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ModA2 Phasevarion Switching in Nontypeable
Haemophilus influenzae Increases the Severity of
Experimental Otitis Media
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Several human-adapted bacterial pathogens use a phasevarion (ie, a phase-variable regulon) to rapidly and reversibly regulate the
expression of many genes, which include known virulence factors, yet the influence of phasevarion-mediated regulation in patho-
genesis remains poorly understood. Here we examine the impact of the nontypeable Haemophilus influenzae (NTHI) ModA2 pha-
sevarion on pathogenesis and disease severity in a chinchilla model of experimental otitis media. Chinchillas were challenged with
NTHI variant populations that were either inoculated ON and remained ON, inoculated OFF and shifted ON, or inoculated OFF and
remained OFF, within the middle ear. We show that populations that shift from OFF to ON within the middle ear induce signifi-
cantly greater disease severity than populations that are unable to shift. These observations support the importance of phasevarion
switching in NTHI pathogenesis and the necessity to considered phasevarion regulation when developing methods to treat and pre-
vent infection.
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Otitis media is the most prevalent bacterial disease of childhood
worldwide. With an estimated 709 million new episodes of
acute otitis media and 31 million new cases of chronic suppu-
rative otitis media yearly, otitis media results in significant mor-
bidity and hearing loss globally [1]. Nontypeable Haemophilus
influenzae (NTHI) is the predominant bacterial pathogen of
chronic and recurrent otitis media [2]. NTHI causes additional
respiratory tract infections, which include community-acquired
pneumonia, sinusitis, and exacerbations in patients with chron-
ic obstructive pulmonary disease [3, 4]. Whereas the molecular
mechanisms that underlie the pathogenesis of NTHI have been
under investigation for several decades, and many virulence fac-
tors have been identified [5, 6], we still do not fully understand
how NTHI adapts to the varied microenvironments encoun-
tered in its human host.

Phase variation is the rapid and reversible ON/OFF change
in gene expression, independent of direct regulatory mecha-
nisms or environmental sensing [7]. In host-adapted bacterial
pathogens, phase variation is commonly linked with genes
that encode surface-associated virulence factors and plays an

important role in the evasion of host defense mechanisms
[8, 9]. Interestingly, several important human pathogens,
which include H. influenzae [10], Streptococcus pneumoniae
[11], Helicobacter pylori [12], Moraxella catarrhalis [13], and
Neisseria species [14], have evolved an additional, novel genetic
system, termed the phasevarion (for phase-variable regulon).

Phasevarions regulate gene expression via phase variation
of DNA methyltransferase (Mod) proteins, which bind and
methylate chromosomal DNA at sequence-specific sites. Phase-
variable mod genes contain simple sequence repeats within
their open-reading frame that are prone to frequent changes
in the number of repeats due to slipped-strand mispairing
[15]. The rate at which phase variation occurs is determined,
in part, by the number of repeats: as the repeat tract length in-
creases, the phase variation frequency also increases [16]. A
phase variation event, or a switch in mod status (from OFF to
ON or vice versa), alters genome-wide methylation and subse-
quently leads to a rapid change in the expression of many genes
throughout the genome, which results in bacteria that are genet-
ically identical yet phenotypically distinct from other bacteria
within the population.

ModA is the sole phase variable methyltransferase in NTHI,
with 21 known distinct alleles. An examination of 4 diverse col-
lections of NTHI isolated from healthy children or children
with otitis media showed that 5 of these phase-variable alleles
(modA2, modA4, modA5, modA9, and modA10) are present
in over two thirds of clinical isolates [17].We showed previously
that a selection for modA2 ON status occurs within the middle
ear during experimental disease in a chinchilla model of otitis
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media [17]. NTHI inoculated ON remained ON, whereas those
inoculated OFF consistently shifted from OFF to ON within the
middle ear. These results suggested that, in variants free to
phase vary, ON status provides an advantage over OFF with re-
spect to survival within the middle ear [17]. Here we investigat-
ed the role of the ModA2 phasevarion, the most prevalent
among NTHI clinical isolates, in pathogenesis and disease se-
verity in a robust chinchilla model of experimental otitis
media [18].

METHODS

Bacterial Strains and Culture Medium
NTHI strain 723 was received from the Finnish Otitis Media
study group [19]. Naturally enriched populations were generated
as described previously [17]. NTHI were routinely cultured in
brain heart infusion broth supplemented with hemin (2 µg/mL)
andNAD (2 µg/mL) or on chocolate agar and grown at 37°C with
5% CO2.

Chinchilla Model of NTHI-Induced Otitis Media
Adult chinchillas (Chinchilla lanigera) weighing 500–800 g
were obtained from Rauscher’s Chinchilla Ranch (LaRue,
OH) and acclimated in the vivarium for 7 days. Cohorts of 5
chinchillas each were challenged by intranasal inoculation
with approximately 1 × 108 colony-forming units (CFU) of
NTHI in 200 µL of saline and by transbullar inoculation with
approximately 750 CFU of NTHI in 300 µL of saline/bulla to
induce experimental otitis media. At the time of challenge,
the number of NTHI CFU per milliliter was confirmed by serial
dilution and plating of inocula. Epitympanic taps were per-
formed, and collected samples were used to determine the
ON/OFF ratio of the samples, as described previously [17].
No significant differences in the average number of NTHI
CFU per milliliter of collected middle ear fluid specimens
were detected among any cohorts (data not shown).

At the end of the study, 22 days after challenge, anesthetized
chinchillas were euthanized, and the bullae were dissected from
the skull. If animals needed to be euthanized before day 22
owing to severe morbidity, terminal samples were collected at
that time. There were no significant differences in overall sur-
vival between the animals in any of the cohorts (P > .5, by the
log-rank Mantel-Cox test). Left and right bullae were aseptically
opened and imaged. Right bullae were then fixed in cold 2%
paraformaldehyde for histological analysis.

All animal experiments were performed under protocol
03014AR approved by the Institutional Animal Care and Use
Committee at the Research Institute at Nationwide Children’s
Hospital and in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Gross Mucosal Biofilm Scoring
To assess biofilm formation within the middle ear, images of
each middle ear were scrambled and then blindly scored by a

minimum of 4 study investigators on a 0–4 scale, wherein 0 in-
dicated no biofilm, 1 indicated that biofilms filled <25% of mid-
dle ear, 2 indicated that biofilm filled 25%–50% of the middle
ear, 3 indicated that biofilm filled 50%–75% of the middle ear,
and 4 indicated that biofilm filled >75% of the middle ear [20].

Histological Analysis and Scoring
After fixation, specimens were decalcified in 0.35 M ethylenedi-
aminetetraacetic acid and 0.1 M TRIS (pH 6.95) and embedded
in paraffin. Five-micron sections were stained with hematoxylin
and eosin, and histopathological findings on the stained slides
were scored using a standardized rubric (Supplementary
Table 1).

Genomic Sequencing and Analysis
Genomic DNAwas purified using the PureLink Genomic DNA
Purification Kit (ThermoFisher Scientific). DNA libraries were
generated with the Illumina TruSeq PCR-Free Sample Prepara-
tion kit, and paired-end 300–base pair sequence reads were gen-
erated on the Illumina MiSeq platform. Variant discovery was
performed using the Churchill analysis pipeline [21]. See the
Supplementary Methods for and extended description of
these methods.

RESULTS

All NTHI Variants Were Genetically Identical, With the Exception of the
Number of Repeats in modA2
This study focused on the ModA2 phasevarion, the predomi-
nant phasevarion among 4 collections of clinical NTHI isolates
[17]. We used 4 unique NTHI populations to assess the role of
the ModA2 phasevarion in pathogenesis and disease severity,
using a chinchilla model of experimental otitis media. Each
population comprised a combination of NTHI strain 723 vari-
ants in either the ON status (ModA2 expressed) or the OFF sta-
tus (ModA2 not expressed). Two populations were composed
primarily of a fast-switching ON variant, which contained 22
repeats. The ON variant constituted 90% of the first population
(90% ON) and 70% of the second population (70% ON). The
third population (24OFF) predominantly comprised an OFF
variant that contained 24 repeats and was prone to fast switch-
ing. The final population (14OFF) was composed primarily of
an OFF variant that contained 14 repeats in modA2 and, thus,
resulted in a slower-switching population [16].

The genome of each variant was sequenced to confirm that
the only genetic difference between them at challenge was the
number of tetrameric repeats in modA2. The only differences
among the 4 variant populations were the number of repeats
in modA2 or a negligible change in the number of heptameric
repeats upstream of gene NTHI723_RS01825 (NTHI723_
00374), as previously reported [17]. These sequencing results
confirmed that any variations in disease severity were a result
of differences in modA2 and not due to mutations elsewhere
in the genome at challenge.
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NTHI Wherein modA2 Shifted From OFF to ON Within the Middle
Ear Caused Greater Disease Severity Than NTHI Wherein modA2
Remained ON
To expand upon our previous report that selection for the
modA2 ON status occurs within the chinchilla middle ear
[17], this work assessed the severity of disease induced by an
ON population that remained ON as compared to that induced
by an OFF population that shifted ON. Disease severity was
evaluated using an established chinchilla model of experimental
otitis media [18]. Chinchillas were challenged with NTHI pop-
ulations that were either predominantly ON or predominantly
OFF. The number of tetrameric repeats in each of these popu-
lations was similar and, as such, were equally likely to phase
vary [16]. Cohorts of 5 adult chinchillas each were challenged
intranasally and transbullarly with the ON or OFF population
and blindly assessed for signs of disease daily. All animals
had bilateral middle ear effusions by 24 hours after challenge,
as was expected following direct inoculation of NTHI into the
middle ear.

Biofilm formation within the middle ears of all animals was
assessed after they were euthanized. Animals were euthanized at
the end of the study, 22 days after challenge, unless severe mor-
bidity required that they be euthanized earlier. Spearman corre-
lation revealed that the time at which animals were euthanized

did not significantly affect either mucosal biofilm or histopath-
ological scores within any given cohort. Middle ear mucosal
biofilms were imaged and blindly scored on a scale from 0 to
4 for relative biomass, in which a score of 0 indicated no biofilm
was present and a score of 4 indicated >75% of the middle ear
space was filled with biofilm [21]. A healthy, uninfected middle
ear has an air-filled tympanic cavity, a translucent tympanic
membrane, and fully visible bony septae (Figure 1A). In re-
sponse to infection, the middle ear fills with fluid, the mucosa
thickens, and a biofilm comprising bacteria and host immune
cells forms on the mucosal surface. In middle ears inoculated
with the ON population, small patches of biofilm formed on
the mucosal surface, but the bony septae and tympanic mem-
brane remained visible, which indicated that the middle ear
space was not filled with a mucosal biofilm (Figure 1B). In con-
trast, middle ears inoculated with the OFF population that shift-
ed ON were entirely filled with biofilm, the septae were fully
occluded, and biofilm covered the inner (mucosal) surface of
the tympanic membrane (Figure 1B). The OFF population
that had switched ON formed significantly larger mucosal bio-
films as compared to the ON population that had remained ON
(Figure 1C; P = .019).

We next assessed the middle ear pathology for all chinchillas
at the time they were euthanized. The tympanic cavity (lumen)
of a healthy uninfected middle ear is lined with a monolayer of
epithelial cells (Figure 2A). In contrast, middle ears inoculated
with either the ON or the OFF populations demonstrated sub-
stantial mucosal hyperplasia and new bone formation, with bi-
ofilm adherent to the mucosal surface, as expected for challenge
of this anatomical niche (Figure 2B). Microscopic assessment of
these biofilms showed an abundant influx of polymorphonucle-
ar cells (data not shown), which contributed to the biomass ob-
served and suggested that a greater degree of inflammation and
more-robust host immune response had occurred within the
middle ears of animals challenged with the OFF population.
Overall, the OFF population induced greater middle ear muco-
sal pathology, as demonstrated by increased edema, mucosal
hyperplasia, and new bone formation, compared with the ON
population (Figure 2C). The OFF population also formed bio-
films of significantly greater biomass within the middle ear as
compared to the ON population (Figure 2C; P = .04). Thus,
both gross examination and histological assessment showed
that the OFF population formed more-robust biofilms within
the middle ear as compared to the ON population (Figures 1C
and 2C).

Increased biofilm formation, inflammatory cell infiltrates,
and mucosal pathology within middle ears challenged with
the OFF population that had shifted ON as compared to the
ON population that had remained ON suggested that modA2
status critically influenced the pathology induced by NTHI
within the middle ear. On the basis of findings to this point,
we hypothesized that it was the shift in modA2 status, from

Figure 1. A nontypeable Haemophilus influenzae (NTHI) population that shifts from
OFF to ON within the middle ear generates significantly greater mucosal biofilm as
compared to a population that remains ON. A, Representative image of a healthy, un-
challenged, middle ear. The tympanic cavity is filled with air, and the bony septae,
tympanic membrane, and middle ear mucosa are clearly visible, with no biofilm pre-
sent. B, Representative images of middle ears challenged with the ON population that
remained ON or the OFF population that shifted ON. Middle ears inoculated with the
ON population (left) contained patches of biomass on the mucosal surface, but regions
of the mucosa, as well as the bony septae, remained visible. Middle ears inoculated
with the OFF population (right) contained significant biomass that occupied the entire
mucosal surface, and both the tympanic membrane, as well as the bony septae, were
completely occluded by biomass. The biomass score for each image is indicated in
yellow. C, Relative mucosal biofilm was blindly scored on a 0–4 scale of residual bio-
mass within the middle ears of each animal. Significantly greater biomass filled the
middle ears of chinchillas challenged with the OFF population as compared to those
challenged with the ON population. *P < .05, by the unpaired t test. Abbreviations: B,
biofilm biomass; S, bony septae; TM, tympanic membrane.
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OFF to ON, that caused the greater disease severity that oc-
curred in animals challenged with the OFF population.

A Shift From OFF to ON Within the Middle Ear Resulted in Increased
Disease Severity
To investigate this hypothesis further, we performed 2 indepen-
dent studies in which 2 cohorts of 5 chinchillas each were chal-
lenged with either a 24OFF variant, in which the population was
inoculated OFF and shifted ON within the middle ear, or a
14OFF variant, in which the population was inoculated OFF
and remained OFF over the course of the study. The only dif-
ference between these 2 OFF variants was the number of AGCC
repeats within modA2. The 24OFF variant was able to switch
(phase vary) more rapidly than the 14OFF variant. In both
studies, the 24OFF variant, which was inoculated as an OFF
population, shifted ON within 7–10 days after challenge

(Figure 3). This shift was significant on days 7, 10, and 14
after challenge (theoretical mean, 0; P < .005, by a 1-sample
t test). In contrast, the 14OFF variant, which was also inoc-
ulated as an OFF population, remained predominantly OFF
in the majority of ears from which a sample was recovered
(Figure 3). There was no significant shift in population status
at any time point (theoretical mean, 0, P > .25, by a 1-sample
t test).

The 24OFF population that shifted ON within the middle ear
caused significantly greater disease severity than the 14OFF
population (Figure 4). 14OFF formed biofilms that were similar
to those formed by the ON population that had remained ON
(compare Figure 1B and 4A). Small patches of biofilm covered
the middle ear mucosal surface of chinchillas challenged with
14OFF, and the bony septae remained visible (Figure 4A). In

Figure 2. A nontypeable Haemophilus influenzae (NTHI) population that shifts from OFF to ON within the middle ear induces greater middle ear mucosal pathology in
comparison to a population that remains ON. The right middle ear of each animal was fixed, and coronal sections through the middle ear were stained with hematoxylin
and eosin. A, Images of representative sections through a healthy, unchallenged middle ear. The top image shows the entire middle ear space. The bottom image shows the
mucosal monolayer that lines the interior surface of the tympanic cavity (lumen). Scale bar, 200 µm. B, Representative view of the middle ear mucosa of a chinchilla challenged
with either the ON or the OFF variant. Mucosal hyperplasia, new bone formation, and remodeled bone were present in the middle ears recovered from both cohorts; however,
pathology was greater in the OFF cohort as compared to the ON cohort. Substantially greater biofilm formation and increased submucosal edema were present within the
middle ears challenged with the OFF population that shifted ON as compared to those challenged with the ON population that remained ON. Scale bars = 200 µm. C, Heat maps
that represent blinded histological scores for individual animals challenged with the ON or the OFF variant. Individual animal numbers are indicated across the top of the heat
map. Submucosal edema, mucosal hyperplasia, new bone formation or remodeling, and biofilm formation were blindly scored on a scale from none to severe (Supplementary
Table 1). The OFF population that shifted ON within the middle ear induced greater overall pathology and had significantly larger biofilms (P < .05, by the Mann–Whitney
unpaired t test), compared with middle ears that had been challenged with the modA2 ON population that remained ON. Abbreviations: B, bone; L, middle ear lumen;
TM, tympanic membrane.
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contrast, 24OFF formed significantly greater middle ear muco-
sal biofilm biomass as compared to 14OFF (P = .005; Figure 4B).
These results suggested that it was the shift from OFF to ON
within the middle ear and not the OFF status that existed at
the time of challenge that was responsible for the greater biofilm
burden within the middle ears. Consistent with this finding,
the 24OFF population induced significantly greater mucosal
pathology as compared to the 14OFF population. Analysis of
tissue sections from middle ears challenged with 24OFF demon-
strated significantly greater submucosal edema (P = .024), muco-
sal hyperplasia (P = .041), and new bone formation (P = .001),
compared with those challenged with 14OFF (Figure 4C). These
results confirmed that it was indeed the shift from an OFF pop-
ulation to an ON population within the middle ear that led to the
significant increase in disease severity. Based on these findings,

we next hypothesized that if our observations were correct, a
larger population shift from OFF to ON would induce greater
disease severity than a relatively smaller population shift from
OFF to ON.

Disease Severity Is Proportionate to the Percentage of NTHI That Shift
From OFF to ON
To this point, we have shown that a shift from a predominantly
OFF to a predominantly ON population within the chinchilla

Figure 3. Heat map of the relative ON/OFF status of the nontypeable Haemophi-
lus influenzae (NTHI) population within middle ear fluids collected from chinchillas
challenged with either the 24OFF variant or the 14OFF variant. The 24OFF variant
population shifted to a population that predominantly comprised NTHI in the ON
status. In contrast, the 14OFF population remained predominantly OFF. Epitympanic
taps were performed to retrieve middle ear fluids at regular intervals and are indi-
cated at the top of the figure as days after challenge. Fragment length analysis was
performed to determine the relative ON/OFF status. ON (green cells), >80% ON;
mixed (yellow cells), 40%–60% ON; OFF (red cells), <20% modA2 ON. Light gray
cells indicate insufficient sample or polymerase chain reaction product, and dark
gray cells indicate that the animal was euthanized on a previous day and thereby
was unavailable for sampling.

Figure 4. Nontypeable Haemophilus influenzae (NTHI) that remain OFF within the
middle ear cause significantly less disease severity than NTHI that shift ON. A, Rep-
resentative images of middle ears challenged with a 14OFF population that remained
OFF during the course of the study. The top image shows the middle ear lumen.
Small patches of biomass on the mucosal surface were apparent, with areas of
healthy mucosa still visible. The mucosal biofilm score (1.3, shown in yellow) indi-
cated that biomass filled just over 25% of the middle ear space. The bottom image
shows a histological section of the middle ear mucosa. Minimal mucosal hyperpla-
sia or new bone formation was observed in ears challenged with the 14OFF popu-
lation that remained OFF within the middle ear. B, Relative mucosal biofilm was
blindly scored on a 0–4 scale of residual biomass within the middle ears of each
animal. Significantly less biomass was present within the middle ears of chinchillas
challenged with the 14OFF population that remained OFF as compared to those chal-
lenged with the 24OFF population that shifted ON within the middle ear. *P < .01, by
the unpaired t test. C, Heat maps of histological scores for individual animals chal-
lenged with either the 14OFF or the 24OFF variant. Individual animal numbers are
indicated across the top of the heat map. Submucosal edema, mucosal hyperplasia,
new bone formation or remodeling, and biofilm formation were scored on a scale
from none to severe (Supplementary Table 1). The 14OFF population that had re-
mained OFF induced significantly less submucosal edema, mucosal hyperplasia,
and new bone formation as compared to the 24OFF population that had shifted
ON. P < .05, by the Mann–Whitney unpaired t test.
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middle ear induced greater middle ear pathology and biofilm
burden as compared to populations in which the modA2 status
did not change. To test whether the relative proportion of bac-
teria able to shift from OFF to ON affected disease severity, we
challenged 2 cohorts of 5 chinchillas each with populations that
were either 90% ON or 70% ON. Similar to earlier results, no
significant shift in modA2 status occurred in the population
that was inoculated 90% ON. However, as anticipated, the
NTHI population inoculated 70% ON shifted to a greater per-
centage of ON within the middle ear. Seven of 10 NTHI popu-
lations recovered from the middle ear fluids of chinchillas
challenged with the 70% ON population had shifted ON within
10 days after challenge. On average, 11% of each of these pop-
ulations had shifted from OFF to ON, and this shift was signifi-
cant (theoretical mean shift, 0; P = .006, by the 1-sample t test).

In an NTHI population that is 70% ON, 30% of the popula-
tion can shift from OFF to ON, whereas in a population that is
90% ON, only 10% of the population can shift from OFF to ON.

As such, we expected the signs of disease to be more severe for
chinchillas challenged with a population that was 70% ON as
compared to one that was 90% ON. Indeed, chinchillas chal-
lenged with a population that was 70% ON had greater middle
ear biofilm burden when they were euthanized. In 7 of 10 ears
challenged with a 70% ON population, greater than half of the
middle ear space was filled with biofilm, compared with only
3 of 10 ears challenged with a population that was 90% ON
(Figure 5A). Middle ear mucosal pathology was also greater
for chinchillas challenged with a 70% ON population. All of
the ears challenged with a 70% ON population (5 of 5) demon-
strated submucosal edema that was significant or severe as com-
pared to only 2 (of 5) of the ears challenged with a population
that was 90% ON. Overall, we observed greater middle ear mu-
cosal hyperplasia and more new bone formation in histological
sections from middle ears challenged with 70% ON population,
as compared to those challenged with a population that was
90% ON (Figure 5B).

Taken together, these findings supported our hypothesis that
disease severity is proportionate to the percentage of bacteria
that shift from OFF to ON within the middle ear. We showed
that a population in which 90% of the population was able to
shift from OFF to ON (24OFF) induced the greatest disease se-
verity. Next, a population in which 30% of the population was
able to shift from OFF to ON (70% ON) induced a milder dis-
ease. Finally, a population that was unable to shift from OFF to
ON, either because of a shortened repeat tract (14OFF) or be-
cause it was inoculated as a population that was already 90%
ON, induced the least disease severity.

DISCUSSION

Much of the work conducted to date has sought to better under-
stand the molecular mechanisms that underlie phasevarions
and to identity of the genes that compose these phasevarions.
Gauntlett et al have reported that phase variation of several
DNA methyltransferases in H. pylori is essential for proper
host adaptation and colonization of the murine gut [22]. Inves-
tigation by Manso et al of a unique phasevarion in pneumococ-
cus, which contains 6 distinct methyltransferase activities,
identified a key role for epigenetic regulation via DNA methyl-
ation on both pneumococcal colonization and invasive disease
[11]. VanWagoner et al reported that phase variation of a
modA10 allele altered colonization and transcytosis of polarized
bronchial epithelial cells and also affected virulence in infant
rats [23]. We recently showed that the NTHI ModA phasevari-
ons regulate in vitro phenotypes known to be critical for the
otitis media course and that in vivo selection for the ON subpo-
pulation occurs during experimental disease in a chinchilla
model of otitis media [17]. To expand upon these findings,
here we used 4 distinct NTHI populations to examine the effect
of ModA2 switching on disease severity in the well-established
chinchilla model of experimental otitis media [18].

Figure 5. Disease severity is proportionate to the relative percentage of bacteria
that are able to shift from OFF to ON. A, Relative mucosal biofilm was blindly scored
on a 0–4 scale of residual biomass within the middle ears of each chinchilla. The
70% ON population, in which 30% of the population was able to shift from OFF to
ON, formed greater biofilm within the middle ears as compared to the 90% ON pop-
ulation, in which only 10% of the population was able to shift. Seven of 10 ears
challenged with a 70% ON population were filled >50% with biofilm, and all
ears had at least 25% of the middle ear space occupied by biofilm. In contrast, 5
of 10 middle ears challenged with the 90% ON population were filled <25% with
biofilm, and only 3 of 10 middle ears had >50% of the middle ear space filled with
biofilm. B, Shown are heat maps that designate histological scores for individual
middle ears challenged with the 90% ON population, in which only 10% of the pop-
ulation remained able to shift from OFF to ON, or the 70% ON population, in which
30% of the population remained able to shift from OFF to ON. Individual animal num-
bers are indicated across the top of the heat map. Submucosal edema, mucosal hy-
perplasia, new bone formation or remodeling, and biofilm formation were scored on
a scale from none to severe (Supplementary Table 1). Three of 5 middle ears chal-
lenged with the 90% ON population received a severity score of slight or none for
the majority of the assessment criteria, and none of the ears received a score of
severe for any of the criteria assessed. In contrast, all middle ears (5 of 5) challenged
with the 70% ON population received a severity score of moderate or severe for the
majority of the criteria assessed, and 1 ear received the highest possible score, se-
vere, for both submucosal edema and new bone formation. Although these differ-
ences were not statistically significant, greater overall mucosal pathology was
apparent within middle ears challenged with the 70% ON population, in which
30% of the population was able to shift from OFF to ON, compared with the 90%
ON population, in which only 10% of the population was able to shift.
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We first examined disease severity in chinchillas challenged
with NTHI that were inoculated ON and remained ON and
in chinchillas challenged with NTHI that were inoculated
OFF and shifted ON. While it was clear that NTHI inoculated
into the chinchilla middle ear in the OFF status induced signifi-
cantly greater disease severity, it was unclear whether this differ-
ence was due to virulence factors expressed by OFF, the switch
that occurred from OFF to ON, or a combination of both of
these elements. The results presented here suggested that the
switch from OFF to ON within the middle ear was primarily
responsible for the increased disease severity and that disease
severity was proportionate to the percentage of the population
that shifted from OFF to ON within the middle ear.

While it is clear that the ModA2 phasevarion influenced dis-
ease severity during experimental otitis media, several aspects of
the role of the phasevarion in NTHI pathogenesis remain to be
elucidated. The mechanism by which the shift in modA2 status,
from OFF to ON within the middle ear, resulted in more severe
disease in this model system is likely multifactorial. Variation in
the composition of the bacterial cell surface, including the pres-
ence of specific virulence factors, may result in a distinctive host
immune response against the primarily modA2 ON or modA2
OFF populations. As such, it is conceivable that the increased
disease severity observed, when the OFF population shifts
ON, is due to a host immune response to the change in surface
proteins expressed by NTHI. This immune response to the
change in protein expression, in addition to the ongoing re-
sponse to the initial bacterial infection, likely results in the
greater disease severity observed in chinchillas challenged
with the NTHI population that shifted from OFF to ON within
the middle ear.

It remains unknown at what point during the course of otitis
media selection for specific modA subpopulations occurs or in
which status NTHI enters the middle ear following ascension of
the eustachian tube from the nasopharynx, the site of commen-
sal colonization. We have shown here that the modA2 status
upon inoculation into the middle ear and that a switch within
the middle ear greatly affected disease progression and severity.
Studies to investigate the role of the ModA2 phasevarion during
ascension from the nasopharyngeal site of colonization into the
middle ear are currently underway, using a chinchilla viral-
bacterial superinfection model [24–27].These studies to investigate
phasevarion selection during ascension from the nasopharynx
into the middle ear will be crucial to develop a more complete
understanding of NTHI colonization and pathogenesis and to
determine and evaluate potential vaccine candidate targets to
prevent NTHI-induced otitis media.

Global regulation by the ModA phasevarion has been shown
to play key roles in antimicrobial resistance, immunoevasion of
host defenses [17], and now pathogenesis and disease severity.
Greater insight into the role of the ModA phasevarions of
NTHI and the phasevarions of other human pathogens in vivo

is required for the efficient and effective development of strategies
to prevent and treat disease caused by these pathogens.
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