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Nontypeable Haemophilus influenzae (NTHI) has four loci, lic-1 to lic-3 and IgtC, that generate phase-variable
lipooligosaccharide (LOS) structures. lic-1, which is required for the expression of phosphorylcholine (ChoP),
is the best characterized and is associated with an enhanced ability of H. influenzae to persist within the
nasopharynges of infant rats. Recent data indicate that LOS impacts various aspects of NTHI virulence in the
chinchilla model of nasopharyngeal colonization and otitis media (OM). In this study the effects of ChoP
expression and the sequences of lic-1 to lic-3 and IgfC of NTHI strain 2019 were evaluated in the chinchilla OM
model. Nasopharyngeal colonization data showed that a switch from the ChoP~ to the ChoP* phenotype was
observed as early as day 3 after intranasal inoculation. Chinchillas colonized by strains with the ChoP™
phenotype demonstrated a significantly higher level of NTHI 2019 per milliliter of nasal lavage fluid than
chinchillas colonized with predominantly the ChoP~ variant (P < 0.05). The concentration of cells with the
ChoP™ phenotype in the middle ear was 3 log units higher than that of cells with the ChoP~ variant (P < 0.01).
There was a statistically significant association between ChoP* expression in the nasal lavage and the
development of OM with culture-positive middle ear fluids in this model. These data suggest that expression

of the ChoP™ phenotype promotes enhanced nasopharyngeal colonization and development of OM.

Otitis media (OM) or inflammation of the middle ear (ME),
in one of its various clinical forms, is one of the most common
childhood diseases. Nontypeable Haemophilus influenzae
(NTHI) is a major OM pathogen and accounts for 25 to 30%
of all cases of this disease. The initial event in the pathogenesis
of NTHI OM is the colonization of the host mucosal surface;
however, the bacterial factors that contribute to the coloniza-
tion of the nasopharynx, retrograde ascension of the eusta-
chian tube, and invasion of the ME during the natural pro-
gression of the disease are not well characterized. NTHI cells
are frequently isolated from the upper respiratory tract, espe-
cially the nasopharynges of healthy children, with a reported
rate of colonization of approximately 80% (8). Recent data
suggested that there is a strong relationship between the fre-
quency of colonization and the incidence of OM in children
5).
NTHI lipooligosaccharide (LOS) is a major virulence deter-
minant and may play a role in colonization and invasion of
mucosal surfaces in the respiratory tract (3, 16, 23). NTHI LOS
is analogous to the lipopolysaccharide (LPS) of enteric gram-
negative bacteria in that it contains lipid A linked by 3-deoxy-
D-manno-octulosonic acid to a heterogeneous sugar polymer
(7). NTHI LOS, however, differs from classic enterobacterial
LPS in that it does not contain repeating O-antigen units and
is therefore more similar to that derived from Neisseria and
Bordetella species (14). Moreover, H. influenzae cells demon-
strate a propensity to alter or modulate their surface-expressed
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antigens including LOS (10, 12). NTHI cells express, on their
outer surfaces, a number of LOS core oligosaccharide
epitopes, and the expression of these epitopes is subject to
frequent, reversible phase variation. Four chromosomal loci,
lic-1 to lic-3 and [gtC, which contain long stretches of 4-bp
tandem repeats within their 5’ coding regions, have been re-
ported to generate phase-variable LOS structures (9, 11, 19).
lic-1 functions to add phosphorylcholine (ChoP) to the LOS
molecule (22), lic-2 and IgtC are necessary for the expression of
Galal-4Gal (20), and the effect of variation in lic-3 is un-
known. Phase variation may represent a mechanism whereby
NTHI evades the host immune response or concurrently mod-
ulates its surface in order to colonize different anatomical sites,
each with a unique complement of host cell receptors (15, 21).
Elucidating the role of LOS phase variation is important both
for understanding OM pathogenesis and for designing a can-
didate vaccine (6).

ChoP, which decorates the LOS on the NTHI cell surface,
has recently been implicated in the pathogenesis of NTHI
diseases (22). Choline is present on host cell membrane lipids.
NTHI and Streptococcus pneumoniae, major respiratory tract
pathogens, uptake choline from the host and incorporate it as
ChoP. LOS undergoes phase variation in expression of the
ChoP epitope, and the frequency of on or off switching is about
1072 to 102 per generation (22). A recent study by Weiser and
coworkers suggests that decoration of the LOS with ChoP is
associated with an enhanced ability of H. influenzae type b
strains to persist within the nasopharynx in the infant rat
model. In addition, sequence analyses of lic-1 of NTHI isolated
from human respiratory tract secretions showed predominately
lic-1 in frame (ChoP™) (21).

We have previously established the chinchilla model of OM
with NTHI and have evaluated the ability of NTHI strain 2019
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to colonize the chinchilla nasopharynx for up to 22 days after
intranasal (IN) inoculation (2, 3). In this study, we evaluated
the effects of the phase-variable expression of ChoP by, as well
as the sequences of lic-2, lic-3, and IgtC of, NTHI 2019 on
nasopharyngeal (NP) colonization and development of OM in
the chinchilla model.

MATERIALS AND METHODS

Animals. A total of 35 chinchillas (Chinchilla lanigera) weighing 250 to 400 g
and free of ME disease, as determined by otoscopy and tympanometry, were
used for this study.

Bacteria and preparation of inoculum. NTHI strain 2019, originally obtained
from Michael Apicella, Department of Microbiology, University of Iowa, has
been previously described (3, 13). In order to prepare the inoculum, NTHI strain
2019 was grown on chocolate agar for 18 h, washed in phosphate-buffered saline,
suspended in sterile pyrogen-free saline, and adjusted to a density of approxi-
mately 5 X 107 CFU/ml. The inoculum concentration was determined by stan-
dard colony plate count. Colonies grown on chocolate agar were evaluated for
the phenotype and genotype of ChoP expression by colony immunoblotting and
DNA sequencing. NTHI 2019 is a 98% lic-1 off variant upon initial subculture
from the frozen stock culture and for up to two passages in vitro on chocolate
agar. In addition, NTHI 2019 is a lic-2 on, lic-3 on, IgtC on variant, as determined
by the genotypic analysis described below.

IN challenge and assessment of ChoP expression during NP colonization and
OM development. The biological consequence of expression of ChoP by NTHI
for the induction of OM and persistence of NP colonization in the chinchilla
model were assessed subsequent to IN challenge. Chinchillas were challenged IN
with 0.3 ml of an NTHI 2019 suspension containing approximately 1.5 X 107
CFU. The inoculum was delivered by passive inhalation and was divided equally
between the nares as previously described (4). Five chinchillas, preselected and
randomized, were evaluated by tympanocentesis or ME lavage and NP lavage on
days 1 to 4, 6, 7, and 10 after inoculation with NTHI 2019 as previously described
(18). Tympanocentesis was performed on all chinchillas with ME effusions
(MEESs) by aspiration with a tuberculin syringe fitted with a 25-gauge needle. If
no MEE was present, the MEs were lavaged with 0.5 ml of sterile saline.
Subsequent to tympanocentesis, NP lavage was performed on each chinchilla.
Chinchillas were not subjected to repeat tympanocentesis or nasal lavage. Tym-
panocentesis and ME lavage were always performed before NP lavage to prevent
contamination of the ME. For determination of the proportion of ChoP pheno-
types of NTHI recovered from the samples, the sample fluids were serially
diluted and plated on chocolate agar in triplicate. One plate was used for plate
counts, and the other two were used for evaluation of ChoP expression by means
of colony immunoblotting and DNA sequencing for genotype determination. All
analyses were performed on the initial subculture without serial passage.

ME pressure (MEP) of each chinchilla was measured by means of tympanom-
etry. Normal chinchilla MEP was considered to be between —60 and +40 daPa
7).

Colony immunoblotting. Colonies were lifted from the chocolate agar onto
nitrocellulose membranes and immunoblotted to detect the ChoP™ phenotype as
described previously (21). Briefly, 20 to 200 colonies from each lavage sample
were probed with a 1:10,000 dilution of monoclonal antibody (MAb) HAS, which
is specific for ChoP (Statens Serum Institut, Copenhagen, Denmark). Alkaline
phosphatase-conjugated mouse immunoglobulin M (diluted 1:800) (Roche Mo-
lecular Biochemicals, Indianapolis, Ind.) was used as the secondary antibody.
Colonies were also probed with MAb 6E4, which is a non-phase-varying 3-deoxy-
D-manno-octulosonic acid-like epitope reactive with NTHI 2019, as a positive
control (1). MAb 3F11, which does not react with NTHI 2019, served as a
negative control (1). Michael Apicella kindly provided both MAbs.

Genotypic analysis. Chromosomal DNA of NTHI colonies of known ChoP
phenotypes was extracted from one of the three plates prepared from each
sample. A single colony was harvested into 50 wl of sterile water, boiled for 10
min, and mixed with 50 pl of chloroform, and the mixture was centrifuged for 5
min at 13,000 X g. The supernatant containing genomic DNA was stored at
—70°C. Isolated DNA was used as a template to amplify the 5" regions of lic-1,
lic-2, lic-3, and [gtC by PCR with primers previously described (20, 21). The PCR
was performed in a 50-pl reaction mixture consisting of (final concentrations) 10
mM Tris-HCI (pH 8.3), 1.5 mM MgCl,, 50 mM KCL, a 100 uM concentration of
each deoxynucleoside triphosphate (dANTP), a 0.2 uM concentration of each
primer, and 1 U of Taq polymerase. PCR amplification was performed using a
PTC-100 thermocycler (MJ Research Inc., Watertown, Mass.) as follows. A 30-s
cycle at 94°C for denaturation was followed by 30 cycles consisting of 30 s at 94°C,
30 s at 55°C, and 30 s at 72°C. The final cycle consisted of 30 s at 94°C, 30 s at
55°C, and 5 min at 72°C. The product was checked by electrophoresis on a 1%
agarose gel stained with ethidium bromide. The PCR products were purified by
using a Microcon-100 (Amicon, Inc., Beverly, Mass.) to remove primers and
dNTPs. The numbers of CAAT repeats in lic-1, lic-2, and lic-3 and the number
of GACA repeats in [grC for the PCR fragments were determined by DNA
sequencing with sequencing primers (20), a fluorescently labeled dye terminator
cycle sequencing reaction kit (ABI PRISM) with AmpliTaq DNA polymerase FS
(Applied Biosystems Inc., Foster City, Calif.), and an automated DNA sequencer
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FIG. 1. Comparison of the concentrations of NTHI ChoP variants in the
nasal lavage fluid after IN challenge. Each data point represents the geometric
mean number of CFU of either ChoP~ (HlMl) or ChoP™ (\XY) NTHI =+ the
standard error of the mean per milliliter of nasal lavage fluid from one to five
chinchillas. The number of each chinchilla expressing the phenotype is indicated
above each bar.

(ABI 373 DNA sequencer; Applied Biosystems Inc.). The DNA sequencing was
performed by the Neurobiotechnology Center, The Ohio State University, Co-
lumbus, Ohio.

Statistical analysis. The Mann-Whitney rank sum test was used in the analysis
of the differences in NTHI concentration in nasal lavage and in ME lavage
between chinchillas with ChoP" and ChoP~ phenotypes and the differences in
MEP between chinchillas with ChoP™ and ChoP~ nasal isolates. Chi-square
analysis was used to examine the association of ChoP expression in nasal lavage
and the development of OM. Significance was accepted for all analyses when P
values were <0.05.

RESULTS

The effect of ChoP expression on NP colonization. Expres-
sion of the ChoP phenotype during NP colonization for up to
10 days after IN challenge is shown in Fig. 1. The inoculum was
98% ChoP . On days 1 and 2 after IN inoculation, although
there was some evidence of expression of the ChoP™ pheno-
type, 90 to 98% of colonies isolated from the nasal lavage from
the five chinchillas examined at each of these sample times still
were ChoP ™. By day 3, however, ChoP™* was the predominant
phenotype (>90%) found in the NP lavage samples from three
out of the five chinchillas examined. From day 3 through day
10, NP isolates from 9 out of the total of 25 chinchillas switched
from ChoP~ to ChoP™ (Fig. 1). The switching of >90% of the
isolates to the ChoP™* phenotype was observed in seven chin-
chillas on days 3, 4, 6, and 7, and the switching of 50% of the
isolates to ChoP™ in two chinchillas on days 7 and 10 after IN
challenge was recorded. It is noteworthy that chinchillas colo-
nized with the predominantly ChoP* NTHI 2019 had 20 times
more NTHI cells per milliliter of nasal lavage than the chin-
chillas colonized predominantly (90 to 99%) with ChoP ™ vari-
ants (P < 0.05) (Fig. 2). Switching to expression of the ChoP™
phenotype appears to result in a higher level of colonization of
the nasopharynx. All the NTHI 2019 colonies isolated from the
inocula and the nasal lavage fluids showed strong positive
reactivity with MAb 6E4 and were negative when probed with
MAD 3F11, the positive and negative controls, respectively.

The effect of ChoP expression in the nasopharynx on the
development of OM. The ability of NTHI 2019 to invade the
ME subsequent to IN inoculation was evaluated in relation to
ChoP phenotype expression. On days 1 and 2 after IN chal-
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FIG. 2. Comparison of the concentrations of NTHI ChoP variants in nasal
lavage and ME fluid or lavage. Data shown represent the geometric mean
numbers of CFU of either ChoP~ (llll) or ChoP* (\XY) NTHI =+ the standard
errors of the means per milliliter of nasal lavage fluid (26 versus 9 chinchillas,
respectively) or MEEs or ME lavage fluid (7 chinchillas for both). # and #*, P <
0.05 and P < 0.01, respectively, compared to the ChoP™~ group.

lenge, a total of 3 out of 10 chinchillas developed culture-
positive ME lavage fluid (Fig. 3) and 95% of the NTHI 2019
cells recovered from the ME lavage had the ChoP ™ phenotype.
NTHI colonized the ME but did not induce any signs or symp-
toms of disease. From day 3 to day 7, however, at a time when
a switch to the ChoP™ phenotype was occurring in the naso-
pharynx, seven chinchillas developed severe OM with culture-
positive MEEs. Greater than 95% of the NTHI cells isolated
from the MEEs were ChoP™. Three of the four remaining
chinchillas examined during this time period did not develop
OM with culture-positive ME lavage but did demonstrate col-
onization of the ME by NTHI. ME lavage fluids from these
animals exhibited less than 10* CFU of NTHI/ml of lavage
fluid, with greater than 90% incidence of the ChoP™~ pheno-
type (Fig. 3). The concentration of ChoP* NTHI in the ME
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FIG. 3. Comparison of NTHI concentrations of ChoP variants in ME fluid
after IN challenge. Each data point represents the geometric mean number of
CFU of either ChoP~ (Hlll) or ChoP™ (\X) NTHI = the standard error of the
mean per milliliter of MEEs or ME lavage from one to five chinchillas. The
number of each chinchilla expressing the phenotype is indicated above each bar.
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FIG. 4. Comparison of mean MEPs (* standard errors of the means) be-
tween ChoP~ (@) and ChoP™ (O) variants after IN challenge as determined by
tympanometry over a 10-day observation period. Values below —60 daPa are
considered abnormal for the chinchilla. *, P < 0.05 compared to values for the
ChoP™ group.

was 3 log units higher than that in MEs colonized primarily
with the ChoP™ variant (P < 0.01; Fig. 2). All the NTHI cells
recovered from MEEs or ME lavage showed the same reac-
tivity with MAb 6E4 and MAD 3F11 that was described previ-
ously for the nasal lavage isolates.

Chinchillas with >90% ChoP~ NTHI cells colonizing the
nasopharynx had normal MEPs between —60 and +40 daPa
during the entire duration of the experiment. Chinchillas with
NTHI colonies that switched to 50 to 90% ChoP™, however,
demonstrated statistically significantly more-negative MEPs
(—101, —63, —152, and —102 daPa) on days 3, 4, 6, and 7,
respectively, than the chinchillas colonized with ChoP~ NP
isolates (P < 0.01) (Fig. 4).

Sequence analysis of lic-1, lic-2, lic-3, and IgtC genes. NTHI
isolates in nasal lavage samples from 35 chinchillas, MEEs
from 8 chinchillas, and ME lavage samples from 6 chinchillas
were analyzed for their sequences of lic-1 to lic-3 and IgtC.
DNA sequencing of the 5 region of the lic-I gene indicated
that the ChoP~ variant had 26 CAAT repeats. Organisms
which switched from the ChoP™~ phenotype in the inoculum to
ChoP™ in the lavage samples either gained one (n = 27) or lost
one (n = 25) CAAT repeat. All of the ChoP™ isolates from the
MEEs contained 27 CAAT repeats. Isolates with either the
ChoP™* or ChoP ™~ phenotype were all lic-2 on, lic-3 on, lgtC on
variants. The numbers of CAAT repeats were 17 for lic-2 and
15 for lic-3, and the number of GACA repeats was 12 for IgtC.
There was no on or off switching for lic-2, lic-3, and [gtC
observed during the study period (Table 1).

The association of ChoP expression in nasal lavage and the
development of OM. Nine of 35 (26%) chinchillas showed a
switch from the ChoP~ to the ChoP™ phenotype in the NP
lavage during day 3 to day 10. Seven of these nine (78%)
chinchillas, in which >90% of the NTHI cells switched to
ChoP™, developed severe OM with culture-positive MEEs be-
tween day 3 and day 7 postinoculation (Table 2). Only two
chinchillas, one in which 50% of the NTHI cells had switched
to ChoP* by day 7 and the other by day 10, failed to undergo
colonization of the ME and to develop OM.

On the other hand, only 1 of 26 chinchillas (3.8%) with NP
colonization with >90% ChoP~ NTHI cells developed OM
with culture-positive MEEs on day 3. Six demonstrated colo-
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TABLE 1. Genotypic analysis of lic-1 to lic-3 and IgtC of NTHI from MEE and lavage samples during NP colonization and development of
OM after IN challenge with NTHI 2019

i . No. of CAAT
Day“ Sample source (no. of chinchillas) rIZ;é;th ICnAl;t]; lic-1 Ch((fgg(l)}j)notype repeats in: 2‘;‘6 ;)tfscl;nAlgtlé
lic-2 lic-3

0 Inocula 26 - 17 15 12

1 Nasal lavage (5) 26 - 17 15 12
ME lavage (2) 26 - 17 15 12

2 Nasal lavage (5) 26 - 17 15 12
ME lavage (1) 26 - 17 15 12

3 Nasal lavage and MEE (3) 27 + 17 15 12
Nasal lavage and MEE (1) 26 - 17 15 12
Nasal lavage (2) 26 - 17 15 12
ME lavage (1) 26 - 17 15 12

4 Nasal lavage and MEE (2) 27 + 17 15 12
Nasal lavage (3) 26 - 17 15 12
ME lavage (1) 26 - 17 15 12

6 Nasal lavage and MEE (1) 27 + 17 15 12
Nasal lavage (4) 26 - 17 15 12
ME lavage (1) 26 - 17 15 12

7 Nasal lavage (1) and MEE (1) 27 + 17 15 12
Nasal lavage (3) 26 - 17 15 12
Nasal lavage (1) 26/25¢ —/+

10 Nasal lavage (4) 26 - 17 15 12
Nasal lavage (1) 26/25¢ —/+ 17 15 12

“ Day after IN inoculation.

b+, ChoP*; —, ChoP~; —/+, only 50% of colonies shifted to the ChoP* phenotype.

€26/25, n = 26 for the ChoP~ colonies and n = 25 for the ChoP™ colonies.

nization of the ME but without evidence or signs of OM. No
MEEs were present in these chinchillas, and the organisms
were recovered by lavage of the ME. There was a statistically
significant association between ChoP™ expression in nasal la-
vage and the development of OM. Chinchillas with ChoP*
expression in nasal lavage were more inclined to the develop-
ment of OM with culture-positive MEEs in this model (Table
2).

DISCUSSION

The mechanism of ChoP expression and the impact on the
virulence of NTHI during disease are not clear. Genes within
lic-1 chromosomal loci are directly involved in the expression

TABLE 2. The association of expression of NTHI 2019 ChoP in
the nasal lavage with ME infection

No. of chinchillas (%) with
indicated phenotype in nasal

ME status lavage®
ChoP™" ChoP~

OM with culture-positive MEE 7+ (78) 1(3.8)
Culture-positive ME lavage 0 6(23)

without OM
Culture-negative ME lavage 2 19

without OM
Total 9(26) 26 (74)

“# P < 0.001 (chi-square test).

of the phase-variable ChoP epitope. The reported frequency of
on-off switching is 10~2 to 10> per generation but varies from
strain to strain depending on the length of the repetitive se-
quence (22). Previous data indicate that during NP carriage in
infant rats, there is gradual selection of H. influenzae express-
ing ChoP, so that by day 10 47% of the colonies from nasal
lavage revert to the ChoP* phenotype. These data indicate
that ChoP expression may play a role in the persistence of the
organisms on mucosal surfaces (20). The ChoP™ phenotype
also renders the organism susceptible to killing by serum-de-
rived C-reactive protein (CRP) and complement (20, 21) and
places NTHI at risk in the event of inflammation and serum
transudation at the site of colonization on the mucosal surface.
Data from the present study were similar to previous reports
from Weiser et al. regarding the importance of phase-variable
expression of ChoP of H. influenzae during NP colonization in
infant rats. Our results indicate that, subsequent to IN inocu-
lation of the chinchilla nasopharynx with ChoP™~ NTHI, there
is a selection of ChoP* variants. This selection appears to
occur much more rapidly in the chinchillas than in infant rats
challenged IN with an H. influenzae type b strain and is asso-
ciated with an increased incidence of OM with culture-positive
MEEs displaying the ChoP™ phenotype as well as significantly
negative MEPs. Moreover, the increased level of NTHI per
milliliter of lavage fluid suggested that cells with the ChoP™
phenotype colonized at a higher level in the nasopharynx than
ChoP ™ cells. It is noteworthy that, while the ChoP™ variants
are also capable of colonizing the ME space, they induce overt
disease less frequently and severely than the ChoP™ variants.
In a preliminary study, we have examined eight pairs of
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matched NTHI NP and ME isolates from children with chronic
OM; all of them showed greater than 98% ChoP ™" phenotype
and a lic-1 on genotype (unpublished data). These data suggest
that the microenvironment in the nasopharynx and ME cavity
may facilitate the selection of the ChoP™ phenotype, which is
optimally adapted to colonizing or inducing disease in these
particular anatomical niches.

It is important to keep in mind that other genes within lic-2,
lic-3, and [gtC also contribute to the phase-variable expression
of epitopes of LOS and play an important role in the host-
bacterium interactions (20). Galal-4Gal, one of the LOS
epitopes which is added by lic-2 together with lgrC, has been
associated with resistance to antibody-mediated serum bacte-
ricidal activity (20). A genotypic analysis of the effect of LOS
phase variation on human respiratory tract secretions by
Weiser et al. indicated that 90% of NTHI cells have lic-1 in
frame (ChoP™) and that there is a significant association be-
tween the expression of IgtC and that of lic-2 during NTHI
pneumonias (20, 22). The terminal galactose conferring serum
resistance may be especially important for the NTHI at sites of
inflammation, such as the ME fluid, where antibody and com-
plement, as well as CRP derived from serum transudation, may
be present. The lic-2, lic-3, and IgtC genes were all in frame
(on) in the NTHI 2019 inoculum as well as all the NP and ME
isolates examined during these experiments. Only lic-1 varied
from off to on. Further studies with Zic-2 off and IgtC off vari-
ants are needed to explore the role of lic-2 and IgtC in NP
colonization and development of OM in the chinchilla model.

In conclusion, our data indicated that phase-variable expres-
sion of ChoP and a switch to the ChoP™ phenotype contrib-
uted to increased NP colonization and the development of OM
in the chinchilla model. The mechanisms responsible for the
increased virulence of the ChoP™ NTHI phenotype warrant
further investigation.
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