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Spontaneous antigenic and phenotypic variations in the lipooligosaccharide (LOS) of two strains of
Haemophilus influenzae type b (Hib) were previously shown to be associated with changes in virulence (A.
Kimura and E. J. Hansen, Infect. Inmun. 51:69-79, 1986). The goal of the present study was to define further
the stability of LOS expression by this pathogen and the role of Hib LOS in virulence. Variation in LOS
antigenic reactivity, as detected with LOS-specific monoclonal antibodies, was observed in 3 of 30 Hib strains
after single-colony passage. When large numbers of individual colonies from seven other Hib strains were
screened, however, spontaneous LOS antigenic variation was detected in all of the strains. Antigenic variation
was not consistently associated with an altered LOS phenotype, as determined by sodium dodecyl sulfate-
polyacrylamide gradient gel electrophoresis and silver staining of LOS preparations. Changes in the LOS
antigenic phenotype were correlated with altered virulence potential in two strains. In these strains, acquisition
of reactivity with certain LOS-directed monoclonal antibodies was associated with the synthesis of a higher-
molecular-weight LOS, enhanced virulence, and increased resistance to serum killing involving the classical

complement pathway.

The vast majority of Haemophilus influenzae strains that
cause systemic disease elaborate the type b polysaccharide
capsule (4, 38). H. influenzae type b (Hib) remains the
leading cause of bacterial meningitis in infants and young
children in the United States (3). That the type b polysac-
charide capsule is essential for the pathogenicity of Hib has
been well established (31).

In contrast, the role of noncapsular cell surface compo-
nents in the expression of virulence by Hib remains unclear.
Recent studies from several laboratories have identified the
lipooligosaccharide (LOS) component of the outer mem-
brane of Hib as a possible effector of the virulence of this
organism. Using monoclonal antibodies (MAbs) specific for
epitopes in the oligosaccharide portion of Hib LOS, we
demonstrated that Hib LOS can antigenically and phenotyp-
ically vary spontaneously in two Hib strains (21). From these
experiments, LOS variants of each strain were isolated and
were then used to evaluate the role of LOS in the virulence
of Hib. A close association between electrophoretic mobility
of LOS in sodium dodecyl sulfate (SDS)-polyacrylamide
gradient gel electrophoresis (PAGGE) and virulence in the
infant rat model was shown. More precisely, parental Hib
strains possessing an electrophoretically fast migrating LOS
were found to produce bacteremia at very low frequencies in
infant rats, while their isogenic LOS antigenic variants,
which possessed distinctly slower-migrating LOS, were, by
comparison, significantly more virulent. This enhanced vir-
ulence was associated with increased serum resistance in
one set of these Hib strains. Zwahlen and co-workers (39,
40), using transformants of Hib, have reported a similar
association among LOS electrophoretic mobility in SDS-
polyacrylamide gel electrophoresis, virulence in infant rats,
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and serum sensitivity, while Gilsdorf and Ferrieri (7) have
reported that passage of Hib in infant rats yielded a strain
which possessed increased resistance to killing by normal rat
serum, as well as a phenotypically and antigenically altered
LOS molecule.

We have continued our studies on the antigenic and
phenotypic variations of Hib LOS and their association with
alterations in the virulence potential of this pathogen. Infor-
mation concerning the stability of expression of LOS by Hib
is also important because LOS phenotypes, as assessed by
SDS-PAGGE, are being used as strain markers in epidemi-
ologic studies of Hib disease (14, 22). The goal of this study
was to extend our previous observations to other systemic
disease isolates of Hib to determine whether LOS pheno-
types are stably expressed by most Hib strains and to define
further the involvement of LOS in the expression of viru-
lence by Hib.

MATERIALS AND METHODS

Bacterial strains. The Hib strains used in this study were
obtained from pediatric research centers located throughout
the United States and have been described previously (9).
Bacterial media (brain heart infusion [BHI; Difco Laborato-
ries, Detroit, Mich.] supplemented with Levinthal base
[BHIs] [1]) and growth conditions have been described
previously (13). Hib strains were stored at —70°C in a
mixture of equal parts of glycerol and BHI.

MAbs. Production and characterization of the Hib LOS-
specific murine MAbs 12D9, 4C4, 6A2, and 5G8 have been
described elsewhere (9-11). In previous studies (10, 11) it
has been shown that Hib strains can be grouped according to
their reactivity with these four MAbs, all of which are
directed against epitopes in the oligosaccharide region of Hib
LOS (Table 1). By using MAbs 12D9 and 4C4, Hib isolates
can be classified into four major groups. Further subdivision
is accomplished by using strain reactivity with MAbs 6A2
and 5G8. This classification scheme represents the data base
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for the present investigation. Hybridoma culture supernatant
fluids were used as the source of these antibodies for all
experiments.

Colony blot radioimmunoassay. The colony blot radioim-
munoassay (RIA) described by Gulig et al. (9) was used for
the initial screening of Hib isolates for antigenic variation. In
this method, cells of each strain were taken from an area of
confluent growth on a BHIs agar plate and transferred onto
filter paper (no. 40; Whatman, Inc., Clifton, N.J.) with a
wooden applicator stick. The Hib cells on the filter paper
were then tested for reactivity with the LOS-specific MAbs
as described previously (9).

LOS antigenic variation of an Hib strain was further
assessed by using a modification of the colony blot RIA
method to screen large numbers of individual colonies (21).
Briefly, a broth culture of the Hib strain grown to a density
of 1.5 x 10° CFU/ml was diluted and spread onto 10 BHIs
agar plates at 150 to 250 CFU per plate. Following overnight
incubation at 37°C in an atmosphere containing 5% carbon
dioxide, the colonies on five plates were blotted onto filter
paper (diameter, 82.5 mm; no. 40; Whatman), dried for 1 h at
37°C, and then reacted with the LOS antigenic group 1-
specific MAb 12D9 as described previously (21). The colo-
nies on the same five agar plates were then incubated again
at 37°C in a 5% CO, atmosphere for 3 to 5 h and were blotted
onto a second set of filter pads. These new blots were
reacted with the LOS antigenic group 1-specific MAb 6A2.
The colonies were allowed to grow again for 2 h, and the
plates were then stored at 4°C until LOS antigenic variants
could be identified and isolated by using the resultant auto-
radiographs from the colony blot RIA. The other five plates
were treated in the same manner but were reacted with the
Hib LOS antigenic group 2-specific MAbs 4C4 and 5G8.

LOS analysis by SDS-PAGGE. Analysis of Hib LOS in
proteinase K-treated whole-cell lysates by SDS-PAGGE has
been described previously (21). All samples were prepared
from BHIs agar plate-grown organisms.

Virulence studies. Assessment of the relative virulence of
Hib strains by intranasal challenge of infant rats has been
described elsewhere (21, 25). All litters were randomized
prior to infection.

Serum bactericidal assay. The sensitivity of Hib strains and
their LOS variants to killing by normal infant rat serum was
determined by using a previously described method (21).
Briefly, Veronal buffered saline (VBS; pH 7.3) containing
0.1% gelatin, 5.0 mM MgCl,, and 1.5 mM CaCl, was
employed as the standard bactericidal assay buffer. Infant
rat serum, at a final concentration of 50% (vol/vol), was used
together with 10> CFU of Hib in a 100-ul volume. The
involvement of the classical and alternative pathways of
complement activation in serum bactericidal activity against
Hib was assessed by the use of chelating agents to selec-
tively inhibit the two different pathways (30). EDTA has a
high affinity for both calcium and magnesium and therefore
blocks both the calcium- and magnesium-dependent classical
pathway and the magnesium-dependent alternative pathway.
Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetra-
acetic acid (EGTA) has a high affinity for calcium, but does
not readily bind magnesium, thereby selectively blocking
only the classical complement pathway. For these inhibition
experiments, VBS-gelatin containing S mM EDTA and VBS-
gelatin containing 10 mM MgCl, and 10 mM EGTA were
incubated with normal infant rat serum on ice for 60 min
prior to use in the bactericidal assay system. Normal infant
rat serum in VBS-gelatin lacking supplemental calcium and
magnesium was used as the positive control for bactericidal
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TABLE 1. LOS antigenic grouping of the strains
used in this study

Antigenic No. of
classification (MAb)? strains
Group 1 (12D9* 4C47)
Subgroup 1a (6A27%) ...iviiiiiii e 6
Subgroup 1b (6A27) ..ottt 1
Group 2 (12D9~ 4C4%)
Subgroup 2a (5G8F) ...ttt 11
Subgroup 2b (5G87) ..eiiiiii e 3

Group 3 (12D9* 4C4™)
Subgroup 3a (6A2* 5G8%) 2

Subgroup 3b (6A2~ 5G8+) 0
Subgroup 3¢ (6A2* 5G87) 4
Subgroup 3d (6A2~ 5G87) 2
Group 4 (12D9™ 4C47 6A27 5G87 ). iviiieiiiiiiiiennennnnns 1

2 Group classification was based on reactivity with MAbs 12D9 and 4C4 in
the colony blot RIA; subgroup classification was based on reactivity with
MAbs 6A2 and 5G8.

activity in these inhibition experiments. All assays were
performed twice in duplicate. Results were analyzed by
two-way analysis of variance by using the general linear
models procedure of SAS.

Capsular polysaccharide quantitation. Cell-associated Hib
capsular polysaccharide was quantitated by rocket im-
munoelectrophoresis (34).

Detection of Hib-directed antibodies in infant rat serum.
The indirect antibody accessibility RIA was used to detect
infant rat serum antibodies to Hib surface antigens (21). Hib
cells grown on BHIs agar plates were suspended to a final
concentration of 1.5 X 10° CFU/ml in phosphate-buffered
saline (PBS) containing 10% fetal calf serum (FCS). A 1-ml
volume of these cells was incubated with a 100-pl volume of
infant rat serum at 4°C for 90 min with gentle agitation. The
cells were then centrifuged at 12,000 X g for 2 min, washed
once with PBS-FCS to remove unattached antibody, and
centrifuged again. This new cell pellet was suspended in 1 ml
of PBS-FCS containing 10° cpm of affinity-purified and
radioiodinated goat anti-mouse immunoglobulin (specific ac-
tivity, 10’ cpm/ug of protein), which is highly cross-reactive
with rat immunoglobulin, and incubated with gentle agitation
for 1 h at 4°C. The cells were then washed three times with
PBS-FCS, and the radioactivity associated with the final cell
pellet was determined by the use of a gamma counter (20).

RESULTS

LOS antigenic variation. The primary aim of our initial
experiments was to determine the extent of LOS antigenic
variation in Hib strains during routine in vitro passage and
storage in the laboratory. Thirty isolates of Hib representing
the four LOS antigenic groups were used in this study (Table
1). Colony blots of these strains prepared 1 year earlier and
stored at —20°C, colony blots prepared from current stocks
of these strains, and colony blots prepared from colonies
obtained after three single-colony passages of the current
stocks were reacted with LOS-specific MAbs in the colony
blot RIA. Variation in LOS antigenic reactivity was ob-
served in only three strains and occurred subsequent to
single-colony passage in all three cases (data not shown).
Strains DL38 (12D9~ 4C4* 6A2~ 5G87) and LA100 (12D9*
4C4* 6A2"* 5G87) gained reactivity with MAb 5G8, whereas
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TABLE 2. Frequency of LOS antigenic variation among individual colonies of Hib strains?
LOS LOS antienic No. of No. (%) of colonies with the following antigenic phenotypes:
Strain  antigenic 8 colonies 12D9- 12D9+ 12D9+ 4C4- 4C4+ 4C4+
phenotype
group screened 6A2" 6A2~ 6A2* 5G8~ 5G8~ 5G8*
DL26 la 12D9* 4C4~ 6A2* 5G8~ 978 0(0) 0(0) 978 (100)
1,012 1,011 (99.9) 1(0.1) 0(0)
DV102 1b 12D9* 4C4~ 6A2~ 5G8~ 1,030 12 (1.2) 1,017 (98.7) 1(0.1)
1,098 1,098 (100) 0 (0) 0(0)
SL103 2a 12D9~ 4C4* 6A2~ 5G8* 691 691 (100) 0(0) 0(0)
622 0 (0) 2(0.3) 620(99.7)
NO103 2b 12D9~ 4C4* 6A2~ 5G8~ 722 722 (100) 0(0) 0(0)
663 3(0.4) 609 91.9) 51(7.7)
NA10S 2b 12D9- 4C4* 6A2~ 5G8~" 1,079 1,079 (100) 0(0) 0(0)
859 14 (1.6) 14 (1.6) 3(0.4)
DL67 3a 12D9* 4C4+ 6A2* 5G8* 552 0(0) 0(0) 552 (100)
509 0(0) 40 (7.9) 469 (92.1)
LA103 3d 12D9* 4C4* 6A2~ 5G8~ 1,154 0(0) 1,142 (99) 12(1)
1,156 27 (2.3) 1,125 (97.3) 4(0.49)

@ Individual colonies were screened for MAb reactivity by the colony blot RIA, as described in the text.

b Weak reactivity with MAb 4C4.

< A total of 828 (96.4%) of the colonies had the same reactivity as that of the parent (12D9~ 4C4~ 6A2~ SG87).

strain DV102 (12D9* 4C4~ 6A2~ 5G87) lost extensive reac-
tivity with MAb 12D9. No LOS antigenic variation was
detected between the blots prepared 1 year earlier and the
ones prepared from the current stocks of these three strains.

LOS antigenic variation was not observed in the group 4
strain NO100 in this set of experiments. However, this same
strain was shown in our previous study (21) to antigenically
vary its LOS when large numbers of individual colonies were
screened. This result suggested that LOS antigenic variation
could be occurring in the other 27 Hib strains but at a
frequency that could be detected only by the screening of
large populations. Accordingly, 500 to 1,100 individual col-
onies of each of 7 representative Hib strains from the original
30 strains were screened for MAb reactivity in the colony
blot RIA. LOS antigenic variation was detected in all seven
strains that were analyzed by this more stringent method
(Table 2). Both loss and acquisition of MAb reactivity
occurred independently in strains such as DV102 and
NO103, which reacted originally with only the group-specific
MADbs (either 12D9 or 4C4). In strains SL103 and DL67,
which possess both the group and subgroup MAb reactivities
of LOS groups 2a and 3a, respectively, a loss of reactivity
with MAb 5G8 was observed. Among the LOS antigenic
group 1 and group 2 strains, only DL26 (LOS antigenic group
1) was found to be capable of expressing the determinants of
the other group; it gave rise to a variant belonging to LOS
antigenic group 3.

SDS-PAGGE analysis of LOS antigenic variants. In our
previous report (21), LOS antigenic variation of the group 2
LOS determinants in strains NO100 and COL10 was asso-
ciated with altered LOS profiles in SDS-PAGGE. Reactivity
with MAbs 4C4 and 5G8 was associated with an electropho-
retically slow migrating LOS, while lack of reactivity with
these MAbs was associated with a faster-migrating LOS. To
determine if this finding was consistent for other strains of
this pathogen, the LOS of the antigenic variants of six of the
Hib strains in Table 2 were analyzed by SDS-PAGGE.

The loss of MAb 12D9 reactivity in strain DV102 (12D9*

4C4~ 6A2~ 5G87) did not affect the LOS profile of this strain
(Fig. 1, lanes Al and A2); however, the acquisition of MAb
6A2 reactivity resulted in a slower migrating LOS band (Fig.
1, lane A3). Surprisingly, neither loss of reactivity with MAb
4C4 nor acquisition of reactivity with MAb 5G8 affected the
LOS profile of strain NO103 (12D9~ 4C4* 6A2~ 5G8™) (Fig.
1, lanes B1, B2, and B3). In the LOS group 3 strain LA103
(12D9* 4C4* 6A2~ 5G87), the LOS profile of a variant that
acquired MAb 6A2 reactivity in conjunction with a loss of
MADb 4C4 reactivity was not detectably altered (Fig. 1,
compare lanes C1 and C2). Another variant of strain LA103
that acquired reactivity with both MAb 6A2 and MADb 5G8,
however, possessed a dramatically altered LOS profile that
consisted of two slower-migrating bands (Fig. 1, lane C3).
The LOS profile of NA105 (12D9~ 4C4™ 6A2~ 5G87) was
similar to those of its LOS antigenic variants that had either
increased or decreased reactivity with MAb 4C4 (Fig. 1,
lanes D1, D2, and D3). The acquisition of MAb 5G8 reac-
tivity, together with increased reactivity with MAb 4C4 in
strain NA10S5, resulted in a LOS with greatly decreased
electrophoretic mobility (Fig. 1, lane D4). In both SL103
(12D9~ 4C4* 6A2~ 5G8*) and DL67 (12D9* 4C4* 6A2*
5G8*), a LOS group 2a strain and a LOS group 3a strain,
respectively, the loss of MAb SG8 reactivity resulted in a
LOS with an altered banding pattern and a faster migration
rate than the LOS of the respective parental strain (Fig. 1,
compare lane E1 with lane E2 and lane F1 with lane F2).
Virulence studies. In our previous studies (21), we have
demonstrated that there is an association among the lack of
reactivity with the LOS-specific MAbs 4C4 and 5GS8,
electrophoretically fast migrating LOS, and a relative lack of
virulence. To determine whether Hib strains which lack
reactivity with these particular LOS-specific MAbs are in-
herently less virulent, we tested the virulence of strains
belonging to groups 1b, 2b, and 3d. These strains lack
reactivity with either one or both of the LOS-specific MAbs
used for subgrouping (6A2 and 5G8). Strains DV102 (12D9*
4C4~ 6A2~ 5G87) and NO103 (12D9~ 4C4* 6A2~ 5G87)
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FIG. 1. LOS profiles of Hib strains and their LOS antigenic
variants. The LOS in proteinase K-treated whole-cell lysates was
prepared from plate-grown organisms and was resolved by SDS-
PAGGE as described previously (21). The LOS was visualized by
the silver stain method described by Tsai and Frasch (37). Lane Al,
DV102 parental strain (12D9* 4C4~ 6A2~ 5G87); lane A2, DV102
variant (12D9~ 4C4~ 6A2~ 5G87); lane A3, DV102 variant (12D9*
4C4~ 6A2* 5G87); lane B1, NO103 parental strain (12D9~ 4C4*
6A2~ 5G87); lane B2, NO103 variant (12D9~ 4C4~ 6A2~ 5G87);
lane B3, NO103 variant (12D9~ 4C4* 6A2~ 5G8"); lane C1, LA103
parental strain (12D9* 4C4* 6A2~ 5G87); lane C2, LA103 variant
(12D9* 4C4~ 6A2% 5G87); lane C3, LA103 variant (12D9* 4C4+
6A2* 5G87); lane D1, NA105 parental strain (12D9~ 4C4* 6A2~
5G87); lane D2, NA10S variant (12D9~ 4C4~ 6A2~ SG87); lane D3,
NAI10S5 variant (12D9~ 4C4* 6A2~ 5G87); lane D4, NA10S variant
(12D9~ 4C4* 6A2~ 5G8%); lane E1, SL103 parental strain (12D9~
4C4* 6A2~ 5G87); lane E2, SL103 variant (12D9~ 4C4* 6A2~
5G87); lane F1, DL67 parental strain (12D9* 4C4* 6A2" 5G8%);
lane F2, DL67 variant (12D9" 4C4* 6A2* 5G8™).

readily produced systemic disease in the infant rat after
intranasal challenge (Table 3). Strains NA10S (12D9~ 4C4~
6A2~ 5G87) and LA103 (12D9* 4C4* 6A2~ 5G87), however,
were found to be much less virulent than the preceding two
Hib strains. Strain NA10S failed to produce bacteremia in
any of the infant rats challenged, while only low levels of
bacteremia occurred in 4 of 10 animals challenged with strain
LA103. In contrast, the LOS antigenic variants of these two
strains that expressed electrophoretically slower migrating
LOS molecules were significantly more virulent than their
respective parental strains. The 12D9~ 4C4* 6A2~ 5G8*
variant of strain NA105 produced bacteremia in 7 of 10 infant
rats. Although the number of animals with bacteremia
caused by the LOS variant (12D9* 4C4* 6A2* 5G8%*) of
LA103 was not significantly different from that produced by
the parental strain, the level of bacteremia was significantly
higher. Cell-associated capsular polysaccharide was similar
between the parental strains NA105 and LA103 and their
LOS antigenic variants (NA10S parental strain, 31.9 = 5.1
ng/10° CFU [n = 3]; NA10S LOS variant, 29.5 * 2.9 ug/10°
CFU; LA103 parental strain, 22.9 = 3.4 pg/10° CFU; LA103
LOS variant, 17.5 = 3.7 ug/10° CFU), indicating that the
observed differences in virulence were not due to large
differences in cell-associated capsular polysaccharide (34).
Serum bactericidal assay. The serum sensitivities of strains
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TABLE 3. Comparative virulence studies in the infant rat?

No. of

L bacteremic CEU/ml
Strain LOS antigenic animals/total of bl‘md.
phenotype no. of (geometric
animals (%) mean)
DV102 parental 12D9* 4C4~ 6A2~ 10/10 (100) 5,888
strain 5SG8~
NO103 parental 12D9~ 4C4* 6A2~ 8/11 (73) 1,778
strain SG8~
NA10S parental  12D9~ 4C4™* 6A2~ 0/10 (0) 0
strain 5G8~
NA10S LOS 12D9~ 4C4+ 6A2~ 7/10 (70)® 2,512
variant 5G8+
LA103 parental 12D9+ 4C4+* 6A2™ 4/10 (40) 513
strain 5G8~
LA103 LOS 12D9+ 4C4* 6A2* 7/10 (70) 5,495¢
variant 5G8+

@ Relative virulence was determined in 5- to 6-day-old infant rats that were
challenged by the intr I route, as described previously (21).

» P < 0.01 compared with the parental strain by chi-square analysis.

¢ P < 0.05 compared with the parental strain by Student’s ¢ test.

NA105 and LA103 and their LOS antigenic variants are
presented in Table 4. At a 50% concentration, infant rat
serum was highly bactericidal for the parental NA105 strain;
heating of the serum at 56°C for 30 min completely elimi-
nated this activity. In contrast, the LOS antigenic variant of
NA105 was resistant to the bactericidal activity of the serum
and multiplied readily. Although the parental LA103 strain
appeared to be serum resistant, it was not capablée of
multiplying to the same extent in the normal infant rat serum
as its LOS antigenic variant with enhanced virulence.
Identification of the complement activation pathway in-
volved in bactericidal activity. The chelating agents EDTA
and EGTA were used to selectively inhibit the classical and
alternative pathways of complement activation in this bac-
tericidal assay system (30). The inclusion in the assay system
of only EDTA, which inactivates both the classical and
alternative pathways, prevented Kkilling of the serum-
sensitive strains of NO100 and NA105 (Table 5). The incu-
bation of the normal infant rat serum with Mg?*-EGTA prior
to its use in this bactericidal assay also prevented killing of
these serum-sensitive strains. This latter chelating com-
pound selectively inhibits the classical pathway by binding
calcium but does not affect the activity of the magnesium-

TABLE 4. Serum sensitivity of parental strains NA105 and
LLA103 and their LOS antigenic variants®

CFU/10 pl
(mean = SEM) at the

Strain LOS antigenic phenotype following times (min):
0 60

NA105 parental 12D9~ 4C4* 6A2~ 5G8~ 74 x5 1+0.8
strain 70 £ 15 269 * 20®
NA105 LOS 12D9~ 4C4* 6A2~ SG8* 113 £ 9 299 =+ 38
variant 116 + 16 307 = 46°
LA103 parental 12D9* 4C4* 6A2~ 5G8~ 97 =3 103 +10
strain 125 + 10 247 = 318
LA103 LOS 12D9+ 4C4* 6A2* 5G8* 91 +8 168 + 174
variant 101 + 12 182 + 17%

2 Serum sensitivity was assessed as described in the text.

» Negative control with heat-inactivated serum; normal infant rat serum
was heat inactivated at 56°C for 30 min to inactivate complement.

< Significantly different from parental strain (P < 0.001).

4 Significantly different from parental strain (P < 0.008).
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TABLE 5. Effect of EDTA and Mg?*-EGTA on bactericidal
activity of normal infant rat serum?

CFU/10 pl at
the following
Hib strain Reaction mixture? times (min):
0 60
NO100 (4C4~ 5G87)° Serum 83 1
Parental strain Heat-inactivated serum 91 163
Serum + EDTA 88 208
Heat-inactivated serum 83 165
+ EDTA
Serum + Mg?*-EGTA 73 271
Heat-inactivated serum 83 242
+ Mg?*-EGTA
NO100 (4C4+ 5G8+)4 Serum 82 236
LOS variant Heat-inactivated serum 104 248
NA105 (4C4* 5G87)¢ Serum 94 0
Parental strain Heat-inactivated serum 88 248
Serum + EDTA 91 301

Serum + Mg?*-EGTA 99 292

Serum 78 241
Heat-inactivated serum 91 304

NA105 (4C4+* 5G8*)
LOS variant

2 The bactericidal assay was performed as described in the text.

b A 50% (vol/vol) normal infant rat serum sample in VBS-gelatin was used
in the bactericidal assay. For negative controls, this same serum sample was
heat inactivated for 30 min at 56°C to inactivate complement.

< Serum-sensitive strain of NO100.

4 Serum-resistant strain of NO100.

¢ Serum-sensitive strain of NA10S.

/ Serum-resistant strain of NA105.

dependent alternative pathway. The absence of bactericidal
activity against the serum-sensitive strains in this latter
experiment in which the alternative pathway was functional
but classical pathway activity was absent strongly suggests
that the classical pathway of complement activation is in-
volved in the bactericidal activity of normal infant rat serum
against the serum-sensitive NO100 and NA10S parental
strains.

The use of this infant rat serum in Western blot analysis
with whole-cell lysates from both the serum-sensitive and
serum-resistant strains of NO100 and NA105 did not detect
any differences in serum antibody to these four strains (data
not shown). Proteinase K-derived LOS preparations from
these same strains also failed to exhibit differential binding of
normal infant rat serum antibodies in Western blot analyses
(data not shown).

An indirect antibody accessibility assay was also used to
detect antibody directed against surface-exposed antigenic
determinants on these strains. Use of the serum-resistant
NO100 parental strain and the serum-resistant LOS anti-
genic variant of this strain showed that small quantities of
antibody present in the infant rat serum did bind to both of
these Hib strains, although the serum-sensitive strain did not
bind any more antibody than did the serum-resistant strain
(Table 6). Immune serum obtained from 30-day-old rats that
were systemically infected with Hib strain DL42 at the age of
S days contained readily detectable quantities of antibodies
directed against surface antigens of both the homologous
DL42 strain and the other two Hib strains (Table 6), thus
confirming that specific rat antibody to Hib surface antigens
can be detected by this RIA method.

H. INFLUENZAE TYPE b LOS 1983

DISCUSSION

The well-known transition of enteric bacteria from
smooth-colony-forming strains to rough-colony-forming
strains is directly related to changes in lipopolysaccharide
structure and is usually associated with a decrease in the
relative virulence of the strain. The biochemical basis for
this transition normally involves either the lack of synthesis
of the O-antigen repeat unit or the lack of the enzyme
responsible for attaching the polymerized O-antigen chain to
the core oligosaccharide. In contrast, bacteria which synthe-
size the relatively short LOS molecule instead of lipopoly-
saccharide have only six to nine saccharide moieties in their
oligosaccharide portion and no O-antigen repeat unit but are
still fully virulent and able to produce systemic disease (5,
15, 28). Alterations in even this relatively simple LOS
molecule, however, can profoundly affect the properties of
these organisms that are related to pathogenesis (12, 24).

In view of the fact that changes in LOS phenotype have
been shown to be associated with changes in the relative
virulence of Hib (21, 39), it was important to determine
whether this organism stably expresses LOS phenotypes in
vitro under normal laboratory conditions. Storage of 30
strains for 1 year at —70°C did not result in any detectable
changes in LOS antigenic phenotype. Single-colony passage
of these 30 Hib strains resulted in the identification of 3
strains which gave rise to variants with antigenically dif-
ferent LQOS characteristics. These data are similar to those of
Tolan et al. (36), who recently reported that three of six Hib
isolates from an outbreak of Hib disease in an Amish
community yielded variants with altered LOS profiles, as
determined by SDS-polyacrylamide gel electrophoresis, af-
ter in vitro passage. In contrast, four other Hib strains used
routinely by these workers did not yield any LOS variants
after 21 passages in vitro (36). These data, together with
those obtained from the present study, suggest that the
stability of expression of the LOS phenotype by Hib is a
strain-specific phenomenon, with some Hib strains giving
rise to LOS phenotypic variants at much higher rates than
others.

More detailed analysis of LOS antigenic variation involv-
ing immunologic examination of large numbers of individual
colonies of selected Hib strains revealed that variants ex-

TABLE 6. Measurement of Hib-directed antibody in normal
and immune infant rat serum in the indirect antibody
accessibility RIA¢

cpm of
Bacterial strain Serum type 125].]abeled
probe bound?

NO100 parental strain None“ 67
NO100 LOS variant None 62
NO100 parental strain Normal infant 393
NO100 LOS variant Normal infant 320
NO100 parental strain Immune infant 2,293
NO100 LOS variant Immune infant 2,097
DL424 Immune infant 2,896

“ The indirect antibody accessibility RIA was used to measure binding of rat
immunoglobulin to Hib, as described in the text.

5 Counts per minute of radioiodinated goat anti-mouse immunoglobulin G
bound to rat antibody on Hib cells.

< Negative control to assess nonspecific binding of the radioiodinated probe
to Hib cells.

4 Positive control for detection of Hib-directed rat antibodies.
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pressing antigenically altered LOS molecules could be de-
tected in all seven strains tested in the colony blot RIA
(Table 2). It should be emphasized that six of the seven
strains tested in this manner did not yield LLOS antigenic
variants in the initial experiment involving single-colony
passage. Thus, LOS antigenic variation occurs in these
strains but at frequencies which can only be detected by the
screening of large populations. The LOS antigenic group 1
epitopes recognized by MAbs 12D9 and 6A2 appeared to be
more stably expressed by Hib strains than did the LOS
antigenic group 2 determinants that were reactive with
MADbs 4C4 and 5G8. The determinant recognized by MAb
5G8 was least stable in expression, and alterations involving
this antigenic determinant were associated with the most
striking changes in the LOS phenotype, as assessed by
SDS-PAGGE (Fig. 1).

Our findings concerning the stability of expression of LOS
by Hib have potentially important implications for two
different areas of research involving Hib. As assessed by
SDS-PAGGE, the LOS phenotype has been used by several
laboratories studying the epidemiologic aspects of Hib dis-
ease (14, 22, 36). While our data indicate that not every LOS
antigenic variant has an altered LOS profile in SDS-PAGGE
relative to the respective parental strain (Fig. 1), all of the
Hib strains used in our study exhibited detectable frequen-
cies of LOS antigenic variation (Table 2). These data and
those of Tolan et al. (36) suggest that the LOS phenotype
may not be a reliable strain marker for epidemiologic stud-
ies. Perhaps more importantly, investigation of the genetic
control of Hib LOS synthesis involving genetic transforma-
tion experiments must now take into account the occurrence
of spontaneous L.LOS variation. The frequency of LOS vari-
ation observed with certain Hib strains in our study (Table 2)
is much greater than the normal frequency of genetic trans-
formation obtained with H. influenzae (19). Spontaneous
LOS variation in Hib obviously has the potential to con-
found or at least confuse analyses based on transformation
of genes involved in Hib LOS biosynthesis.

While the chemical composition and structure of the LOS
antigenic determinants recognized by our four LOS-specific
MADbs remain undefined, it has recently been found that
MADb 4C4 recognizes an epitope containing an a-linked
galactose residue in the oligosaccharide of the serum-
resistant (12D9~ 4C4* 6A2~ 5G8*) LOS variant of strain
NO100 (Suzanne Zamze and E. Richard Moxon, personal
communication). The LOS of the 12D9~ 4C4~ 6A2~ 5G8~
NO100 parental strain also has been shown to contain less
galactose by chemical analysis (Zamze and Moxon, personal
communication), a finding that is consistent with a shorter
oligosaccharide in this LOS molecule, which exhibits a
faster migration rate in SDS-PAGGE (21) than does the LOS
of the 12D9~ 4C4* 6A2~ 5SG8* variant.

Strain DL26, a group 1 strain, was found to be capable of
expressing the group 2 determinant recognized by MAb 4C4.
Thus, this LOS variant of strain DL26 can be classified as a
group 3 strain. This finding also raises the interesting ques-
tion of whether all Hib strains possess the genetic material to
code for both sets of LOS determinants and that the LOS
antigenic diversity present among these strains, although
very limited (11), is due to differences in expression. Our
recent finding that some strains of Hib apparently synthesize
two different LOS molecules with antigenically distinct
oligosaccharide regions (C. C. Patrick, C. Hall, E. H. Fritz,
P. A. Gulig, G. H. McCracken, Jr., and E.J. Hansen,
Program Abstr. 26th Intersci. Conf. Antimicrob. Agents
Chemother., abstr. no. 863, 1986) is consistent with this
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hypothesis, which must ultimately be tested with cloned
genes involved in Hib LOS synthesis.

In our previous report (21), the lack of reactivity with
MADbs 4C4 and 5G8 in one Hib strain and the lack of
reactivity with MAb 5G8 in another strain was associated
with attenuated virulence. The lack of reactivity with the
subgrouping MAbs 6A2 and 5G8 was inconsistently associ-
ated with decreased virulence in the Hib strains in the
present study. DV102 and NO103, which are strains that
lack MAb 6A2 and 5GS8 reactivity, respectively, were readily
capable of producing systemic disease in the infant rat. In
contrast, other strains (NA105 and LA103) possessing sim-
ilar reactivities with these two MAbs were much less viru-
lent. The virulence of strains NA105 and LA103 was signif-
icantly enhanced in LOS antigenic variants that had acquired
reactivity with one or both of these MAbs. Taken together,
these data indicate that specific LOS antigenic phenotypes
are not reliable indicators of the virulence potential of a
given Hib strain. When virulence was associated with LOS
antigenic variation in the present study, however, it was also
consistently associated with changes in serum resistance.
Thus, these data strongly suggest that changes in the LOS
phenotype can affect Hib virulence by mediating changes in
serum resistance. Similar results for Hib have been reported
by Zwabhlen et al. (39), and an association between LOS or
lipopolysaccharide structure and serum resistance has also
been demonstrated in Haemophilus ducreyi (27), as well as
in many other gram-negative bacteria (8, 12, 17, 24, 26, 29,
32). It must also be noted, however, that there is at least one
other mechanism by which changes in the LOS phenotype
are associated with changes in the virulence of Hib, and this
second mechanism is apparently unrelated to serum resist-
ance (21).

The mechanism(s) by which changes in Hib LOS pheno-
type are associated with changes in serum resistance is
unclear. Hib has been shown to activate the alternative
complement pathway in the absence of specific antibody, but
it is apparently not susceptible to its bactericidal activity
under these conditions (33, 36). Conversely, the serum-
sensitive strains involved in the present study and in a
previous study (7) were killed by normal serum bactericidal
activity involving the classical pathway of complement acti-
vation (Table 5). The normal infant rat serum involved in the
present study did contain very low levels of antibody to Hib
but did not have increased levels of antibody to a serum-
sensitive Hib strain relative to its serum-resistant LOS
variant. Accordingly, it is possible that a membrane attack
complex resulting from classical complement pathway acti-
vation by small amounts of serum antibody binding to Hib
inserts more stably into the outer membranes of the serum-
sensitive strains than into those of the serum-resistant
strains (16-18). Alternatively, the classical pathway could be
activated by direct, antibody-independent interaction of the
C1 complement component with Hib LOS or outer mem-
brane proteins (2, 6), and it is possible that the faster-
migrating LOS (in SDS-PAGGE) of the serum-sensitive
strains might activate this pathway more effectively than
does the LOS of the serum-resistant strains (23). Previous
experience with other bacteria suggests, however, that both
the serum-sensitive and the serum-resistant strains probably
activate the complement cascade to the same extent, but the
faster-migrating (in SDS-PAGGE) and presumably smaller
LOS molecules produced by the serum-sensitive strains may
render these strains more susceptible to the bactericidal
action of the membrane attack complex (16). In fact, we
observed a consistent correlation between electrophoreti-
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cally fast migrating LOS and serum sensitivity in this study.
Precise elucidation of the association between Hib LOS and
serum resistance will require detailed analyses of the type
performed previously with Salmonella typhimurium (8,
16-18) and Neisseria gonorrhoeae (16).

The relationship between the LOS antigenic phenotype
and virulence remains to be defined, because there is no
obvious correlation between reactivity with selected LOS-
directed MAbs and expression of virulence by Hib. Final
resolution of these apparent anomalies and of the relation-
ship between Hib LOS and serum resistance may necessar-
ily have to await detailed chemical and structural analyses of
Hib LOS molecules.
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