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Abstract

Background—Non-typeable Haemophilus influenzae (NTHi) is a ubiquitous bacterial pathogen
which accounts for a majority of human upper respiratory tract infections. Laboratory lysate
preparations from this bacterium are commonly utilized to investigate the promulgation of
inflammatory responses in respiratory and middle ear epithelium both in vivo and in vitro. We
undertook an unbiased proteomics based analysis of NTHi lysate preps to: a) identify abundant
bacterial proteins present in these lysates that could play a role in NTHi biological effects and b)
determine the protein content variability in different lysate prep batches from the same NTHI
strain.

Study Design—Proteomic analysis of laboratory NTHi lysate preparations from clinical strain
12.
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Methods—NTHi lysates were denatured, gel-fractionated, digested by trypsin and the generated
peptides were identified using a liquid chromatography tandem mass spectrometry (LC-MS/MS).
Western blot analyses for the important proinflammatory enhancer, outer membrane protein 6
(OMP6), was performed to validate the MS findings. Luciferase assays for NF-kB activation were
used to measure the pro-inflammatory biologic effects from each NTHi lysate preparation.

Results—The MS identified 793 unique NTHi proteins. Most common and abundant proteins
found have been described to either contribute to biofilm formation, elude the innate immune
system, or activate epithelial pro-inflammatory pathways such as Toll Like Receptor 2 (TLR-2)
signaling and NF-kB transcription factor. Strong positive signal for OMP6 was found in each of
the NTHi lysate preparations. Significant NF-kB promoter response activation as expected with
NTHi stimulation over control was also noted for each NTHi lysate preparation.

Conclusions—Proteomics was a successful technique to broadly define the protein content of
NTHi lysates. This is the first report of the proteome of NTHi lysates widely used in laboratories
to study the biological effect of NTHi. Despite the variability of the protein composition from
different preps, all the batches of NTHi lysates induced similar NFkB activation.

LEVEL OF EVIDENCE—NA

Keywords
NTHi lysates; proteomics; OMP6; NF-kappaB

Introduction

Non-typeable Haemophilus influenzae (NTHi) is a gram negative bacterium lacking capsular
polysaccharides. A ubiquitous human respiratory pathogen, it has become the most common
infectious pathogen in upper airway diseases such as acute otitis media (AOM) 12 and acute
sinusitis. Although less systemically virulent and invasive than encapsulated H. influenzae
strains, NTHi strains contribute to a majority of respiratory tract infections® primarily due to
its ability to adhere to respiratory mucosa?, it’s high pediatric nasopharynx carrier rates® and
through its ability to form biofilms over respiratory mucosal surfaces®. NTHi clinical strain
12 in is one of the most studied strains, particularly in terms of its ability to adhere to
respiratory surfaces?, and is a common pathogen in acute otitis media /. Importantly, nearly
complete genomic data is now available for this strain of NTHi82.

Bacterial lysis due to innate immunity defense molecules such as lactoferrin or defensins,
due to the bactericidal action of antibiotics, or due to autolysis, can result in the release of a
plethora of proteins and bacterial products which have been shown to further potentiate a
proinflammatory response including an activation of MAP kinase signaling 10 and NF-
kappaB!112 in epithelial cells. Laboratory preparations of NTHi bacterial lysates, most often
from clinical strain 12, are commonly used to investigate the substantiation of inflammatory
responses in respiratory and middle ear epithelium by us and other groupst113-15 yet the
actual protein content of lysates from this clinical strain has not been profiled. A
comprehensive analysis of the lysates would help understand variation in protein presence
from lysate to lysate that could account for subsequent experimental effect variablity.
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In order to better understand the global composition of NTHi lysates from clinical strain 12
we undertook an unbiased proteomics based analysis of 3 separate lysate preps from this
bacterial strain. Our goal was to potentially elucidate and identify novel bacterial mediators
of inflammatory regulation along with defining a list of abundant bacterial proteins in this
clinical strain.

Materials and Methods

Preparation of NTHi lysates

NTHi clinical strain 12 was generously provided by Dr. Xin-Xing Gu (NIDCD, Bethesda,
MD). Bacteria were grown on chocolate agar at 37°C in 5% CO, overnight and inoculated
in brain heart infusion (BHI) broth supplemented with 10 mg of nicotinamide adenine
dinucleotide per ml. After overnight incubation, bacteria were subcultured into 500 ml of
fresh brain heart infusion (BHI) and upon reaching log phase growth NTHi were washed
and suspended in phosphate-buffered saline (PBS) followed by sonication for lysis.

Sodium Dodecyl Sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and peptide
preparation for mass spectrometry (MS) analysis

NTHi lysates (50 ug) were dissolved in Laemili buffer containing 0.1 mM DTT and were
run in a one-dimensional SDS gel electrophoresis gel at 200 V for 50 min. The gel was fixed
with methanol and stained with Coomassie for protein visualization (Figure 1). Each gel
lane was sliced into 30 segments, and each slice was digested with trypsin as follows.
Briefly, the gel cuts were placed in 100 uL of water and then subjected to two washes with a
1:1 by volume solution of water and acetonitrile. The gel pieces were then dehydrated with
acetonitrile and rehydrated using 100 mM ammonium bicarbonate, followed by a 1:1 by
volume wash of 100 mM ammonium bicarbonate and acetonitrile. The gels were then
dehydrated with acetonitrile, resuspended in digestion buffer containing 12.5 ng/uL of MS
grade Trypsin Gold (Promega Corp., Madison, WI), and incubated overnight at 37°C.
Extraction of peptides from the gel was then conducted via two washes with 25 mM of
ammonium bicarbonate, followed by two washes with a 1:1 by volume solution of 5%
formic acid and acetonitrile. The extracted peptides were then completely dried in a
SpeedVac (ThermoScientific, Waltham, MA).

Mass spectometry (MS) and protein identification

Dried peptides were resuspended in 10puL of 0.1% trifluoroacetic acid (TFA). Each sample
(6 uL) was injected via an autosampler and loaded onto a C18 trap column (5 pm, 300um
i.d. X 5 mm, LC Packings) for 10 min at a flow rate of 10 L/min, 100% A. The sample was
subsequently separated by a C18 reverse-phase column (3.5 pm, 75 pm X 15cm, LC
Packings) at a flow rate of 250 nL/min using an Eksigent Nano-HPLC System (Dublin, CA).
The mobile phases consisted of water with 0.1% formic acid (A) and 90% acetonitrile with
0.1% formic acid (B). A 65-min linear gradient from 5 to 60% B was used. Eluted peptides
were introduced into the mass spectrometer via a 10-um silica tip (New Objective Inc.,
Ringoes, NJ) adapted to a nano-electrospray source (Thermo Fisher Scientific). The spray
voltage was set at 1.2 kV and the heated capillary at 200°C. The linear trap quadrupole
(LTQ) mass spectrometer (ThermoFisher Scientific) was operated in data-dependent mode
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with dynamic exclusion in which one cycle of experiments consisted of a full-MS (300—
2000 m/z) survey scan and five subsequent MS/MS scans of the most intense peaks. Proteins
with more than 2 peptide hits in at least one of the batches were considered unique and
positively identified. The reasoning for this cut-off is that 2 peptides per protein is the
standard minimum number of peptide ‘hits’ needed to confidently state the protein has been
identified by MS, and is the cutoff previously used in protemics reports from our groupt6-18,

The mouse middle ear epithelial cell line MMEEC was graciously provided by Dr. Jizhen
Lin (University of Minnesota, Minneapolis, MN). These cells are immortalized by a
temperature sensitive simian virus 40 (SV40), allowing for a proliferative phenotype at 33 C
and for differentiation at 37 C 19. mMMEEC were maintained and passaged in full growth
media (FGM) as previously described 2. Prior to experimentation, cells were transferred to
a 37°C, 5% CO», humidified atmosphere to inactivate the S\VV-40 virus.

Transient Transfection and Luciferase Assays

The plgxBLuc reporter construct containing three immunoglobulin G-k chain NF-xB
binding sites upstream of the luciferase gene has been previously described 2! and was
generously provided by Frank Ondrey MD, PhD, University of Minnesota, Minneapolis,
Minnesota. This NF-xB reporter plasmid was transiently transfected into mMEEC cells for
luciferase assays as follows. Cell line cultures at 50 to 60% confluence were co-transfected
with the luciferase plasmids (2 pg/ml) and a pCMV-BGal reporter construct (0.05 pug/ml)
(Clontech, Mountainview, CA) in Opti-MEM medium containing 3 ug/ml of Lipofectamine
2000 (Invitrogen, Carlsbad, CA). After 16 h, the medium was removed, and the cells were
placed in FGM. The next day the cells were treated with NTHi lysates at 150 and 300 pg/ml
in RPMI medium, or RPMI alone for 16 hours. After stimulation, the relative luciferase
activity was determined with the Dual Light reporter gene assay (Tropix, Medford MA) and
a Mythras plate luminometer (Berthold, Oak Ridge, TN) according to the manufacturers’
instructions. Results for relative luciferase units (RLU) were determined as a ratio of the
luciferase constructs over the pPCMV-BGal reporter to normalize for harvesting efficiency.

Western Blotting

Western blot analysis was performed using established protocols in our laboratory6:22, For
blotting, 40 ug total protein were separated by electrophoresis in NUPAGE Novex 4-12%
Bis-Tris gels (Life technologies, Carlsbad, CA). The proteins were then transferred to a
nitrocellulose membrane (Invitrogen). The OMP6 antibody used was purchased from DSHB
(Developmental Studies Hybridoma Bank, lowa City, 1A). This monoclonal antibody 1gG2a,
kappa light chain recognizes outer membrane protein P6 from NTHi and was created with
Haemophilus influenzae strain 2019. It was used at 1:20 dilution of the provided antibody
supernatant solution.
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Statistical Analysis

The statistical difference between experimental and control groups for all experiments was
determined by two-tailed Student T-tests, ANOVA test followed by Dunnet test or
Wilcoxon tests. Significance level was set at p<0.05.

Results

Proteomic characterization of NTHi lysates

In order to interrogate potential mediators of pro-inflammatory responses, the global protein
composition of three separate lysate batches was analyzed by LTQ-MS/MS proteomic
techniques.

The MS identified 793 unique NTHi proteins with a cutoff of 3 peptides minimum per
protein (Sup. Data Table 1). Of these, 113 were present in all 3 NTHi lysate preparations
(Figure 2), signifying a fair amount of identifiable protein variability per each lysate batch
preparation. Importantly, of the commonly identified proteins (present in all preparations) a
functional Uniprot analysis of the list revealed 12 to be classified as purely outer membrane/
cell surface associated, 7 as metabolic, 6 as a biosynthesis mediator, 3 protease/peptidases, 8
chaperone/DNA binding, 18 as transporters or metal binding, 6 reductases, 3 hydrolases, and
11 ribosomal. The remaining identified proteins were uncharacterized (Table 1). The
putative role of each of the mediators is described in Table 1 as well. Most of these have
been described to either contribute to biofilm formation, elude the innate immune system, or
activate epithelial pro-inflammatory pathways such as TLR-2 signaling and NF-kB. Table 2
lists the overall number of proteins identified in each batch by functional category as defined
by Uniprot. Notably, although the Venn Diagram shows significant variation in the protein
lists, the overall pattern of functional distribution was very similar among the batches. The
most common functional category of proteins in each of the batches were comprised by
catalytic enzymes. The second and third most common functional categories in each of the
batches were membrane binding proteins and transporter proteins respectively.

The top 20 most abundant proteins in terms of peptide counts included many well studied
and known NTHi proteins such as high molecular weight adhesins, outer membrane proteins
P5 and P6 (OMP 5 and 6), IgA proteases, and heat shock proteins. Confirmatory Western
blotting was performed for OMP6, with strong positive signal being found in each of the
NTHi lysate preparations (Figure 3).

Given the identified protein variability per NTHi lysate batch we aimed to determine
whether a differential pro-inflammatory response would be noted for each batch. Triplicate
luciferase reporter assays for NF-kB activation were performed in mMMEEC as described.
Results indeed demonstrated significant NF-kB promoter response activation as expected
with NTHi stimulation over control, but no significant difference in NF-kB activation for
each NTHi lysate batch preparation. All batches showed a statistically significant 4-5 fold
increase in NF-kB at al doses relative to control (Figure 4).
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Discussion

Inflammation associated with acute bacterial infection is postulated to contribute to chronic
otitis media (COM). Molecular mechanistic links of this are only recently beginning to be
elucidated?3.24, Work from our and other labs have shown that NTHi induction of the pro-
inflammatory transcription factor NF-xB leads to potent induction of middle ear mucosal
hyperplasia in vivo and upregulation of proinflammatory cytokines'2-15, In this study, we
employed an unbiased proteomics mass spectometry approach to better understand the
global protein composition of NTHi lysates from clinical strain 12 in order to potentially
elucidate and identify novel bacterial mediators of inflammatory regulation along with
defining a list of abundant bacterial proteins.

It is noteworthy that despite stringent and consistent laboratory technique, a fair amount of
variability was noted betwen the different preparations of NTHi lysates. Possible
contributing factors include, environmental conditions such as light, temperature in the lab,
the variability in the timing during the experiment (if the tube sat a bit more time on the
bench), variability in sonication steps, exact phase of growth when bacteria where prepared
for sonification among others, and variability among individual bacterial colonies picked for
expansion. Moreover, there may be crossover in protein identification by mass spectometry.
This information does however highlight how it should be expected that these preparations
will not typically result in a uniform protein content and mix. Given this fact, experimental
variablity may be observed when performing repeat conditional exposures of cells to
different laboratory preparations of NTHi lysates. We sought to determine whether there
would be an observable biological variability in pro-inflammatory effects, measured by NF-
kappaB reporter assays, by lysate batch. Results showed that despite the noted lysate protein
content variablity there was expected, robust and consistent NF-kappaB activation for each
batch. As such, much of our subsequent protein analyses focused on the common proteins
between the batches. A listing of all of the identified proteins is presented as supplemental
data.

The initial interaction between NTHi and the host is the adherence of bacteria to the mucus
or cells of the upper airway, primarily via the action or mediated by both pilus and nonpilus
adhesin high molecular weight molecules (HMW) 4. As such it is notable that the top two
most abundant proteins in our proteomics data included two HMW proteins, HMW 2A and
HMW 1A. Importantly, these two proteins are known to be key mediators in biofilm
formationZ®. After initial adhesion, the secretion of IgA protease by NTHi allows for
avoidance of innate immunity and for further bacterial colonization. Not surprisingly, IgA
proteases was also in the top 10 most abundant proteins identified by our methodology. In
summary, results demonstrate that NTHi lysates are characterized by proteins critical for
bacterial adhesion and immune evasion.

Outer membrane proteins were also noted to be highly prevalent in the identified protein
lists. These OMPs are critically important not only because they mediate host pro-
inflammatory activation via toll like receptors (TLR), such as the TLR-2 family, but because
they provide targets for vaccine development against NTHi. Effective vaccine targets have
included Outer Membrane Protein (OMP) D, which has been shown to effectively reduce up
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to one-third of AOM cases due to NTHi25. Despite these advances, additional antigen
targets appear to be needed in order to more broadly cover against AOM cases due to
NTHi2’. OMP5, OMP1, OMP26, OMP6 and OMP2 were all among the most abundant
proteins found in our lysate preparations. OMP6 is perhaps the most studied of these
membrane proteins, yet previous proteomic analyses of NTHi lysates had failed to identify it
as common using mass spectometry28. Undoubtedly, the sensitivity of mass spectometry,
along with more robust bacterial protein databases, have increased our capability of
comprehensively identifying proteins in biospecimens. OMP6 is not only an important
mediator of bacterial-epithelial adhesion, it is also a known potent activator of MAP kinase
pathways, NF-kB, and mucins in middle ear epithelium?930, As such it represents an
attractive target for modulation of potentially noxious NTHi middle ear effects.

Bacterial invasion into the middle ear often occurs via the action of lipoproteins which are
able to interact with epithelial cell surface membrane and enter the epithelium into the
submucosal spaces. This process typically occurs due to lipoprotein interaction with the
platelet activated factor receptor (PAFR) through molecular mimicry, allowing for bacterial
invasion in a PAFR-linked pinocytotic vacuole. PAFR is a G-protein coupled receptor
targeting vacuolar contents to clathrin-coated pits or to the endocytic pathway, both which
purportedly occur with NTHi2%. Our findings demonstrated lipoproteins in all identified
batches. It is also notable that these lipoproteins are also able to mediate anti-inflammatory
effects via PAFR mediated activation of phosphoinositide 3-kinase (P13K) an endogenous
suppressor of TLR signaling3?, thus limiting immune responses and favoring bacterial
survival.

In conclusion, we have described a comprehensive list of proteins identified in standard
NTHi clinical strain 12 lysate preparations frequently used to interrogate pro-inflammatory
activation both in vivo and in vitro. To date the full global protein complement of these
lysates had not been described. A lengthy list of novel bacterial proteins were found in this
study including extracellular membrane proteins, peptidases, chaperones, lipoproteins, heat
shock proteins, among others. Although many of the proteins we identified are known NTHi
virulence factors, a more extensive analysis of these proteins in order to determine their
capability of activating host inflammation or an immunological response appears warranted.
Despite variability of protein composition from different batch preparations from the same
bacterial clinical strain, given abundant common proteins, a consistent biological effect of
each batch in terms of NFxB activation is noted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NTHi Strain 12 lysate batches

Figure 1. SDS-PAGE of NTHi lysate batches stained by Coomassie blue
SDS-PAGE was performed with three lysate preparations, the gel was fixed with a mixture

of acetone and methanel and then stained with Coomassie to visualize the proteins. Each
individual sample gel lane was cut into 30 gel segment bins where protein bands were noted
with the staining. The cuts were performed for each lysate sample prior to in gel digestion
and LC-MS/MS analysis for bacterial peptide identification as described in the Methods
section. Notably, a majority of the common protein bands were identifed for proteins 50kD
and under in size (as denoted by the asterisk).
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Batch 1 Batch 2

Batch 3

Figure 2. Venn diagram representing unique proteins identified in each lysate batch preparation
The Venn diagram was generated by the website.

http://bioinfogp.cnb.csic.es/tools/venny/
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NTHi lysate batch
kD 1 2 3
20
15

Figure 3. OMP6 protein assay in the 3 NTHi lysate batches by western blot analysis
SDS-PAGE gel was ran for the 3 NTHi lysate batches (40 ug of total proteins), the proteins

were transferred on a nitrocellulose membrane and incubated with an antibody anti-OMP6
and a secondary antibody coupled to HRP. Strong signal at 18 kD was noted in all samples
confirming proteomics findings. Lane numbers corresponds to NTHi lysate batch.
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plgkB plasmid expression
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Figure 4. NF-kB reporter activity in response to NTHi lysate treatment
mMEEC were cultured until 50 to 60% of confluence and transfected with the IgkB plasmid

constructs containing 3 consensus NFkB responsive elements upstream of the luciferase
gene and with the -galactosidase as an internal control. After recovery and incubation in
serum free medium, mMMEEC were treated 16hrs with NTHi lysates at the noted doses to
perform a luciferase assay. (NT-no transfection control; pGL3- empty vector without
treatment). ***all p<0.0001 relative to Oug/ml NTHi lysate.
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Table 2

Molecular function of each of the identified proteins in all batches

Functional characterization of proteins indentified within each NTHi lysate preparation.
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Table lists the number of proteins identified per functional category in each of the lysate batches. Notably, the

overall pattern of functional distribution was very similar among the batches.

Molecular Function Batch 1
Sequence-specific DNA binding transcription factor activity 1
Catalytic activity 107
Receptor activity 5
Structural molecule activity 10
Transporter activity 21
Binding 82
Electron carrier activity 6
Antioxidant activity 2
Enzyme regulator activity 2

Protein binding trascription factor activity
Potassium channel regulator activity
Molecular transducer activity

Superoxide dismutase activity

Sigma factor activity

Energy transducer activity

Batch 2

12
431
9
29
67
336

N P W ol

Batch 3

4
165

25
30
141
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