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ABSTRACT Outer membrane vesicles (OMVs) produced by Gram-negative bacteria
are enriched in several outer membrane components, including major and minor
outer membrane proteins and lipooligosaccharide. We assessed the functional activ-
ity of nontypeable Haemophilus influenzae (NTHi) OMV-specific antisera and the pro-
tective ability of NTHi OMVs as vaccine antigens in the chinchilla otitis media model.
OMVs were purified from three HMW1/HMW2-expressing NTHi strains, two of which
were also engineered to overexpress Hia proteins. OMV-specific antisera raised in
guinea pigs were assessed for their ability to mediate killing of representative NTHi
in an opsonophagocytic assay. The three OMV-specific antisera mediated killing of
18 of 65, 24 of 65, and 30 of 65 unrelated HMW1/HMW2-expressing NTHi strains.
Overall, they mediated killing of 39 of 65 HMW1/HMW2-expressing strains. The two
Hia-expressing OMV-specific antisera mediated killing of 17 of 25 and 14 of 25 unre-
lated Hia-expressing NTHi strains. Overall, they mediated killing of 20 of 25 Hia-
expressing strains. OMVs from prototype NTHi strain 12 were used to immunize
chinchillas and the course of middle ear infection was monitored following intrabul-
lar challenge with the homologous strain. All control animals developed culture-
positive otitis media, as did two of three HMW1/HMW2-immunized animals. All OMV-
immunized animals, with or without supplemental HMW1/HMW2 immunization, were
completely protected against otitis media. NTHi OMVs are the first immunogens exam-
ined in this model that provided complete protection with sterile immunity after NTHi
strain 12 challenge. These data suggest that NTHi OMVs hold significant potential as
components of protective NTHi vaccines, possibly in combination with HMW1/HMW2
proteins.
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Nontypeable Haemophilus influenzae (NTHi) organisms are small Gram-negative
bacteria that colonize the upper respiratory tract of humans beginning at a very

early age (1). Although these organisms are normally commensals, when host defenses
are compromised by underlying medical conditions such as malnutrition, immunode-
ficiency, chronic lung disease, or acute viral infection, disease caused by NTHi may
develop (2, 3). Among children in the developed world, NTHi infections are currently
responsible for an estimated 40 to 50% of the cases of acute otitis media and an even
higher percentage of cases of chronic and recurrent disease (4, 5). Among adults,
particularly among patients with chronic obstructive pulmonary disease, NTHi infec-
tions are a major cause of illness, especially during the acute exacerbations that often
characterize this disease (6). A vaccine capable of preventing disease caused by these
organisms would offer substantial benefit to the adult and pediatric populations alike.

NTHi vaccine development efforts are ongoing in many laboratories. A large number
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of protein and lipooligosaccharide antigens have been the subject of detailed investi-
gation as potential vaccine candidates (7, 8). In our early work, we demonstrated that
development of bactericidal antibody in the sera of children recovered from acute NTHi
otitis media was associated with the appearance of serum antibodies directed against
highly immunogenic high molecular weight (HMW) proteins (9). This work led subse-
quently to the identification and characterization of the HMW1/HMW2 family of
proteins (10). The HMW1/HMW2 proteins were later shown to be major adhesins of
NTHi (11), as well as targets of human opsonophagocytic antibodies (12, 13) and
protective antibodies in the chinchilla otitis model (14). The HMW1/HMW2-like proteins
are expressed by approximately 75% of NTHi strains (10, 15). The 25% of NTHi strains
that do not express HMW1/HMW2 proteins express other immunogenic high molecular
weight proteins that are recognized by human convalescent-phase serum antibodies
(16). Almost all HMW1/HMW2-negative strains express a second distinct class of adhe-
sin known as Hia (16). The Hia proteins are members of a large family of bacterial
proteins known as autotransporters that are found in many Gram-negative bacteria
(17). The Hia proteins have also been demonstrated to serve as targets for antibodies
mediating opsonophagocytosis of NTHi (18). Nearly all NTHi strains that lack HMW1/
HMW2 proteins contain an hia gene and express an Hia protein, and conversely, strains
that express HMW1/HMW2 proteins lack an hia gene (15, 16, 19). Both the HMW1/
HMW2 and Hia proteins demonstrate strain heterogeneity (15, 20). However, HMW1/
HMW2- and Hia-specific antisera mediate relatively broad-based killing of heterologous
NTHi (21), suggesting that the strain heterogeneity present among these proteins would
not preclude their potential use as vaccine components.

Both the HMW1/HMW2 and Hia proteins are subject to phase variation in the face
of immune pressure, resulting in selection for bacterial variants downregulated in
HMW1/HMW2 and Hia protein expression (14, 22). This property could limit the value
of the HMW1/HMW2 and Hia proteins as vaccine components. Combining the HMW1/
HMW2 and Hia proteins with other NTHi antigens to generate a more robust and
broad-based immune response could abrogate the phase variation problem. We have
begun investigating the potential of NTHi outer membrane vesicles (OMVs) as immuno-
gens and as supplemental vaccine components. OMVs are membrane blebs naturally
produced by all Gram-negative bacteria studied to date, including NTHi (23–25). OMVs
are enriched in many outer membrane components, including major and minor outer
membrane proteins and lipooligosaccharide (LOS) molecules. OMVs have been investi-
gated as vaccine candidates for prevention of disease caused by a number of Gram-
negative pathogens (26), perhaps most notably Neisseria meningitidis, against which several
OMV-based vaccines have been or are currently being evaluated in human clinical trials
(27). Meningococcal OMVs comprise one component of the 4CMenB vaccine approved for
prevention of serogroup B N. meningitidis disease (28, 29).

In the work described here, we demonstrate that antisera raised against prototype
NTHi OMVs mediate relatively broad-based opsonophagocytic killing of homologous
and heterologous NTHi strains and that immunization with prototype OMVs provides
solid protection against homologous bacterial challenge in the chinchilla model of NTHi
otitis media. These data suggest that NTHi OMVs hold potential as components of
protective NTHi vaccines, possibly in combination with HMW1/HMW2 and Hia proteins.

RESULTS
NTHi OMV preparations with and without Hia protein expression. We prepared

OMVs from prototype NTHi strains 5, 12, and 15 (12, 18, 21, 30) using methods modified
slightly from those described for generation of N. meningitidis OMVs (31). Shown in
Fig. 1 is a representative electron micrograph depicting the membrane vesicles gen-
erated from prototype NTHi strain 12 when purified as described. Most of the vesicles
were 20 to 30 nm in diameter with somewhat larger vesicles occasionally observed.
These vesicles are very similar in appearance and physical dimension to naturally
released OMVs purified by other groups from other NTHi strains (25, 32, 33).
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NTHi OMVs have been reported to contain a number of major and minor outer
membrane proteins (25, 32, 33). The major outer membrane proteins of Haemophilus
influenzae, including proteins P1, P2, P5, and P6, were originally defined based upon
their presence in sarcosyl-insoluble membrane preparations and by their migration in
SDS-polyacrylamide gels (34). Shown in Fig. 2 is a Coomassie-blue stained 11% SDS-
polyacrylamide gel with a sarcosyl-insoluble membrane preparation (lane 1) shown
next to an outer membrane vesicle preparation, both prepared from prototype NTHi
strain 12. The presence and migration positions of several of the major outer mem-
brane proteins in the two preparations are indicated with arrows. As can be appreci-

FIG 1 Transmission electron micrograph of purified OMV preparation derived from NTHi strain 12 stained
with uranyl acetate. Bar, 100 nm.

FIG 2 Sarcosyl-insoluble proteins from NTHi strain 12 (lane 1) and an outer membrane vesicle prepara-
tion from NTHi strain 12 (lane 2) separated on an 11% SDS-polyacrylamide gel. Values corresponding to
molecular weight standards are given on the left and major proteins enriched in the OMV preparations
are indicated on the right.
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ated, the OMV preparation contains significant amounts of proteins P1, P2, and P5 as
well as smaller amounts of P6. The HMW1/HMW2 proteins are sarcosyl-soluble and are
not present in the sarcosyl-insoluble preparation shown in lane 1, but are present at
easily detectable amounts in the OMV preparation. Their specific presence at the position
indicated in Fig. 2 was confirmed by their reactivity with several HMW1/HMW2-specific
monoclonal antibodies (data not shown). Shown in Fig. 3 is a Coomassie-blue stained
7.5% SDS-polyacrylamide gel demonstrating OMV preparations from NTHi strain 12
purified on different days. One can appreciate the nearly identical protein banding
patterns of the two preparations demonstrating the excellent reproducibility of the
OMV purification method used.

We previously engineered NTHi strains that naturally express HMW1/HMW2 proteins
so that they simultaneously expressed high levels of the NTHi Hia protein (18). These
strains contain the hia gene on a high copy number plasmid and express the Hia
protein at levels at least three to four times the baseline level (18). Shown in Fig. 4 is
a Coomassie-blue stained 7.5% SDS-polyacrylamide gel demonstrating OMVs prepared
from prototype HMW1/HMW2-expressing strains 5 and 15 and from their respective hia
transformants. The OMVs purified from the transformed strains demonstrate high levels

FIG 3 Two outer membrane vesicle preparations from NTHi strain 12 purified on different days examined
together on a 7.5% SDS-polyacrylamide gel. Values corresponding to molecular weight standards are
given on the left and major proteins enriched in the OMV preparations are indicated on the right.

FIG 4 Outer membrane vesicle preparations from NTHi strain 5, strain 5 transformed with the pHia
plasmid, strain 15, and strain 15 transformed with the pHia plasmid, each examined on a 7.5%
SDS-polyacrylamide gel. Values corresponding to molecular weight standards are given on the left and
major proteins enriched in the OMV preparations are indicated on the right.
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of expression of the recombinant Hia protein, its identity confirmed by reaction with an
Hia-specific monoclonal antibody (data not shown) (18). The remainder of data deter-
mined for the OMV proteins in the respective parent and hia-transformed strains are
nearly identical, demonstrating again the excellent reproducibility of the purification
method.

Opsonophagocytic activity of OMV- and OMV/Hia-specific antisera. Guinea pig
antisera were raised against OMVs prepared from HMW1/HMW2-expressing strain 12
and from the two Hia-coexpressing strains 5/pHia and 15/pHia. These antisera were
assessed for their ability to mediate opsonophagocytic killing of a large panel of NTHi
strains maintained in our collection (21). Table 1 summarizes the results of screening of
65 HMW1/HMW2-expressing NTHi strains with the three different antisera. As shown,
the three antisera mediated killing of 28 to 46% of the heterologous HMW1/HMW2-
expressing NTHi, and overall the three antisera mediated killing of 60% of the strains.
Of the 39 HMW1/HMW2-expressing strains susceptible to killing, 13 strains were killed
by only one of the three antisera, 21 strains were killed by two of the antisera, and 5
strains were killed by all three antisera. When examined in Western immunoblot assays
against purified OMVs, the antisera demonstrated antibody responses against an array
of different proteins, including the respective HMW1/HMW2-proteins, suggesting that
the latter proteins were also very immunogenic even when presented as part of OMVs
(data not shown).

Next, we examined the ability of OMVs purified from the two Hia-coexpressing
strains to mediate killing of a collection of 25 Hia-expressing NTHi strains (Table 2).
These two OMV/Hia-specific antisera mediated killing of 68% and 56% of the Hia-
expressing NTHi, respectively, and overall mediated killing of 80% of these strains. The
breadth of this killing activity is comparable to that seen previously when we examined
the ability of rHia-specific immune sera to mediate killing of this same set of strains (21).
Of the 20 Hia-expressing strains susceptible to killing, 10 strains were killed by both
antisera while the remaining 10 were killed by only one of the two antisera. For both
the HMW1/HMW2-expressing and the Hia-expressing strains, there was no obvious
relationship between susceptibility to opsonophagocytic killing of individual strains by
individual antisera and their anatomic site of isolation.

Chinchilla protection experiments with HMW1/HMW2 and OMVs. We next
examined the ability of the OMV preparations to induce protective immunity in vivo
using the chinchilla otitis media model. We previously demonstrated that immunization
of chinchillas with purified HMW1/HMW2 proteins provided partial protection against
acute otitis media when animals were challenged with homologous NTHi strain 12 (14).
In the work described here, NTHi strain 12 HMW1/HMW2 proteins and OMVs purified
from strain 12 were used as immunogens in the two experiments summarized in Table 3.
Animals received three monthly subcutaneous injections with 100 �g of purified strain
12 HMW1/HMW2 proteins, 250 �g of strain 12 OMVs, or both preparations in combi-

TABLE 1 Opsonophagocytic killing of HMW1/HMW2-expressing NTHi mediated by anti-
OMV and OMV/Hia antisera

Antiserum No. of strains tested No. (%) of strains killed

5 OMV/Hia 65 18 (28)
12 OMV 65 24 (37)
15 OMV/Hia 65 30 (46)
Any of the three antisera 65 39 (60)

TABLE 2 Opsonophagocytic killing of Hia-expressing NTHi mediated by anti-OMV/Hia
antisera

Antiserum No. of strains tested No. (%) of strains killed

5 OMV/Hia 25 17 (68)
15 OMV/Hia 25 14 (56)
Either of the two antisera 25 20 (80)
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nation. Control animals received Freund’s adjuvant alone. All animals in both experi-
ments were inoculated on day 0 with 103 CFU of NTHi strain 12 in the left middle ear
space. Middle ear otoscopy was performed every 2 to 3 days for the next 10 days and
left middle ear aspiration was performed every 4 days, whether or not tympanic
membrane inflammation or an effusion was observed by otoscopy. In our hands,
middle ear challenge with this dose of NTHi strain 12 uniformly leads to the develop-
ment of acute otitis media in nonimmune animals. By 2 to 3 days after inoculation, all
nonimmune animals will have developed marked middle ear inflammation with
culture-positive middle ear effusions that persist for up to 3 weeks (14).

As summarized in Table 3, following challenge with NTHi strain 12 all control
animals that received Freund’s adjuvant alone in experiment 1 developed acute otitis
media, as did two of three animals that were immunized with HMW1/HMW2 proteins
alone. Middle ear fluid recovered from the middle ear spaces of the four control animals
had bacterial concentrations ranging from 106 to 108 CFU per ml on both the day 4 and
day 8 aspirations. Middle ear fluid recovered from the two infected HMW1/HMW2
immunized animals had bacterial concentrations ranging from 104 to 106 CFU per ml.
In contrast, all six animals immunized with strain 12 OMVs, with or without HMW1/
HMW2 proteins, were protected against the development of culture-positive otitis
media. Five of the six OMV-immunized animals never developed tympanic membrane
inflammation or had any fluid recoverable from the middle ear space with aspiration.
A single animal in the OMV-immunized group developed transient tympanic mem-
brane inflammation and had a small amount of middle ear fluid recoverable on
aspiration. That fluid was sterile when cultured for the presence of NTHi.

In experiment 2, all control animals immunized with Freund’s adjuvant alone
developed otoscopic evidence of acute otitis media that was associated with the
development of mucopurulent middle ear effusions by 3 days after challenge. Bacterial
concentration in the recovered middle ear fluids ranged from 108 to 109 CFU per ml on
both day 4 and day 8. In contrast, all eight animals immunized with the strain 12 OMVs,
with or without HMW1/HMW2 proteins, were completely protected against the devel-
opment of acute otitis media. None of the OMV-immunized animals in this experiment
had any evidence of tympanic membrane inflammation throughout the course of
observation and none developed middle ear fluid recoverable by aspiration.

Characterization of NTHi strains recovered from middle ear aspirates and
assessment of the functional activity of chinchilla immune sera. We next charac-
terized the NTHi strains recovered from the culture-positive middle ear fluid specimens
of the control animals and from the HMW1/HMW2-immunized animals for HMW1/
HMW2 expression. NTHi strains recovered from the middle ear fluid specimens of
control animals demonstrated normal levels of HMW1/HMW2 production (Fig. 5, lanes
1 and 2). In contrast, NTHi strains recovered from middle ear fluid specimens of
HMW1/HMW2-immunized animals were uniformly downregulated in HMW1/HMW2
protein expression (Fig. 5, lanes 3 and 4). This phenomenon of selection for strains that

TABLE 3 Protection against NTHi infection mediated by immunization of chinchillas with
strain 12 HMW1/HMW2 and OMV preparations

Expt no. Immunogen

No. of animals

TitercChallenged Infected

1 Freund’s 3 3a �1:10
Strain 12 HMW 3 2 �1:10
Strain 12 OMV 3 0a �1:320
Strain 12 OMV � strain 12 HMW 3 0a �1:320

2 Freund’s 4 4b �1:10
Strain 12 OMV 4 0b �1:320
Strain 12 OMV � strain 12 HMW 4 0b �1:320

aP � 0.014, Fisher exact test.
bP � 0.002, Fisher exact test.
cOpsonophagocytic titer versus HMW1/HMW2 downregulated strain 12.
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are downregulated in HMW1/HMW2 protein expression in the face of immune pressure
was described earlier in this model (14) and has been repeatedly observed in subse-
quent experiments in our laboratory.

We next examined the ability of sera from animals in the various experimental
groups to mediate opsonophagocytic killing of the NTHi strain 12 challenge strain, as
well as NTHi strains recovered from Freund’s control animals and from HMW1/HMW2-
immunized animals. None of the pre-immune sera mediated killing of the challenge
strain, the Freund’s control middle ear strains, or the HMW1/HMW2-downregulated
strains recovered from the HMW1/HMW2-immunized animals. Similarly, none of the
immune sera collected immediately prechallenge from the Freund’s immunized control
groups mediated killing of the challenge strain, the Freund’s control strains, or the
HMW1/HMW2-downregulated strains. In contrast, prechallenge immune sera from all
chinchillas immunized with HMW1/HMW2 alone, OMVs alone, or OMVs in combination
with HMW1/HMW2 mediated killing of the challenge strain and the Freund’s control
middle ear strains at titers �1:320. Prechallenge sera from the three animals immunized
with HMW1/HMW2 alone, two of whom developed infection, had opsonophagocytic
titers of �1:10 against the HMW1/HMW2-downregulated strains (Table 3). Prechallenge
sera from the OMV-immunized animals retained their ability to mediate killing of the
HMW1/HMW2-downregulated strains at titers �1:320.

As an example, shown in Fig. 6 are results of an opsonophagocytic assay in which
prechallenge sera from an HMW1/HMW2-immunized animal that developed infection
and from an OMV-immunized animal that did not develop infection were compared.
Each sample was assessed for its ability to mediate killing of a Freund’s control middle
ear strain and an HMW1/HMW2-downregulated middle ear strain recovered from an
HMW1/HMW2-immunized animal. As can be seen, both sera mediated high-titer killing
of the Freund’s control strain, but only the serum sample from the OMV-immunized
animal mediated significant killing of the HMW1/HMW2-downregulated strain. These
results mirror those seen with the prechallenge immune sera from the other HMW1/
HMW2- and OMV-immunized animals.

DISCUSSION

Two research groups have previously characterized representative naturally released
NTHi OMVs in detail (25, 32, 33). These groups defined the protein content of their
OMVs using tandem mass spectrometry and found them to be enriched in several of
the major outer membrane proteins, including P2 (35), P5 (36), and P6 (37), as well as

FIG 5 Western immunoblot assay with cell suspensions of NTHi recovered from two representative
animals from the Freund’s control group (lanes 1 and 2) and from the two HMW1/HMW2 immunized
animals that developed infection (lanes 3 and 4), all probed with an HMW1/HMW2-specific monoclonal
Ab pool. Values corresponding to molecular weight standards are given on the left.
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in the high molecular weight HMW1/HMW2 proteins (14). These other groups also
defined the fatty acid and phospholipid composition of their OMVs using gas and
thin-layer chromatography. Palmitic acid was found to be the most abundant fatty acid
and phosphatidylethanolamine was the major phospholipid. One of these groups also
examined the ability of NTHi OMVs to protect against nasal colonization of mice after
intranasal immunization followed by intranasal challenge. These investigators reported
protection against colonization with the homologous NTHi strain and one heterologous
strain (33). No other formal studies of NTHi OMVs as vaccine candidates have been
reported to date.

Several different methods have been described in the literature for purification of
outer membrane vesicles from Gram-negative bacteria, including those of NTHi (24, 25,
32, 33). When we initiated our project, we attempted to recover so-called naturally
released outer membrane vesicles from culture supernatants of our NTHi strains grown
in bulk liquid culture, but recovery of vesicles was negligible. Thus, as an alternative, we
used a purification method that closely mirrored that described for purification of OMVs
from Neisseria meningitidis (31). We have not performed formal biochemical character-
izations of our OMV preparations to date, but the proteins demonstrable when the
preparations were visualized on standard SDS-polyacrylamide gels included the major
outer membrane proteins P1, P2, P5, and P6, as well as the HMW1/HMW2 and Hia
proteins (Fig. 2 and 3). As noted above, each of these proteins was also detected in the
NTHi OMV preparations previously characterized by others (25, 32, 33). Each of these
proteins has been demonstrated capable of inducing functionally active antibodies in
vitro and in vivo (14, 35, 37–39). The presence of multiple potentially protective antigens
in the NTHi OMV preparations makes the OMVs themselves attractive as possible compo-
nents of protective NTHi vaccines.

The strain heterogeneity of NTHi is a challenge that must be addressed by any
successful NTHi vaccine candidate (40, 41). Efforts to develop effective broad-based
NTHi vaccines based upon single purified antigens have met with limited success to
date, in part because of this strain heterogeneity (8). We previously demonstrated that
antisera raised against representative HMW1/HMW2 proteins and recombinant Hia
proteins could provide relatively broad-based opsonophagocytic killing of homologous
and heterologous NTHi (21), but even a vaccine based upon these proteins would likely
require a number of different representative antigens. OMVs, which contain many
different surface-accessible antigens, could conceivably provide more broad-based cover-
age than the single antigen preparations studied to date, but data in support of this
idea are limited. We assessed the ability of the OMVs prepared from representative

FIG 6 Opsonophagocytic assay with sera from an HMW1/HMW2-immunized (indicated as HMW) and an
OMV-immunized (indicated as OMV) chinchilla, each assayed against a NTHi strain recovered from the
middle ear fluid of a Freund’s immunized animal (indicated as Control) or an HMW1/HMW2-
downregulated strain recovered from the middle ear fluid of an HMW1/HMW2-immunized and infected
animal (indicated as HMW Down).
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prototype NTHi to mediate killing of a large panel of NTHi strains. It was notable that
OMVs from just three strains, two of which were also engineered to express Hia, could
mediate killing of 60% of unrelated HMW1/HMW2-expressing and 80% of unrelated
Hia-expressing NTHi strains. As noted earlier, almost all NTHi strains express either
HMW1/HMW2 or Hia proteins (15). Thus, these data suggest that a relatively small
number of OMVs might be capable of eliciting antibodies capable of mediating killing
of the majority of NTHi. Whether a vaccine with less than complete coverage for all
NTHi strains might ultimately lead to the emergence of “nonvaccine” strains as pre-
dominant causes of disease in the population at large is unknown. However, that
theoretic concern should not preclude preclinical studies of OMV-based vaccines, given
the current state of the NTHi vaccine development field.

One major reason for our study of the NTHi OMVs was to test the hypothesis that
they might serve as supplemental vaccine components for HMW1/HMW2- and/or Hia-
based vaccines. We previously reported that HMW1/HMW2 immunization can provide
protection against NTHi otitis media in the chinchilla model (14). However, in this
model, the development of otitis media in HMW1/HMW2-immunized animals is invari-
ably associated with the appearance of HMW1/HMW2-downregulated strains (14, 42).
We reasoned that by combining the HMW1/HMW2 proteins with other NTHi antigens
to generate a more robust and broad-based immune response, one might prevent the
emergence of such downregulated strains. The results of the chinchilla protection
experiments presented above are consistent with this idea. When chinchillas were
immunized with HMW1/HMW2 proteins alone, they developed serum antibodies that
mediated high-titer killing of the NTHi strain 12 challenge strain, but these same
antibodies were unable to mediate killing of the HMW1/HMW2-downregulated strains
recovered from the middle ear fluids of infected animals. In contrast, animals immu-
nized with OMV preparations alone or OMV preparations in combination with HMW1/
HMW2 proteins were protected against infection and retained the ability to mediate
high-titer killing of both the challenge strain and the HMW1/HMW2-downregulated
strains (Table 3).

In summary, in this study we have demonstrated that antisera raised against
prototype NTHi OMVs mediate relatively broad-based opsonophagocytic killing of
homologous and heterologous NTHi strains and that immunization with prototype
OMVs provides solid protection against homologous bacterial challenge in the chin-
chilla model of NTHi otitis media. These data suggest that NTHi OMVs hold potential as
components of protective NTHi vaccines, possibly in combination with HMW1/HMW2
and Hia proteins.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The 90 NTHi bacterial strains studied in this work have

been described in our previous work (21). These isolates were collected during episodes of clinical
disease from children and a few adults between 1975 and 2011. The source patients were drawn from
a wide geographic region, with isolates included from Alabama, Michigan, Missouri, New York, Ohio, and
Pennsylvania. Of these isolates, 44 were cultured from middle ear effusions collected by tympanocentesis
or directly from middle ear drainage, 21 were isolated from blood cultures, 13 were cultured from
respiratory tract secretions of patients with acute infection, seven were cultured from eye drainage of
patients with acute conjunctivitis, and four were cultured from cerebrospinal fluid. Many of these strains
have been described in detail in earlier work from our laboratory and they represent a very heteroge-
neous population of organisms (15, 18, 20, 21, 30, 43).

NTHi strains were identified as such by standard methods and each was classified as nontypeable by
clinical appearance of the bacterial colonies on chocolate agar plates and by failure to agglutinate with
a panel of typing antisera for Haemophilus influenzae types a to f (Burroughs Wellcome Co., Research
Triangle Park, NC) (44). Each of the 25 strains recovered from blood or cerebrospinal fluid was also
examined for the presence of capsular genes by PCR using methods described by Satola and coworkers
(45). None of these invasive isolates demonstrated the presence of capsular genes. All NTHi strains were
stored at �70°C in skim milk within two or three subpassages of initial clinical isolation. NTHi strains were
grown on chocolate agar or in brain heart infusion broth supplemented with hemin and NAD, as
previously described (18, 30).

Purification of native HMW1/HMW2 proteins. HMW1/HMW2 proteins were purified from NTHi
strains using previously described methods (30). In brief, a frozen bacterial stock culture was streaked
onto chocolate agar and allowed to grow overnight at 37°C. The following day, 5 to 10 colonies were
used to inoculate a starter culture that was grown to mid-log phase and then used to inoculate six large
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flasks containing supplemented brain heart infusion (BHI) broth and were then grown to an optical
density of 1.5. Bacteria were pelleted by centrifugation and frozen overnight. The following day, pellets
were incubated in a buffered extraction solution for 1 h on ice followed by high-speed centrifugation to
remove the cellular debris. The supernatant containing soluble HWW1/HMW2 proteins was ultracentri-
fuged to remove membrane fragments and then passed over an ion-exchange column followed by a gel
filtration column. Fractions containing the purified proteins were pooled and maintained at �70°C.

Purification of NTHi outer membrane vesicles. NTHi OMV preparations were purified using
methods adapted from those used to purify OMVs from Neisseria meningitidis (31). A frozen NTHi
bacterial stock culture was streaked onto chocolate agar and allowed to grow overnight at 37°C. The
following day, a starter culture was grown to mid-log phase and used to inoculate two large flasks
containing supplemented BHI broth. The bacteria were shaken and grown to an optical density of 1.5
before pelleting by centrifugation and then frozen overnight. The next day, the pellets were thawed,
resuspended, and maintained in 40 ml of extraction buffer at 56°C for 30 min. The suspension was
transferred to an ice bath and sonicated with a fine tip probe for 15 s � 4. The resulting suspension was
centrifuged twice at 14,000 � g to remove cellular debris. The supernatant was then ultracentrifuged at
100,000 � g for 60 min to pellet the OMVs and the purified OMVs were maintained at �70°C until
needed.

Transmission electron microscopy. To visualize the NTHi OMVs by transmission electron micros-
copy, 2 �l of the OMV preparation (0.5 mg/ml [protein equivalent]) was allowed to adsorb onto a
Formvar/carbon-coated copper grid for 15 s. After removal of excess liquid by blotting onto filter paper,
the samples were negatively stained with 2% uranyl acetate for 15 s and excess uranyl acetate was
blotted off. The grids were briefly dipped in distilled water prior to being air dried. Micrographs were
recorded using a JEOL 1200EX transmission electron microscope at 80kV.

Generation of HMW1/HMW2 and OMV antisera in guinea pigs. Guinea pig antisera were prepared
using our standard methods (21). In brief, guinea pigs received four or five monthly subcutaneous
injections with 100 to 250 �g of total protein administered every 4 weeks. The first dose was mixed with
Freund’s complete adjuvant and subsequent doses with incomplete Freund’s. Serum antibody responses
were monitored by enzyme-linked immunosorbent assay (ELISA) and Western immunoblotting using
purified HMW1/HMW2, Hia, or OMV proteins as target antigens. Once sufficient antibody titers were
achieved, the sera were assessed for their ability to mediate opsonophagocytic killing in the assay
described below.

In vitro assessment of opsonophagocytic activity. Opsonophagocytic activity of guinea pig antisera
and chinchilla immune sera was measured as described previously (12, 21, 30). In brief, 10 �l of test
serum was added to a capped tube followed by 20 �l of a bacterial suspension containing �5 � 103 CFU
of the NTHi test strain. Tubes were incubated with shaking at 37°C for 30 min to allow antibodies to
opsonize the bacteria. Next 15 �l of complement was added to each tube, followed by 60 �l of a
suspension of differentiated HL-60 cells. The HL-60 cells were used at a target cell ratio of 100:1 HL-60
cells to bacteria. Tubes were incubated with shaking at 37°C for 90 min to promote phagocytosis. After
incubation, 10 �l from each tube was plated onto a chocolate agar plate and spread for subsequent
counting of viable colonies the following day after overnight incubation at 37°C. The immune sera were
screened at a 1:10 dilution and any bacterial strain susceptible to killing at that dilution was considered
to be susceptible to killing by that antiserum.

Immunogenicity and protective ability of vaccine formulations in chinchillas. Animals were immu-
nized with three monthly subcutaneous injections of the protein or protein/OMV preparations admixed
in Freund’s adjuvant (14). Serum antibody responses were quantified by ELISA and by measurement of
opsonophagocytic activity (30). Animals were challenged by direct middle ear inoculation via the
epitympanic bullae with 103 CFU of freshly grown log-phase bacteria (14). This dose reproducibly causes
acute otitis in nonimmune animals. The course of middle ear disease was monitored by otoscopy,
aspiration of middle ear fluid, and quantitative culture of the sampled fluid (14). Otoscopy was performed
every 2 to 3 days after bacterial challenge and middle ear aspiration was performed every 4 days,
whether or not otoscopic examination demonstrated the presence of tympanic membrane inflammation
or middle ear effusion. Middle ear fluid specimens were cultured quantitatively overnight on chocolate
agar plates and bacterial colonies were counted the following morning. Any recovered NTHi isolates
were saved as frozen skim milk stocks for later analyses (see below). Protection was assessed by
comparing the number and percentage of animals with culture-positive otitis media in the various
experimental groups and by comparing the bacterial densities in middle ear fluid specimens collected
from animals in the experimental subgroups. All animal experiments complied with federal and institu-
tional guidelines and were approved by the local Institutional Animal Care and Use Committee under
protocol number 2177.

Western immunoblot analyses of HMW1/HMW2 protein expression. NTHi isolates from individual
middle ear fluid specimens were recovered from frozen bacterial stocks by streaking onto chocolate agar
and allowing the specimens to grow at 37°C overnight. The following day, cell suspensions of each
isolate were prepared in phosphate-buffered saline (PBS) and the optical density of the cell suspensions
was adjusted to an absorbance reading of 1.0. Exactly 15 �l of each cell suspension was then solubilized
in electrophoresis sample buffer, loaded into an individual lane of a 7.5% acrylamide gels, subjected to
SDS-PAGE, and then transferred to nitrocellulose with a Genie electrophoretic blotter (Idea Scientific
Company, Corvallis, OR) for 45 min at 24 V. After transfer, the nitrocellulose sheet was blocked and then
probed sequentially: first with a pool of murine monoclonal antibodies that recognize epitopes on the
HMW1/HMW2 proteins, second by alkaline phosphatase-conjugated goat anti-mouse IgG antibody
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(Bio-Rad). Bound antibodies were detected by incubation with nitroblue tetrazolium–5-bromo-4-chloro-
3-indolylphosphate toluidinium (BCIP) solution.

Statistical analyses. The Fisher exact test was employed to compare the proportions of animals
infected in the control and immunized groups. To compare the middle ear fluid bacterial densities in
infected animals in the control and immunized groups, the data were log transformed and then
compared with the Mann-Whitney U test.
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