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The gram-negative bacterium nontypeable Haemophilus influenzae (NTHI) is the predominant pathogen in
chronic otitis media with effusion and, with Streptococcus pneumoniae and Moraxella catarrhalis, is a causative
agent of acute otitis media. To identify potential virulence determinants, bacterial gene expression was
monitored by differential fluorescence induction during early disease progression in one specific anatomical
niche of a chinchilla model of NTHI-induced otitis media. Genomic DNA fragments from NTHI strain
86-028NP were cloned upstream of the promoterless gfpmut3 gene. NTHI strain 86-028NP served as the host
for the promoter trap library. Pools of 2,000 transformants were inoculated into the left and right middle ear
cavities of chinchillas. Middle ear effusions were recovered by epitympanic tap at 24 and 48 h, and clones
containing promoter elements that were induced in vivo and producing green fluorescent protein were isolated
by two-color fluorescence-activated cell sorting. Insert DNA was sequenced and compared to the complete
genome sequence of H. influenzae strain Rd. In a screen of 16,000 clones, we have isolated 44 clones that contain
unique gene fragments encoding biosynthetic enzymes, metabolic and regulatory proteins, and hypothetical
proteins of unknown function. An additional eight clones contain gene fragments unique to our NTHI isolate.
Using quantitative reverse transcription-PCR, we have confirmed that 26 clones demonstrated increased gene
expression in vivo relative to expression in vitro. These data provide insight into the response of NTHI bacteria

as they sense and respond to the middle ear microenvironment during early events of otitis media.

Otitis media (OM) is a highly prevalent pediatric disease
worldwide and is the primary cause for emergency room visits
by children (24). While it is rarely associated with mortality any
longer, the morbidity associated with OM is significant. Hear-
ing loss is a common problem associated with this disease,
often affecting a child’s behavior, education, and development
of language skills (7, 23, 43). The socioeconomic impact of OM
is also great, with direct and indirect costs of diagnosing and
managing OM exceeding $5 billion annually in the United
States alone (25).

Whereas antibiotic therapy is common and the surgical
placement of tympanostomy tubes has been successful in terms
of draining effusions, clearing infection, and relieving pain
associated with the accumulation of fluids in the middle ear,
the emergence of multiple antibiotic-resistant bacteria and the
invasiveness of tube placement have revealed the need for
more effective and accepted approaches to the management
and, preferably, the prevention of OM. Progress in vaccine
development is most advanced for Streptococcus pneumoniae,
the primary causative agent of acute OM (AOM), as evidenced
by the recent approval and release of a heptavalent pneumo-
coccal conjugate vaccine (19). While this vaccine has been
highly efficacious for invasive pneumococcal disease and pneu-
mococcal AOM, reports indicate an increased number of
AOM cases due to serotypes not included in the vaccine (10,
20, 36, 40). Less progress has been made for nontypeable
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Haemophilus influenzae (NTHI), the gram-negative pathogen
that predominates in chronic OM with effusion (27, 41). Con-
tributing to this delay is our lack of understanding of the
dynamic interplay between microbe-expressed virulence fac-
tors and the host’s immune response as the disease progresses
from a condition of host immunological tolerance of a benign
nasopharyngeal commensal to the presence of an opportunistic
invader in the normally sterile middle ear space.

We hypothesize that NTHI expresses a number of as yet
unidentified genes important to the ability of this organism to
cause OM and further that NTHI utilizes a set of genes that
are known but whose role in pathogenesis is unclear or unsus-
pected. A number of molecular biology techniques have re-
cently been developed that facilitate the identification and
analysis of previously uncharacterized virulence-associated fac-
tors, both those that are constitutively expressed and those that
are differentially expressed during disease progression. Thus,
in order to identify genes that are differentially expressed in a
chinchilla model of NTHI infection of the middle ear, we
constructed a green fluorescent protein (GFP) promoter trap
system. Differential fluorescence induction (DFI) is an enrich-
ment strategy that takes advantage of the expression of GFP
from the jellyfish Aequorea victoria to identify genes expressed
under various environmental conditions. When DFI is com-
bined with fluorescence-activated cell sorting (FACS), fluores-
cent bacterial clones are isolated from a library of clones that
contain the gfp reporter gene downstream of random frag-
ments of H. influenzae DNA, thus identifying a subset of Hae-
mophilus inserts containing promoters that are regulated by
environmental signals.

DFI has been successfully utilized for many microorganisms.
Dhandayuthapani and coworkers employed a GFP reporter
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system and flow cytometry to study mycobacterial gene expres-
sion upon interaction with macrophages (16). Falkow and co-
workers constructed a promoter trap system to identify genes
whose transcription was increased when salmonellae were sub-
jected to environments simulating in vivo growth and when
Salmonella enterica serovar Typhimurium was internalized by
cultured macrophage-like cells (45-47). Recently, DFI has
been used to identify promoters expressed in S. pneumoniae
and Staphylococcus aureus when these organisms were grown
under varied in vitro conditions simulating infection (32, 39).
In addition, DFI has been utilized to study gene regulation in
Bacillus cereus in response to environmental stimuli (17), in S.
pneumoniae in response to a competence stimulatory peptide
(9), and in Bartonella henselae (28), Listeria monocytogenes
(583), Brucella abortus (21), Escherichia coli (2), and Shigella
flexneri (37) upon interaction with and invasion of host cells.

In this work, bacteria from middle ear fluids recovered by
epitympanic tap were fluorescently “tagged” with a fluoro-
chrome-labeled antibody specific for bacterial outer membrane
proteins to aid in our ability to isolate these clones from effu-
sions. Bacteria were isolated by sorting cells positive for GFP
fluorescence. Using this DFI methodology, we have identified
a set of clones with increased promoter activity in vivo and
confirmed gene expression by quantitative reverse transcrip-
tion-PCR (RT-PCR).

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. NTHI strain 86-028NP is
a minimally passaged clinical isolate obtained from a pediatric patient who
underwent tympanostomy and tube insertion for chronic OM with effusion at
Columbus Children’s Hospital. Strain 86-028NP has been extensively character-
ized in chinchilla models of OM (5, 26, 42). The strain has been maintained
frozen in skim milk containing 20% (vol/vol) glycerol. Plasmid pGZRS-39A,
obtained from S. West and coworkers, is an E. coli-Actinobacillus pleuropneumo-
niae shuttle vector that contains the origin of replication from an A. pleuropneu-
moniae plasmid, the lacZa region containing the multiple cloning site from
pUC19, and the kanamycin resistance gene from Tn903 (52). The promoter trap
vector was constructed by cloning the gfpmut3 gene (14) as a BamHI-to-EcoRI
fragment into pGZRS-39A to form pRSM2169. This plasmid was transformed by
electroporation into NTHI strain 86-028NP, generating the parent-plasmid
strain  86-028NP/pRSM2169. Strains 86-028NP/pRSM2211 and 86-028NP/
pKMM4BS5 are modifications of the promoter trap vector containing either the
strong promoter for outer membrane protein P2 or a 152-bp gene fragment from
strain 86-028NP cloned into a unique BamHI site upstream of the gfpmut3 gene,
respectively. NTHI was grown on chocolate agar containing 20 pg of kanamy-
cin/ml (Gibco BRL Life Technologies) or in brain heart infusion (BHI) broth
(Difco Laboratories) supplemented with 2 pg of hemin chloride/ml (dissolved in
20 mM NaOH; Sigma) and 2 pg of NAD (Sigma)/ml (sBHI) and was incubated
at 37°C under 5% CO,.

Construction of an NTHI gfp library. Random genomic DNA fragments were
prepared for ligation into the promoter probe vector. Genomic DNA was iso-
lated from strain 86-028NP by using the Puregene DNA isolation kit (Gentra
Systems) according to the manufacturer’s protocol. DNA was partially digested
with Sau3AI (0.25 U/ug of DNA; New England Biolabs) for 1 h at 37°C and then
separated by gel electrophoresis, and DNA fragments of 0.5 to 1.5 kb were
recovered using the Qiagen gel extraction kit. For vector preparation,
pRSM2169 was isolated from an overnight culture by using the Wizard Plus
Maxiprep DNA purification system (Promega) according to the manufacturer’s
protocol. Plasmid DNA was linearized by BamHI digestion, and 5’ phosphate
groups were removed by treatment with calf intestinal alkaline phosphatase
(Gibco BRL Life Technologies). Genomic DNA fragments were ligated with the
linearized, phosphatase-treated vector (38) and electroporated into competent
NTHI strain 86-028NP prepared for electroporation according to a modified
protocol (34). Briefly, cells were grown to an optical density at 600 nm (ODg)
of 0.3 in sBHI broth at 37°C and 220 rpm. Cells were chilled on ice for 30 min
and subsequently washed with an equal volume of 0.5X SG (1X SG is 15%
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glycerol plus 272 mM sucrose) at 4°C. Washes were repeated a total of three
times. Following washes, cells were suspended in 1X SG to a 100-fold concen-
trated volume. Cells were electroporated using the Bio-Rad Gene Pulser II set
at 200 Q, 2.5 kV, and 25 pF. Cells were diluted in 1 ml of prewarmed sBHI,
incubated for 2 h at 37°C under 5% CO,, and plated on chocolate agar for
overnight growth of transformants. Transformants were selected and frozen in
pools of 1,000 clones in skim milk containing 20% (vol/vol) glycerol. A 68,000~
member gfp promoter probe library was generated for use in this study. Accord-
ing to the probability calculation of Clarke and Carbon (13), in order to achieve
a 99% probability of having a given DNA sequence represented in a library of
300-bp fragments of strain 86-028NP DNA (1.8 X 10° bp/genome), we would
need a library of 27,629 clones. Our library represents 2.5-fold coverage of the
86-028NP genome.

Animal infection model. Healthy adult chinchillas (Chinchilla lanigera) with no
evidence of middle ear infection by either otoscopy or tympanometry were used
to screen the library for promoter activity in vivo. This chinchilla model of
NTHI-induced OM has been well characterized (3, 4, 42) and has been used to
determine the protective efficacy of several NTHI outer membrane proteins,
combinations of outer membrane proteins, chimeric synthetic peptide vaccine
components, and adjuvant formulations as vaccinogens against OM (5, 6, 26).
Two pools of the NTHI/pRSM2169 library (1,000 clones each) were grown
overnight on chocolate agar containing kanamycin. The library was combined
and subjected to one round of FACS analysis, collecting the 50% of the popu-
lation that was least fluorescent. Sorted clones were plated on chocolate agar
overnight and subsequently diluted in cold 10 mM phosphate-buffered saline
(PBS) to 3.3 X 10° CFU/ml, and 300 pl (1.0 X 10° CFU; 500 CFU/clone) each
was used to inoculate the left and right transbullar cavities (2,000 clones/ear) of
two chinchillas. Twenty-four and 48 h later, middle ear fluids were retrieved by
epitympanic tap and prepared for FACS.

Flow cytometry and FACS. Chinchilla middle ear fluids were diluted, if nec-
essary, to 250 pl with sterile saline. An equal volume of N-acetyl-L-cysteine
(0.5%, wt/vol) in Dulbecco’s buffered saline (pH 7.4) was added for 5 min at
room temperature as a mucolytic agent (35). Fluids were centrifuged (at 300 X
g for 5 min) to remove cellular debris, red blood cells, and inflammatory cells,
and supernatants containing bacteria were transferred to a fresh tube. Bacteria
were incubated with a chinchilla antiserum (1:50 dilution) directed against a
whole-outer-membrane-protein preparation derived from NTHI strain 86-
028NP for 45 min at 4°C, pelleted by centrifugation (at 2000 X g for 5 min), and
washed twice with cold DPBS containing 0.05% bovine serum albumin. Bacteria
were subsequently labeled with a cross-reactive, Phycoprobe R-phycoerythrin
(R-PE)-conjugated anti-human IgG (heavy plus light chains) antibody (10 pg/ml
in 100 pl of PBS; Biomeda Corp) for 30 min at 4°C. After three successive washes
to remove unbound antibody, cells were resuspended in 300 wl of DPBS for
FACS analysis. As controls for sorting, strains 86-028NP/pRSM2169 (negative
control), 86-028NP/pKMM4B5 (intermediate fluorescent control), and 86-
028NP/pRSM2211 (highly fluorescent control) were resuspended from growth
on chocolate agar and labeled as described above. These control preparations
were used to set the appropriate size and fluorescence gates by using a Coulter
Epics Elite flow cytometer equipped with an argon laser emitting at 488 nm.
Bacteria were gated for size based on log forward angle and side scatter detection
and for sorting by fluorescein isothiocyanate and PE labeling of bacteria. Sorted
cells were collected into cold sBHI and plated on chocolate agar. After overnight
growth, cells were collected for a secondary round of infection or were individ-
ually selected and grown overnight, screened by individual clone for fluorescence
when grown in vitro, and frozen in skim milk containing 20% (vol/vol) glycerol
prior to plasmid isolation and sequencing of insert DNA. The efficiency of
sorting of control strains and screening of isolated clones were confirmed by
using a Coulter EPICS flow cytometer.

Plasmid isolation and sequencing of insert DNA. Those clones isolated by
FACS analysis (positive for GFP fluorescence in vivo) and screened for the
absence of fluorescence in vitro were grown overnight on chocolate agar plates
containing kanamycin and prepared for plasmid isolation by using the Qiaprep
Miniprep Kit (Qiagen) according to the manufacturer’s protocol. Plasmid insert
DNA was sequenced using primer 5'-TGCCCATTAACATCACCATCTA-3',
which is complementary to the gfpmut3 gene and downstream of the insert DNA.
Sequencing reactions were performed using the ABI Prism BigDye terminator
cycle sequencing ready reaction kit (Applied Biosystems) according to manufac-
turer’s protocol with a GeneAmp PCR System 9700 (Applied Biosystems). The
reaction products were then purified by passage through Sephadex G-50 in a
96-well multiscreen HV plate (Millipore) and subsequently analyzed on an ABI
Prism 3100 DNA analyzer (Applied Biosystems). Insert sequences were analyzed
against the complete annotated sequence of H. influenzae strain Rd. Those
inserts with no nucleotide homology to strain Rd were subsequently analyzed
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FIG. 1. Plasmid pGZRS39A, a derivative of pGZRS-1 isolated
from A. pleuropneumoniae, is an A. pleuropneumoniae-E. coli shuttle
vector (52). This plasmid contains the lacZa gene from pUC19 and the
kanamycin resistance gene from Tn903. The gfpmut3 gene (14) was
cloned as a BamHI-to-EcoRI fragment into pGZRS39A to produce
pRSM2169.

using the BlastN and BlastX algorithms via the National Center for Biotechnol-
ogy Information (NCBI) web server. Further sequence analysis was performed
with DNAstar (Madison, Wis.) software.

RNA isolation. RNAs were isolated from strain 86-028NP that had been grown
to mid-log phase in sBHI and from bacteria and cells contained in chinchilla
middle ear fluids recovered 48 h postinoculation by using the TRIzol LS reagent
(Gibco Life Technologies) according to the manufacturer’s protocol. DNA was
removed from the RNA preparation by using a DNA-free kit (Ambion) accord-
ing to the manufacturer’s protocol. DNase I-treated RNA samples were purified
by passage through a Qiagen RNeasy column. RNA purity and integrity were
assessed by 260- and 280-nm spectrophotometer readings and on the Agilent
2100 Bioanalyzer (Agilent Technologies), respectively. RNA was aliquoted and
stored at —80°C.

Quantitative RT-PCR. The relative gene expression of RNA samples obtained
in vitro versus that of RNA samples obtained in vivo was assessed by quantitative
RT-PCR using the one-step QuantiTect SYBR Green RT-PCR kit (Qiagen)
according to the manufacturer’s protocol. By using primers designed to amplify
a portion of the open reading frame (ORF) downstream of the putative in
vivo-induced promoters identified by FACS analysis, gene-specific mRNA was
reverse transcribed and amplified by RT-PCR on the ABI Prism 7700 sequence
detection system (Applied Biosystems). The amount of product was calculated
using a standard curve generated by amplifying a fragment of the gyrase gene
(gvr) from known amounts of bacterial genomic DNA (107 to 107 genomic copies
of DNA) by amplifying a fragment of the gyrase (gyr) gene. Controls were
analyzed in parallel to verify the absence of DNA in the RNA preparation as well
as the absence of primer dimers in control samples lacking template RNA. In
addition, RT-PCR products were analyzed by gel electrophoresis, and in all
cases, a single product was observed at the appropriate base pair size. Amounts
of bacterial RNA in different samples were normalized relative to expression of
gyr, which was shown to be constitutively expressed under various growth con-
ditions that we tested in vitro (data not shown).

RESULTS

Construction of an NTHI promoter trap library. Plasmid
PGZRS39A, a derivative of pGZRS-1 isolated from A. pleu-
ropneumoniae, is an A. pleuropneumoniae-E. coli shuttle vector
(52). This plasmid contains the origin of replication from A.
pleuropneumoniae, the lacZo gene from pUC19, and the kana-
mycin resistance gene from Tn903. Falkow and coworkers con-
structed a promoter probe construct to screen a Salmonella
library in vitro for promoters up-regulated under conditions
simulating the phagosomal environment as well as for those
induced in vivo in a macrophage-like cell line (45, 47). These
studies used a GFP mutant (gfpmut3) containing two amino
acid changes, S65G and S72A, that displayed enhanced fluo-
rescence emission when excited at 488 nm, had high solubility,
and showed fast kinetics of chromophore formation (14). We
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cloned the gfpmut3 gene into pGZRS39A to produce
pRSM2167 (Fig. 1).

For library generation, a Sau3Al partial digest of NTHI
strain 86-028NP genomic DNA was prepared and ligated into
BamHI-digested and alkaline phosphatase-treated pRSM2169.
Due to restriction barriers, we found it necessary to isolate
plasmid DNA from strain 86-028NP and use this for library
generation. When plasmid DNA was electroporated back into
NTHI strain 86-028NP, the transformation efficiency was im-
proved 1,000-fold. Thus, plasmids containing random genomic
DNA inserts 5 to the gfpmut3 gene were electroporated into
strain 86-028NP, generating a library of 68,000 clones. In order
to assess the quality of the library, 50 clones were selected at
random and grown overnight on chocolate agar, plasmids were
isolated, and insert DNA was sequenced. A majority (64%) of
the selected clones had inserts between 200 and 500 bp, while
those of 32% exceeded 500 bp. The majority of inserts showed
homology to H. influenzae strain Rd ORFs, and 15 clones had
sequences unique to strain 86-028NP DNA. Of those clones
with homology to strain Rd, 60% were in the correct orienta-
tion, 36% of which contained sequence upstream of an ORF
(data not shown). Although a majority of clones had inserts
smaller than 500 bp, no correlation was found between small
insert size and increased gfp expression. In fact, four clones
exhibited slight to moderate fluorescence in vitro; of these,
three had inserts between 200 and 500 bp and one had an
insert larger than 700 bp.

A fraction of the library (approximately 1,000 clones) was
grown on chocolate agar, harvested in PBS, and analyzed by
flow cytometry for GFP fluorescence (Fig. 2A). Compared to
strain 86-028NP/pRSM2169, which contains the promoter trap
vector without insert DNA, the pool of library clones displays
increased fluorescence intensity, resulting in a shift of the his-
togram. Thus, the library contains clones with promoters at
varying levels of activity.

FACS analysis of 86-028NP derivatives expressing GFP at
low, intermediate, and high levels. In order to establish the
FACS parameters necessary to identify and sort GFP-express-
ing bacteria, we utilized a panel of isolates demonstrating vary-
ing levels of GFP expression. Background fluorescence was
assessed using strain 86-028NP/pRSM2169; therefore, any ob-
served fluorescence would be due to the lacZa promoter driv-
ing gfp. However, this strain does not produce detectable levels
of GFP (see Fig. 2B) and in fact does not demonstrate in-
creased fluorescence relative to the parent strain 86-028NP
(data not shown). We generated a high-level GFP-expressing
isolate by cloning a 500-bp fragment containing the strong
promoter for outer membrane protein P2 expression into Sa/l-
BamHI-digested pRSM2169. This plasmid was transformed
into 86-028NP by electroporation, generating the high-level
GFP-expressing strain 86-028NP/pRSM2211. This strain dem-
onstrates a ~100-fold increase in GFP fluorescence relative to
strain 86-028NP/pRSM2169 (Fig. 2B). An intermediately flu-
orescent derivative clone, 86-028NP/pKMM4BS5, was isolated
by FACS analysis and used both in preliminary experiments
and as a control for cell sorting. Clone 86-028NP/pKMM4B5
exhibits a ~10-fold increase in fluorescence relative to strain
86-028NP/pRSM2169 (Fig. 2B).

Many plasmids are segregated rapidly in vitro in the absence
of antibiotic selection. Thus, in order to assess whether the
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FIG. 2. FACS analysis of GFP-expressing derivatives. (A) A mix-
ture of 1,000 clones from the promoter trap library (86-028NP/library)
(black overlay) was compared to strain 86-028NP/pRSM2169 (contain-
ing the promoter trap vector without insert DNA) (red histogram) for
GFP fluorescence. The library contains random gene fragments con-
taining promoters at various levels of activity. (B) H. influenzae strains
were grown for 16 h on chocolate agar supplemented with kanamycin.
Cultures were diluted in cold PBS (pH 7.4), adjusted to similar OD,q,
values, and analyzed with a Coulter Epics flow cytometer. The follow-
ing strains were analyzed for GFP expression: strain 86-028NP/
pRSM2211 (high fluorescence) (green overlay), strain 86-028NP/
pKMM4BS5 (intermediate fluorescence) (gray overlay), and strain 86-
028NP/pRSM2169 (no fluorescence) (red histogram).

promoter trap vector used here is prone to this event, a single
colony of strain 86-028NP/pRSM2211 was isolated on choco-
late agar and passaged 20 times in the absence of antibiotic
selection. No significant decrease in fluorescence intensity was
observed relative to that in bacteria grown in the presence of
an antibiotic (data not shown). In addition, the plasmid was
maintained in the absence of antibiotic selection in vivo. Sim-
ilar bacterial counts were observed when bacteria-containing
middle ear fluids collected from a chinchilla were plated on
chocolate agar with or without kanamycin (data not shown).
These data demonstrate that the promoter trap vector was
stably maintained in the absence of antibiotic selection. In
addition to problems with plasmid stability, early studies on the
use of GFP as a reporter to study host-pathogen interactions
demonstrated that GFP could be continuously synthesized as a
cytoplasmic protein with low toxicity, having minimal effects on
bacterial cell surface dynamics (12). The construction of a
high-level GFP-expressing derivative allowed us to assess GFP
toxicity on NTHI. Growth curves of the wild-type strain (86-

NTHI GENE EXPRESSION IN OTITIS MEDIA 3457

Post-sort
120{ B
£
=3
Pre-sort S 65%
. A Pd 10! 102 103 104
‘:&; GFP fluorescence
o
S i‘j 1.8% | ¢
! 120{C
10! 102 103 10t 4
GFP fluorescence g
=]
© 5%
10! 102 103 104

GFP fluorescence

FIG. 3. FACS separation of a mixed bacterial population enriches
for intermediately fluorescent bacteria. Strain 86-028NP/pRSM2169
was mixed with strain 86-028NP/pKMM4BS5 at a 100:1 ratio (presort)
and subjected to one round of FACS (A). Bacterial cells were sorted
by gating on the intermediately fluorescent (B) or low-fluorescence
(C) population and were analyzed for fluorescence by flow cytometry
(postsort). The percentage of the population within the marker gate is
given for each histogram.

028NP) and the high-level GFP-producing strain 86-028NP/
pRSM2211 grown under similar conditions were compared.
The growth rates were similar, indicating that GFP expression
was not toxic to the cells (data not shown).

The 86-028NP GFP-expressing derivatives were used to de-
fine the parameters for efficient cell sorting. Strain 86-028NP/
pRSM2169 was mixed with the intermediate-level GFP-ex-
pressing derivative, strain 86-028NP/pKMM4BS5, at a 100:1
ratio, simulating the in vivo environment, which is expected to
contain a small percentage of GFP-expressing clones relative
to the total bacterial population. This mixture was subjected to
FACS analysis, collecting the 1.8% of the population that was
most fluorescent and the 52% of the population that was least
fluorescent (Fig. 3). Flow cytometric analysis of the sorted
populations revealed an enrichment of strain 86-028NP/
pKMM4BS5 to 65% of the bacterial population, a phenomenon
that was not observed in sorting on the negative population.
Subsequent rounds of sorting would be expected to further
enrich for this intermediate fluorescent population. The inabil-
ity to decrease the amount of fluorescent bacteria in the neg-
ative sort was attributed to the size of the gate set for negative
sorting. We can enrich for cells with low-level or no GFP
expression by gating on the 10% of the population that is least
fluorescent (data not shown).

Direct labeling of bacteria from middle ear fluids increases
sorting efficiency. Having established the ability to sort fluo-
rescent from nonfluorescent clones in vitro, we used a similar
strategy to sort fluorescent clones from effusions obtained from
the chinchilla middle ear during AOM. Our ability to use DFI
in vivo was dependent on our ability to sort GFP-expressing
bacteria from nonfluorescent bacteria, fluorescent and non-
fluorescent cellular debris, and eukaryotic cells. Bacteria con-
stitute a low percentage (20%) of the total events detected in
an effusion sample as analyzed by FACS (see Fig. 4C). This
makes it difficult to sort based on GFP fluorescence even if one
also gates on bacteria by forward and side scatter. For this
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FIG. 4. Labeling of bacteria in effusions improves FACS analysis. (A and B) GFP-expressing bacteria (strain 86-028NP/pKMM4B5) were
incubated with a 1:50 dilution of a high-titer chinchilla antiserum directed against 86-028NP outer membrane proteins. Following incubation and
successive washes, the bacterial pellet was resuspended in buffer without (A) or with (B) R-PE-labeled goat anti-human IgG (heavy plus light
chains) at a concentration we had previously demonstrated to facilitate optimal cross-reactivity with the chinchilla antiserum (data not shown).
GFP-expressing bacteria tagged with the PE-labeled antibody were detected in quadrant R1 (compare panels A and B). (C) Labeling of bacteria
from effusions. This labeling methodology was used to identify GFP-expressing bacteria present in middle ear effusions, separating their signal from
that of background, debris, and eukaryotic cells. Bacteria were separated from the effusions by setting the sort gate (R1) as shown.

reason we found it advantageous to also label the bacteria with
another fluorochrome, R-PE, and collect only those particles
that were double labeled, specifically the bacteria that were
producing GFP and were labeled with R-PE. Bacteria were
thus incubated with a chinchilla-derived NTHI-specific outer
membrane protein antiserum and were subsequently labeled
with an R-PE-conjugated anti-human antibody that was found
to cross-react with the chinchilla antiserum (Fig. 4B). Labeling
the NTHI proved useful in collecting these GFP-expressing
bacteria. An effusion spiked with strain 86-028NP/pKMM4B5
(0.4%) was subjected to FACS analysis. A sorting gate was set
on this subpopulation (0.4%), and it was collected for subse-
quent analysis. A 100-fold increase in this subpopulation was
observed after only one round of sorting (data not shown). We
applied this bacterial labeling technique to the DFTI isolation
strategy described below to identify promoters induced in early
events of OM.

DFI strategy to identify promoters induced in vivo in AOM.
The promoter trap library was grown overnight on chocolate
agar. To select against those clones containing promoters that
induced GFP expression in vitro, the library was subjected to
one round of FACS analysis, collecting only those clones ex-
pressing low levels of GFP (shown schematically in Fig. 5).
These clones were pooled and used to inoculate the chinchilla
middle ear transbullarly. Following 24 and 48 h of infection,
bacterium-containing effusions were removed by epitympanic
tap. Bacteria were indirectly labeled with an R-PE-labeled
antibody and subjected to FACS analysis by gating on R-PE-
tagged bacteria but sorting for those that were also expressing
GFP. Following overnight growth on chocolate agar, bacteria
were screened for those not expressing GFP, and these clones
were used to infect additional animals for the library’s second
in vivo pass. Following the final round of sorting, single-colony
isolates were screened in vitro for lack of fluorescence. Those
clones not exhibiting fluorescence were prepared for plasmid
isolation and identification of the insert DNA sequence. Thus,

clones containing insert DNA in the correct orientation and
sequence 5’ to a predicted ORF containing a putative pro-
moter that was preferentially active when the organisms were
in the chinchilla middle ear and was down-regulated when the
clones were grown in vitro.

@ 1. Promoter Library
=

3. Infection Model

FIG. 5. Strategy for isolating clones containing promoters driving
gfp expression in vivo. (Step 1) A portion of the promoter trap library
was obtained by overnight growth on chocolate agar. (Step 2) Clones
containing promoters induced in vitro were removed by FACS. (Step
3) The remaining population was used for in vivo inoculation. (Step 4)
Following 24 and 48 h, bacterium-containing effusions were recovered,
labeled with an R-PE-conjugated antibody, and sorted for clones con-
taining promoters induced in vivo. (Step 5) Clones with down-regu-
lated expression in vitro were used in a subsequent round of infection
to enrich for promoters induced in vivo.
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TABLE 1. H. influenzae genes identified as expressed in vivo

Category G(e)rgFor in dljlgi?on“ Product of function
Amino acid metabolism hisB 2.9 Histidine biosynthesis bifunctional protein
Lipoprotein IppB 2.6 Lipoprotein B homologue
Membrane transport sapA 2.8 Peptide ABC transporter; periplasmic SapA precursor
lolA 24 Outer membrane lipoprotein carrier protein precursor
rbsC 5.1 Ribose transport system permease protein
Purine synthesis purE 51.7 Phosphoribosylaminoimidazole carboxylase catalytic subunit; PurE
Biosynthetic and metabolic ribB 8.3 3,4-Dihydroxy-2-butanone 4-phosphate synthase; riboflavin biosynthesis
functions argF (arcB) 10 Ornithine carbamoyl transferase; arginine degradation
uxuA 3.1 Mannonate dehydratase; production of glyceraldehyde 3-phosphate
dsbB 2.6 Disulfide oxidoreductase; disulfide bond formation protein B
ureH 39 Urease accessory protein
licC 23 Phosphocholine (ChoP) cytidylyltransferase
HI1647 2.0 Putative pyridoxine biosynthesis protein; singlet oxygen resistance protein
DNA replication, repair ispZ 2.5 Probable intracellular septation protein
radC 2.1 DNA repair protein
mukF 2.0 MukF protein homologue; remodeling of nucleoid structure
Gene regulation glpR 2.8 Glycerol-3-phosphate regulon repressor
ihfB 25 Integration host factor beta subunit
argR 2.7 Arginine repressor
cspD 2.1 Cold shock-like protein; stress response protein
Hypothetical or unknown HI0094 8.3 Hypothetical protein
proteins HI1163 2.3 Conserved hypothetical protein; putative oxidase
HI1063 2.7 Hypothetical protein
HI0665 2.8 Hypothetical protein
HI1292 2.6 Hypothetical protein
HI1064 2.6 Hypothetical protein

“ Fold increase in relative gene expression in RNA samples obtained in vivo

Identification of promoter activity in vivo in NTHI-induced
AOM. Entire insert sequences obtained from clones isolated
from middle ear fluids by FACS and screened for the absence
of fluorescence in vitro were compared with the complete
genome sequence of H. influenzae strain Rd. In this study, a
total of 16,000 clones were screened in the chinchilla for pro-
moter activity induced early in the course of OM. By DFI we
isolated 52 clones with putative promoters that were regulated
in vivo. These candidates showed homology to genes necessary
for general metabolic processes, environmental informational
processing, or membrane transport and to genes encoding
membrane proteins or hypothetical proteins. Eight of these
clones contained sequences unique to NTHI strain 86-028NP,
a strain whose genome has been sequenced to threefold cov-
erage (http://www.microbial-pathogenesis.org).

In order to confirm the induction of putative promoter can-
didates in vivo, we compared the relative amounts of mRNA
produced for each gene when NTHI strain 86-028NP was
grown in vitro to mid-log phase or in vivo for 48 h. Transcrip-
tion levels were assessed by real-time RT-PCR using SYBR
Green. Known amounts of bacterial genomic DNA (107 to 107
genomic copies of DNA) were used to generate a standard
curve for RT-PCR quantitation by amplifying a fragment of
the gyrase gene (gyr). Gyrase is constitutively expressed in vitro
under various growth conditions (our unpublished data) and
was therefore used to normalize total bacterial RNA levels in

over that in samples obtained in vitro as determined by quantitative RT-PCR.

different samples. Total RNA was isolated from NTHI strain
86-028NP grown in vitro to mid-log phase and from effusions
recovered 48 h after inoculation of the chinchilla middle ear.
By using primers designed to amplify a portion of each ORF
downstream of the putative in vivo-induced promoters as iden-
tified by FACS analysis, gene-specific mRNA was reverse tran-
scribed and amplified by RT-PCR. The amount of product was
calculated using the standard curve and normalized relative to
gyr expression. Relative gene expression in vivo was compared
to gene expression in vitro, and data were expressed as the fold
increase. Of the 44 candidates with homology to ORFs in H.
influenzae strain Rd, 26 were confirmed to be regulated in vivo,
displaying a minimum twofold increase in relative gene expres-
sion compared to expression in vitro by RT-PCR (Table 1).
Three genes, IppB, lolA, and mukF, were isolated from two
independent library screens in different animals and demon-
strated 2.6-, 2.4-, and 2.0-fold increases in relative gene expres-
sion, respectively. Five genes were expressed at =5-fold-higher
levels (rbsC, purE, ribB, arcB, and the gene encoding hypothetical
protein HI0094).

DISCUSSION

Whereas DFT has been successfully used to identify promot-
ers active in cell culture models of infection or under in vitro
conditions designed to simulate an in vivo environment, few
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have applied DFI to identify promoters regulated in a specific
biological niche within the whole animal. This is likely due to
the numerous challenges associated with sorting from an in
vivo environment. The host inflammatory response, dissemi-
nation and/or clearance of bacterial cells from the site of in-
fection, and adherence of bacteria to epithelial cells, possibly
via biofilm formation, can make bacteria inaccessible for re-
trieval from the living animal. These factors, among others,
contribute to the complexity of the microenvironment and the
heterogeneity of gene expression as the bacteria sense and
respond to these changes. Recently, DFI has been used to
identify promoters expressed in S. pneumoniae when the bac-
teria were screened in a mouse model of respiratory tract
infection and a gerbil infection model of OM (32, 33). In the
present study, we applied DFI technology to a relevant animal
model to identify NTHI gene products involved in early events
of OM as determined by up-regulation of their levels of ex-
pression.

In order to identify differentially regulated promoters, a
promoter trap library was constructed and sorting parameters
were defined. A portion of the promoter trap library was in-
oculated directly into the chinchilla middle ear, and OM de-
velopment was monitored by video otoscopy and tympanom-
etry at 24 and 48 h. This bacterial adaptation to the host
environment results in an inflammatory response, indicated by
erythema, vessel dilation and bulging of the tympanic mem-
brane, infiltration of polymorphonuclear cells, and accumula-
tion of fluid in the middle ear cavity as observed by otoscopy
and microscopic examination of recovered effusions. At 24 and
48 h after infection, the middle ear fluids were recovered. It
should be noted that our analysis is limited to those bacteria
recoverable from the middle ear fluid. In some cases it was
necessary to lavage the middle ear cavity to collect the bacteria
for FACS analysis. Thus, our data likely include genes up-
regulated when NTHI bacteria are loosely adherent to muco-
sae. Recently, NTHI has been observed to form a biofilm in the
middle ear cavity in a chinchilla model of OM (18). Since our
protocol selects for clones recovered from the planktonic pop-
ulation, we would not expect to recover those clones in which
genes are up-regulated when the bacteria are associated with
mucosal biofilms. Homogenization of middle ear mucosae and
subsequent bacterial cell isolation, however, would enable us
to recover these clones. It is also possible that some GFP-
expressing clones were recovered in the effusion yet were ad-
herent to eukaryotic cells present in the effusion as exfoliated
cells or in aggregates. We therefore treated the middle ear
fluids with a mucolytic agent and then by centrifugation to
remove large aggregates and eukaryotic cells, and we subse-
quently labeled the bacteria with an R-PE-conjugated anti-
body. By two-color FACS analysis, we isolated bacteria that
were expressing GFP from other cells and debris associated
with the effusion. Following isolation, DNA sequences of the
Haemophilus inserts 5’ of the gfpmut3 gene were determined
and analyzed. In this manner, we identified genes that are
up-regulated as NTHI bacteria sense and respond to the en-
vironment of the chinchilla middle ear during AOM.

Following our DFI procedure, described above (Fig. 5), and
subsequent FACS analysis of GFP-expressing clones, we iso-
lated 52 candidate clones containing potential in vivo-regu-
lated promoters. The genes they control were categorized
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based on their general description and function within the cell
and include genes involved in general metabolic processes,
environmental informational processing, or membrane trans-
port and genes encoding membrane proteins or hypothetical
proteins. Eight of these 52 clones contain sequences that are
unique to NTHI strain 86-028NP, a clinical OM isolate. Im-
portantly, three clones were isolated from independent screens
in more than one animal, thereby verifying our method of
isolation.

In order to independently confirm the FACS data, we de-
termined the relative expression of candidate genes by quan-
titative RT-PCR. The parent strain, 86-028NP, was used for
these studies. Thus, we analyzed wild-type gene expression
without the influence of plasmid copy number on gene regu-
lation, which could result in GFP production and false-positive
clone identification by FACS. Among the 44 candidate clones
containing sequences similar to that identified in H. influenzae
strain Rd, quantitative comparison of gene expression in vitro
and in vivo confirmed up-regulation of expression of 26 genes
(60%) when NTHI bacteria respond to environmental cues
present in the chinchilla middle ear (Table 1).

The bacteria multiplied in the middle ear cavity, reaching a
concentration 500 times the inoculum dose by 48 h (5). The
bacteria thus must sense and respond to the environment,
acquiring or synthesizing the necessary nutrients for growth
and survival. This is reflected in the strong induction of expres-
sion of rbsC, the gene encoding the membrane component of
the ribose transporter. This implies that free ribose, a ferment-
able carbohydrate in Haemophilus (31), is present in the mid-
dle ear effusion. In contrast, the strong induction of the purE
and ribB genes, required for purine and riboflavin synthesis,
respectively, implies that purine and riboflavin concentrations
in the effusion are insufficient for the growth observed. This is
consistent with observations in other experimental infection
systems, where purine and riboflavin concentrations are too
low to sustain an experimental infection (22, 49). Additional
genes encoding proteins involved in metabolic processes that
show increased expression include argF, encoding ornithine
carbamoyltransferase, involved in arginine degradation via the
urea cycle; uxuA, encoding mannonate hydrolase, required for
D-glucuronate transformation into glyceraldehyde 3-phos-
phate; glpR, encoding the glycerol-3-phosphate regulon repres-
sor; and hisB, encoding imidazole glycerol-phosphate dehy-
dratase, which is required for histidine biosynthesis.

NTHI adaptation to the middle ear environment results in
twofold induction of sapA expression. In other organisms, the
products of the sap operon have homology to a peptide uptake
transport system and confer resistance to antimicrobial pep-
tides (29), suggesting that NTHI may be encountering antimi-
crobial peptides in the middle ear environment. Consistent
with this hypothesis is the increased expression of the licC
gene, encoding phosphocholine cytidyltransferase. Phosphoryl-
choline (ChoP) has been implicated in the pathogenesis of
NTHI (51). NTHI modulates ChoP expression by phase vari-
ation, decorating the lipooligosaccharide on the cell surface.
ChoP may contribute to NTHI persistence in the respiratory
tract via decreased susceptibility to antimicrobial peptides (30)
and may alter the sensitivity to serum killing mediated by
C-reactive protein (50). Tong and coworkers suggest that the
microenvironment of the nasopharynx and middle ear cavity
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may select for the ChoP™ phenotype, since ChoP™ strains
show greater colonization of the chinchilla nasopharynx (44).

In the middle ear, NTHI increases gene expression (four-
fold) of ureH, a homologue of a gene required for expression
of active urease in Helicobacter. Urease has been shown to be
involved in acid tolerance in Helicobacter (54) and A. pleuro-
pneumoniae infection models (8, 11). It is notable that, in one
study, 87% of NTHI isolates from middle ear effusions were
urease positive (15). Similarly, we observed an increase in
expression of numerous other genes involved in replication,
growth, and transcriptional regulation in response to the mid-
dle ear environment. Disulfide bond formation is important for
folding and assembly of many secreted proteins in bacteria. We
demonstrated an increase of approximately threefold in dsbB
gene transcription, illuminating an important role for disulfide
interchange in NTHI growing in the middle ear environment.

Recently, many innovative molecular strategies utilizing ge-
nome sequence information have been developed, significantly
contributing to our understanding of how Haemophilus adapts
and responds to the surrounding environment. Akerley and
coworkers utilized a high-density transposon mutagenesis
strategy to identify H. influenzae genes essential for growth on
rich medium (1). We identified six genes in our screen that are
included in Akerley’s essential gene set (hisB, IppB, lolA, ispZ,
mukF, and the gene encoding the unknown protein HI0665)
which were up-regulated during infection. In recent work, van
Ulsen and coworkers identified genes of NTHI that are ex-
pressed upon interaction with two human respiratory tract-
derived epithelial cell lines (48). In our work, we have extended
this line of investigation to a relevant model of OM using a
low-passage clinical isolate of NTHI. Included among the gene
set identified by van Ulsen et al. are the stress response gene
¢spD, genes involved in purine and riboflavin biosynthesis, and
a gene encoding a protein of unknown function, vapA. Simi-
larily, the cspD gene was identified in our system. We also
demonstrated a twofold increase in vapA gene expression in
vivo but did not include vapA4 on Table 1 due to its detectable
level of expression in vitro.

In summary, we have identified, by DFI, a set of genes whose
expression is up-regulated when we inoculate NTHI clones
directly into the chinchilla middle ear. These data advance our
understanding of Haemophilus pathogenesis. In another, more
relevant model, NTHI bacteria are administered to the naso-
pharynx, where they colonize and ascend the eustachian tube,
infecting the middle ear. We will utilize the latter model to
study site-specific gene expression during the entire course of
disease progression as well as to identify other genes that are
up-regulated in experimental OM. In addition, we will use
defined mutants to allow us to elucidate the function of each
gene product, particularly with regard to its role in virulence.
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