouse immuno-
globulins of the IgA class, lower binding values were always
recorded for MAb BL-9. Even with that limitation, readings
higher than 5,000 cpm were noted when MAb BL-9 was
incubated with B. pertussis LOS B strain 134 and its pheno-
typic variants, indicating that a specific epitope was acces-
sible on the surface of these bacteria. In contrast to MAb
BL-2, MAbs BL-8 and BL-9 did not bind the surface of
either Vir+ or Vir- B. bronchiseptica strains (Fig. 3B).
Additional strains were tested by using the accessibility
assay, and the results are presented in Table 1. In general,
the reactivities of the MAbs with these strains were similar

to those previously observed. Moreover, only very weak
values, near the background level, were recorded when the
three MAbs were reacted with B. parapertussis strains.

Bacteriolytic activity. The bacteriolytic activities of the
three LOS-specific MAbs against two B. pertussis strains,
the LOS AB strain 9340 and the LOS B variant strain 134,
were evaluated (Table 2). In the presence of complement,
MAb BL-2 efficiently killed strain 9340 but did not reduce
the number of viable bacteria of the LOS B variant strain.
Reductions between 46 and 55%, and less than 32%, of the
CFU per milliliter were observed when BL-8 was incubated
with strains 134 and 9340, respectively. MAb BL-9 did not
exhibit any bacteriolytic activity. MAb LO-1, which specif-
ically recognized the LOS of Haemophilus influenzae type b,
was used as a negative control.

DISCUSSION

Serological analyses of the antigenic determinants present
on the B. pertussis LOS have generated results that are often
confusing and sometimes contradictory. For example, sev-

eral studies have demonstrated both intraphase and inter-
phase variations among LOS serotypes (1, 3, 15, 28, 31),
while Le Dur et al. (17) reported no differences in the
endotoxin composition from any serological phase of B.
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FIG. 1. Silver stained SDS-PAGE gels and Western immuno-
blots showing the reactivities of the MAbs with the LOS A and B
bands of B. pertussis strains. The bacterial cell concentrations of the
preparations were adjusted, applied to SDS-18% PAGE gels, and
transferred onto nitrocellulose membranes. The membranes were
then sequentially incubated with undiluted culture supernatants
containing the MAb and alkaline phosphatase-conjugated second
antibody and developed. (A) Silver-stained SDS-PAGE gel; (B and
C) duplicate gels transferred to nitrocellulose membranes and re-
acted with MAbs BL-2 and BL-8, respectively. The following
bacterial strains were used: 3779 Vir- Gna+ (lane 1), 3779 Vir-
Gna- (lane 2), 3779 Vir+ Gna- (lane 3), Tohama 1 Vir- Gna+ (lane
4), Tohama 1 Vir- Gna- (lane 5), Tohama 1 Vir+ Gna- (lane 6), 134
Vir- Gna+ (lane 7), 134 Vir- Gna- (lane 8), and 134 Vir+ Gna- (lane
9). A and B, positions of LOS A and LOS B bands, respectively.
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FIG. 2. Silver-stained SDS-PAGE gels and Western immuno-
blots showing the reactivities of the MAbs with the LOS A and B
bands of B. bronchiseptica strains. The bacterial cell concentrations
of the preparations were adjusted, applied to SDS-18% PAGE gels,
and transferred onto nitrocellulose membranes. The membranes
were then sequentially incubated with undiluted culture superna-
tants containing the MAb and alkaline phosphatase-conjugated
second antibody and developed. (A) Silver-stained SDS-PAGE gel;
(B and C) duplicate gels transferred to nitrocellulose membranes and
reacted with MAbs BL-2 and BL-8, respectively. The following
bacterial strains were used: 22067 Vir- (lane 1), 22067 Vir+ (lane 2),
214 Vir- (lane 3), 214 Vir+ (lane 4), 110H Vir- (lane 5), and 110H
Vir+ (lane 6). A and B, positions of LOS A and LOS B bands,
respectively.

pertussis. Recently we have developed MAbs, rather than
conventional polyvalent antisera, in order to precisely iden-
tify the B-cell epitopes present on the surface of bacterial
cells. We have described several human and murine MAbs
which are directed against carbohydrate epitope(s) on the B.
pertussis LOS A (4, 8). In this article, we present the
characterization of two MAbs that are specific for the LOS B
band.

Three immunological assays were used to study the
epitope(s) identified by the LOS B-specific MAbs BL-8 and
BL-9. First, a dot enzyme immunoassay was used to rapidly
evaluate the reactivities of the MAbs against a large panel of
strains (4, 8, 20, 22). In the second assay, each of the
bacterial cell components was resolved by using SDS-PAGE
followed by Western immunoblotting. Under these condi-
tions, the reactivities of the MAbs were completely indepen-
dent of the cell surface exposure of the epitopes and of their
relationship with other cell surface components. The third
test, the radioimmunobinding assay, was designed to iden-
tify only those epitopes present on the surface of intact
bacterial cells. By using this latter assay, we have previously
been able to discriminate between epitopes of Haemophilus
influenzae type b OM protein that were deeply embedded
inside the membrane versus those easily accessible on the
surface of intact bacteria (24, 30). The LOS-specific MAbs
and the three immunological tests were used to study the
relationships between the type, amount, and exposure of

LOS expressed by a B. pertussis strain and its isogenic
phenotype variants.

It has been shown previously that all B. pertussis strains
express an LOS B band (28). We thus anticipated that, in the
dot immunoassay, the B band-specific MAbs would recog-
nize all the B. pertussis strains regardless of the phase or the
LOS phenotype. To our surprise, we found that MAbs BL-8
and BL-9 reacted strongly only with the LOS B variant
strains and certain laboratory LOS AB strains and did not
recognize any B. pertussis clinical strains (Table 1). In
particular, they did not clearly identify the Vir+ LOS AB
wild-type Tohama 1 and 3779 strains, while they reacted
very strongly with their isogenic Vir- phenotypic variant
strains (Table 1). In spite of these observations, all of these
bacterial preparations did express the LOS B band as shown
by silver-stained SDS-PAGE gels, and MAbs BL-8 and BL-9
recognized the LOS B band in all B. pertussis strains, as
shown by Western immunoblotting. What these studies
demonstrated, however, was that the Vir+ phenotypic var-
iants expressed less LOS B than their Vir- isogenic strains
(Fig. 1A). These latter results indicated that most wild-type
B. pertussis strains, like the clinical isolates which have a
reduced amount of LOS B at their surface, will not react or
will react weakly with the LOS B-specific MAbs in the dot
assay. This explains the observed discrepancies between the
results obtained by the dot immunoassay and the Western
immunoblots. The third immunological test, the radioimmu-
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FIG. 3. Evaluation of the surface accessibility to the MAbs of
the LOS epitopes present on intact bacterial cells. The results are
presented as means of counts per minute (CPM) obtained from at
least three separate experiments. Bacterial suspensions incubated
with an unrelated control MAb and the 125"-labelled mouse antise-
rum gave counts of 350 cpm. (A) Attachment of MAbs to the surface
of selected B. pertussis strains. +/-, Vir+ Gna-; -/-, Vir- Gna-;
-/+, Vir- Gna+. (B) Attachment of MAbs to the surface of B.
bronchiseptica strains. +, Vir+; -, Vir-.

nobinding assay, confirmed the surface accessibility of the
epitope(s) recognized by MAbs BL-8 and BL-9 on intact B.
pertussis LOS B strains or the Vir- LOS AB strains (Fig. 3A
and Table 1) but not on the wild-type LOS AB strains.
Our results support the data presented in previous studies

which showed that polyvalent antisera raised against LOS B
variant strains could recognize B bands of all B. pertussis
strains (28, 31). Caroff et al. (10) also suggested that the

TABLE 2. Bacteriolytic activity of the MAbs

MAb activity against:

MAb Isotype class B. pertussis LOS AB B. pertussis LOS B
and subclass strain 9340 variant strain 134

CFU/mla % Killing CFU/mla % Killing

BL-2 IgG3(K) 33 + 15 >95 110 ± 10 <5
BL-8 IgG2b(K) 545 ± 106 <32 55 ± 5 -50
BL-9 IgA 655 ± 49 <10 135 ± 63 <5
LO-1b IgG3(K) 675 ± 290 115 ± 21

a Means of duplicate experiments. The CFU/ml for strains 9340 and 134
when incubated without the guinea pig serum were 706 ± 40 and 185 + 72,
respectively.

b MAb LO-1 is specific for Haemophilus influenzae type b LOS.

carbohydrate structures of the LOS Bs of LOS B variant
strains and wild-type strains are identical. In this study, we
observed that there is a correlation between the amount of
LOS B present at the surface of the bacteria and the
virulence-associated phenotype expressed by the B. pertus-

sis strains. In fact, the virulent organisms, like the clinical
isolates, have less LOS B at their surface than the avirulent
strains. It would be of great interest to understand the
significance of these observations as they may relate to
pathogenesis and to verify whether expression of LOS B is
also regulated by the vir locus, as are several virulence-
associated proteins. Previously, Armstrong and Parker (6)
reported a variation of the LOS B content when B. pertussis
strains were modulated in vitro with nicotinic acid, but they
were not able to establish a definite correlation between the
LOS B bands and the modulated phenotype. However, by
using SDS-PAGE and silver staining, Peppler (28) showed
quantitative differences in LOS B among the same isogenic
sets of organisms as used in the present study. The data in
the present report thus confirm and extend those findings.

Antigenic relationships between the LOS of B. pertussis
and the LPS of B. bronchiseptica were previously reported
(2, 4, 18, 31). In this study, on the basis of Western
immunoblotting, the epitope(s) recognized by MAbs BL-8
and BL-9 was shown to be expressed by B. bronchiseptica
Vir- variant strains but not by Vir+ organisms. This sug-
gests that expression of Bordetella endotoxin may be regu-
lated in part by the vir locus, as are other virulence deter-
minants (26). Moreover, it identifies a cross-reactive epitope
located on the B bands of both B. pertussis and B. bronchi-
septica endotoxins. However, as shown by the accessibility
studies, the epitope recognized by the LOS B-specific MAbs
is not exposed at the surface of intact B. bronchiseptica
cells. Conversely, the LOS-specific MAbs did not cross-
react with the LPS of B. parapertussis, corroborating results
of other studies which indicated that the LPS of B. parap-
ertussis was antigenically distinct from the LOS of B.
pertussis (2, 4, 31).

It is well established that the LOS of B. pertussis can elicit
the production of bactericidal antibodies (1, 4, 8, 11). The
bactericidal activities of MAbs BL-8 and BL-9 against two
B. pertussis strains, the LOS AB strain 9340 and the LOS B
variant strain 134, were evaluated (Table 2). MAb BL-8
exhibited moderate bacteriolytic activity against B. pertussis
134. Dolby and Ackers (11) previously reported that rabbits
and mice injected with this strain produced serum with only
low or no bacteriolytic activity compared with the serum
titer obtained from animals injected with other phase I
strains. They postulated that some B. pertussis strains, such

* BL-2
O BL-8
0 BL-9

1
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as strain 134, which did not induce high bacteriolytic titers
after a single injection, might possess only a small amount of
the bactericidal antigen on the B. pertussis LOS or that these
strains had a bactericidal antigen that could induce a mea-
surable bacteriolytic titer only after several injections. Our
results also suggest that antibodies directed against the B.
pertussis LOS B display only moderate bacteriolytic activi-
ties, even if their target epitopes are strongly expressed at
the surface, as for the LOS B variant bacteria (Table 1). For
those strains which have poor surface expression of LOS B,
for example, LOS AB strain 9340, the LOS B MAbs exhibit
no bacteriolytic activity. We also speculate that MAb BL-8
could be bacteriolytic for Vir- phenotypes of B. pertussis,
because of the LOS B present on the surface of these
organisms. We intend to use the different Vir- strains in in
vitro bacteriolytic assays to verify this hypothesis in the near
future. In the present studies, MAb BL-9 was not bacteri-
olytic against the LOS B variant strain. We believe this
might be due to the fact that BL-9 is an IgA, an isotype that
does not fix serum complement (13).

In summary, the results presented in this article indicate
that the epitope(s) recognized by two LOS B-specific MAbs
is conserved in all B. pertussis strains and B. bronchiseptica
Vir- phenotypic variant strains tested. Furthermore, the
amount of LOS present in the OM seems to be dependent on
the virulence-associated or LOS phenotype expressed by
each strain. To clarify this relationship and to define the
effect of the interaction of other surface molecules on the
accessibility of LOS B, we are presently evaluating the
reactivities of our MAbs with several mutant B. pertussis
strains.
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