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ABSTRACT

Nontypeable Haemophilus influenzae (NTHi)
commensal bacteria of the human nasopharynx.

is

a

Gram-negative

Normally residing in healthy

individuals, NTHi rarely causes adverse effects. However, infection with NTHi in
children often leads to middle ear inflammation and disease in the form of otitis
media. A high frequency of doctor visits, antibiotic prescription, and drainage tube
placement are due to childhood otitis media infections.

Chronic obstructive

pulmonary disease (COPD) is a restriction of airflow through the lungs and is often
caused by cigarette smoking. In the United States, COPD is the fourth leading
cause of death.

NTHi is often found in patients suffering from COPD and it is

implicated in exacerbation of disease. Since these diseases remain a health-care
concern, it is important that we continue to study NTHi disease dynamics and host
responses during the disease.
Foci of these studies include NTHi biofilm formation and responses to host
innate immune programs that allow for persistence of NTHi.

Biofilms are matrix-

associated, surface attached communities of bacteria that promote evasion of
clearance. We show here that in the chinchilla model of otitis media, presence of a
biofilm within the middle ear consistently correlates with a higher bacterial load and
persistence.

However, the bacterial contribution to in vivo biofilms has been

previously studied, whereas potential host contributions have not been studied
extensively.

This study provides evidence that in vivo, host neutrophils and

neutrophil extracellular traps (NETs) are present in the biomass. NETs are the

xv

result of a novel neurtrophil cell death program and have been shown to
capture and kill certain organisms. NTHi, although colocalizing with NET
components, remains viable in the biofilm and is resistant to NET mediated
killing in vitro.
We also show that NTHi lipooligosaccharide (LOS), previously
shown to be important in biofilm formation, is also critical for defense
against NETs. Furthermore, induction studies show that LOS is a bacterial
fraction critical in the ability of NTHi to promote NET formation.
Blocking LOS, or using other bacterial fractions (notably, DNA and outer
membrane protein), results in a decrease in the formation of NETs. In this
m e c h a n i s m o f N E T i n d u c t io n , M yD 8 8 -dependent s i g n a l i n g
t hr o u g h Toll-like receptor 4 appears critical.
NTHi must deal with the presence of stressors and reactive oxygen
species produced my other bacteria or the host. In this study, in vitro and in
vivo systems were used to show the importance of two OxyR-regulated
genes: a peroxiredoxin-glutaredoxin (pdgX) and a catalase (hktE). We

see

overlapping roles for the genes in response to oxidative stress and in
resistance to NET-mediated killing.

Mutations of these genes lead to a

general decrease of resistance to oxidative stress, and hktE appears most
important in defense against hydrogen peroxide in vitro.

xvi

INTRODUCTION

Otitis media
Otitis media (OM), or middle ear inflammation, is commonly caused by the
normal

nasopharyngeal

opportunistic

commensals

Haemophilus

influenzae,

Streptococcus pneumoniae, or Moraxella catarrhalis. Studies show that combinations of
these species can lead to a polymicrobial otitis infection [1-4]. OM is a common disease
in children; in fact, it is a leading reason for physician visits, antibiotic prescription to
children, parental absentees from work, and is a major reason why children undergo
procedures to put drainage tubes in to place [5].

OM-associated annual costs are

estimated to reach over 5 billion dollars. The frequency with which OM occurs shows
why annual costs can reach those heights: by age 3, at least one instance of OM is
diagnosed in 50-85 % of children; six or more episodes are reported in up to 40% of older
children [6-8]. Also of relevance are the detrimental effects that can result from otitis
infections. For example, tympanic membrane perforation can occur, and severe cases of
otitis can lead to mastoiditis. Mastoiditis represents one of the most clinically relevant
complications of OM, and is caused by temporal bone inflammation [9-11]. Even after
treatment for an infection, middle ear effusion can remain, causing a loss of hearing and
language and developmental problems [12-15]. Vaccine research for OM continues to
be a focus of study in the field. For example, S. pneumoniae accounts for approximately
40% of the cases of OM.

The PCV7 vaccine, elicit ing antibody responses to S.

pneumoniae capsular polysaccharide antigens, decreased pneumococcal disease caused
by serotypes represented in the vaccine, but OM cases from other strains and bacterial
1

species increased. Also, overall, the number of OM cases dropped by only about 6%
following vaccine administration.

Information on if the newer PCV13 vaccine can

reduce OM cases continue to be gathered [2, 16, 17]
OM occurs when there is a spread of bacteria into the middle ear space from the
nasopharynx. Nasopharyngeal colonization, Eustachian tube dysfunction, and viral upper
respiratory tract infection are all factors that allow bacterial intrusion of the middle ear
space [18-20].
Eustachian tube dysfunction can refer to the differences that exist between a
child‟s and an adult‟s anatomy.

The Eustachian tube is important for drainage and

protection of the middle ear, as it connects the nasopharynx to the middle ear cavity.
However, the Eustachian tube of a child does not function as efficiently; it is shorter and
oriented more horizontally as compared to an adult‟s [21-24]. When a child matures, OM
incidence begins to decline as full development of the Eustachian tube is achieved [7].
The common cold, influenza, respiratory syncytial virus, and other upper
respiratory tract infections can also predispose one to otitis media infections.

These

conditions result in nasopharyngeal congestion, in turn increasing middle ear pressure. A
vacuum is relieved when there is an opening of the Eustachian tube which can result in
nasopharyngeal microbes being aspirated into the middle ear space [25]. Evidence also
points to viral respiratory tract infections modifying the host immune response and thus
enhancing the persistence of an OM infection.

This includes both an impairment of

neutrophil function and changes in systemic immunity [26, 27].

Personal and social

factors such as parental smoking, time spent in day-care facilities, and densely populated
housing can all predispose a child to otitis media infections [7, 28, 29].
2

Factors considered in classifying the disease clinically include symptoms and
duration. A rapid start of pain and fever, as well as middle ear effusion typifies acute
otitis media (AOM); this is often accompanied by tympanic membrane inflammation
[25]. Otitis media with effusion, or OME, represents a more chronic condition.

In

chronic OM, middle ear effusion is present for approximately three months following a
diagnosis of AOM, and this effusion may persist for longer periods of time even after
treatment with antibiotics [25, 30]. Nontypeable Haemophilus influenzae is the organism
most commonly isolated from OME effusions, which does not even account for effusions
which are culture-sterile. In one study, the ~50% of culture-sterile effusions from OME
patients revealed H. influenzae DNA, and ~30% of these effusions revealed H. influenzae
mRNA [25, 30-32].
Amoxicillin represents the initial treatment regiment for cases of OM,
while amoxicillin with clavulanate (a β -lactamase inhibitor) and other β-lactam
cephalosporins are other viable options [33]. However, these treatment plans are not
always effective. For instance, many strains of H. influenzae produce β-lactamase which
can effectively block the activity of β-lactam antibiotics; other resistance mechanisms
involving penicillin binding protein mutations also make treatment more difficult [34],
[35]. The ability of bacteria to form surface-attached biofilm communities may also
account for persistent otitis infections and treatment failures. For example, H. influenzae
can cause OM and form biofilms within the chinchilla middle ear; presence of a biofilm
also correlates to increased bacterial load and persistence [36, 37]. Also, tympanostomy
tubes and middle ear mucosa samples removed from children suffering from otitis media
reveal signs of bacterial biofilm formation [38-40]. Biofilm formation may contribute to
3

the persistence and chronicity of otitis infections in a number of ways: decreased
exposure/accessibility and increased resistance to host defenses, decreased antibiotic
penetration, β-lactamase accumulation, and a bacterial metabolic state lower than
necessary for antibiotics to work efficaciously [41-44].

Chronic obstructive pulmonary disease
Chronic obstructive pulmonary disease (COPD) is a condition that results in
airway restriction and a decreased flow of air through the lungs. In the Western world,
approximately 80% of the cases of COPD are related to cigarette smoke, which causes
defects in the mucociliary escalator; occupational exposure or a deficiency in alpha-1antitrypsin accounts for a much smaller number of cases [45, 46].

In

1995,

it

was estimated that approximately 16.4 million people in the United States were
diagnosed with COPD.

Also in the U.S., it is ranked as the fourth most common

cause of death, with evidence that prevalence of and mortality caused by the disease is
growing [47-49].
Chronic bronchitis (CB), emphysema, and asthma are all chronic pulmonary
disorders. Specifically, during CB, heavy inflammation and airway blockage occur,
leading to persistent production of mucus, cough, wheezing, and shortness of breath [50].
Clinically, an individual is diagnosed with CB when there is a sputum-associated cough
lasting “most days of at least 3 months a year for 2 consecutive years” [51].
Asymptomatic carriage normally occurs in patients suffering from CB, but disease
symptom severity can spike during exacerbation periods. Although viruses play a role in

4

exacerbations, potential contribut ions from bacterial infections also exist. Table 1
summarizes possible pathways that bacteria may potentially utilize to contribute to
COPD pathogenesis [52]. Vaccine st rat egies for treat ment of COPD also remain
undefined and with mixed results. One study showed reduction in invasive pulmonary
disease with no subsequent reduction in pneumonia or mortality following administration
of a pneumococcal vaccine. Two studies from Japan show both reduced bacterial
infection and acute COPD exacerbations following two vaccines: a pneumococcal
vaccine and an influenza virus vaccine [53-55].
COPD studies show that in nearly all tested sputum samples from CB patients,
nontypeable H. influenzae was the most commonly isolated bacteria. DNA typing of CB
samples also shows that colonization can be with multiple species simultaneously [52,
56]. Both persisting and nonpersisting strains are found in patients with CB. The ability
of some strains to persist may result from their weak induction of an inflammatory
response; less IL-6 and IL-8 was produced when a pulmonary cell line was exposed to
bacteria that persisted as compared to levels observed upon induction with nonpersisting
cells [57]. Interestingly, strains of H. influenzae that were absent in patients during
asymptomatic periods were found in the same patients during an exacerbation, and
similar observations were made for fellow airway opportunists S. pneumonia and M.
catarrhalis [58].

Exacerbation-associated H. influenzae induce more airway

inflammation and result in decreased airway function. This is due at least in part to the
fact that H. influenzae associated with exacerbations recruit more neutrophils to the
airway in a mouse model, adhere to epithelial cells in higher numbers, and induce more
IL-8 from epithelial cells [59].
5

Table 1. Potential Bacterial Contributions to COPD Pathogenesis [52]

6

1. Lower respiratory tract infection during childhood impairs lung growth leading to
smaller lung volume as an adult.
2. Bacteria cause acute exacerbations of CB which lead to morbidity and mortality.
3. Chronic inflammation and subsequent airway obstruction is amplified through chronic
colonization of the lower respiratory tract by bacteria.
4. Bacteria invade respiratory tissue, change the host response to cigarette smoke, and
cause chronic inflammation.
5. Induction of airway hypersensitivity and hyperactivity, as well as eosinophil-induced
inflammation is caused by lower respiratory tract-resident bacterial antigens.

7

The condition of COPD is a circular one. A damaged COPD lung less efficiently
clears any bacteria that may have colonized it. A mouse model of COPD using elastase
treated lungs showed decreased pulmonary clearance of H. influenzae and diminished
levels of intercellular adhesion molecule 1 (ICAM-1) on airway epithelial surfaces as
compared to untreated controls [60]. Non-clearance of the pulmonary-resident bacteria
leads to the ability of the bacteria to continue harmful effects, such as impairment of
ciliary motion and mucus hypersecretion. At the same time, presence of the bacteria
continues levels of chronic inflammation due to the host immune response, causing even
further damage to the airway epithelium and lungs. In turn, this damage results in the
airway‟s increased susceptibility to further infection [52].

Haemophilus influenzae
The organism Haemophilus influenzae belongs to the family Pasteurellaceae and
was the first organism to have its entire genome fully sequenced [61]. It is a small rod
that can range in shape from coccobacillus to a filament structure, and it contains a Gram
negative cell wall; functioning as an aerobe or a facultative anaerobe, H. influenzae is a
fastidious organism, requiring such supplements as β-nicotinamide adenine dinucleotide
and heme for culturing [62].

Two distinct subclasses of H.

encapsulated or unencapsulated strains [63].

influenzae exist:

Encapsulated strains of H.

influenzae

express one of six (a-f) capsular polysaccharides that are antigenically distinct [64],
whereas unencapsulated strains, which do not react to antisera against the known
capsular polysaccharides, are known as nontypeable H. influenzae, or NTHi [65].
Vaccine development, specifically to the encapsulated strain H. influenzae type b, has
8

been successful in preventing the more invasive diseases that are associated with
encapsulated strains of H. influenzae, such as meningitis [66].
NTHi most commonly exists as a commensal, using the human nasopharynx as its
niche [67] [68]. During the first year of life, rate of nasopharyngeal colonization rises
from approximately 20% to 50%; by the age of 5-6 years colonization rates are high as
in an adult [67]. Respiratory secretion contacts, as well as coming into contact with
droplets through the air, are the main means by which NTHi is transmitted. Many studies
show that a human host carries a particular strain for a brief period, the strain is then lost,
and subsequently, a new strain colonizes [69] [70] [71].
Normally presenting no adverse effects, especially in healthy adults, NTHi is still
able to effectively colonize and reside as a commensal on mucosal surfaces.

The

mucociliary escalator, made up of mucus and ciliated epithelial cells, is responsible for
clearance of many of the bacteria that initially gain access to the respiratory tract.
However, a portion of the infecting bacteria are able to form communities and persist
[72], and this is due at least in part to ability of NTHi to interact with the mucus
component mucin [73]. NTHi outer membrane proteins P2 and P5 have been shown to
interact with mucin in the nasopharynx [74].

Indeed, animal model studies show that

purified P5 can directly and competitively interact with mucus, and that a P5 deficient
strain of NTHi does not adhere to mucus in the Eustachian tube as well as a parental
strain [75]. Damage to and subsequent dysfunction of cilia and ciliated cells by bacterial
lipooligosaccharide (LOS) is another factor allowing for colonization with NTHi. The
main culprit in the ability of LOS to induce ciliotoxicity has been shown to be lipid A
[76]. This ciliostatic LOS can both be cell-associated or secreted, and, specifically for
9

the secreted form, can induce mediators of inflammation such as TNF-α, IL-1α, and IL-6
[77]}. Phosphorylcholine (ChoP) modifications on NTHi LOS have also been shown to
enhance cellular invasion through interaction with host platelet-activating factor (PAF) [78].
Another ciliotoxic component in the NTHi arsenal is protein D. It has been shown that
presence of protein D is critical for optimally impairing the function of cilia and
damaging ciliated cells in human adenoidal tissue assays [79].

This results from the

glycerol-phosphodiesterase activity of protein D [80]. In fact, in a rat model for otitis
media, a 100-fold decrease in virulence was observed when protein D is not expressed
[81].
Epithelial cell surface adherence is critical in NTHi colonization. Aiding in this
process is NTHi pili, encoded by the hif gene cluster, which is transcribed and translated
into five structural proteins, HifA-HifE [82]. Attachment by pili is highly specific, and
therefore thought to be critical structures during the early stages of colonization [63] [83].
Respiratory mucus, oropharyngeal epithelial cells, and nasopharyngeal/nasal tissue all
represent surfaces to which NTHi pili can adhere [84] [72] [85] [86]. However, strains of
NTHi without pili have been shown to efficiently adhere to epithelial cells [87]. Proteins
HMW1 and HMW2 are high-molecular-weight proteins encoded by the hmw1A-C and
hmw2A-C gene clusters, respectively [88] [89]. The proteins share homology, yet bind to
distinct ligands [90]; the binding site for HMW2 is currently unknown, but HMW1
interacts with a glycoprotein containing N-linked oligosaccharide chains with sialic acid
[91] [92]. Other protein adhesins utilized during colonization include Hia [93], which is
highly homologous to the H. influenzae type b adesin Hsf [94], the autoproteolytic,
10

IgA1 protease-like Hap protein [95], and OapA, which has been shown to be critical for
infant rat nasopharynx colonization [96].
Once NTHi colonizes mucosal surfaces, it utilizes several mechanisms to achieve
persistence. Approximately 90% of the Immunoglobulin A (IgA) within the respiratory
tract is IgA1 [97]. NTHi produces an extracellular endopeptidase known as IgA1
protease which cleaves the hinge region of serum and secreted versions of IgA1 and
effectively eliminates the ability of IgA1 to agglutinate bacteria, inhibit adherence,
bind/inactivate bacterial toxins, and enhance phagocytosis [97, 98]. Most NTHi produces
one of the many varieties of IgA1 protease from the igaA gene; a separate IgA1 protease
from the igaB gene, found less frequently in carriage isolates than in sputum isolates, is
produced in some strains [99-101]. Another means by which NTHi persists is its ability
to invade subepithelial spaces.

It has been shown that tissue sections from acute or

chronic bronchitis patients whose disease is associated with NTHi contain bacteria
between cells of the bronchioles and bronchi [102]. In the epithelium, clusters of bacteria
were observed between adjacent cells, and tight junction disruption was apparent [102,
103]. Further studies showed that in a process termed „paracytosis,‟ NTHi interacts with
polarized NCI-H292 cells, with the ability to migrate between cells to the basolateral
surface [104]. Also in subepithelial spaces, NTHi was observed in the reticular crypt
epithelium and in macrophages; this was seen in adenoids removed from children
experiencing adenoidal hypertrophy or otitis media. The bacteria remained viable after
gentamicin treatment, and in some cases, looked to be dividing [105]. NTHi invasion
was also seen in both transformed and primary epithelial cells [87, 106, 107]. Also, the
11

Hap adhesion, as well as ChoP decoration of NTHi LOS, both important in colonization,
is also implicated in invasion [78, 106].
Many bacteria, including NTHi, employ phase variation as a way to evade the
host immune response and achieve persistence; this involves surface structure
modification and includes both gain and loss of structures [108].

Phase variation is

apparent when observing NTHi LOS, a structure that is highly variable and, specifically
for NTHi strain 9274, can exist as 25 distinct forms [109].

Biosynthetic assembly of

LOS involves stretches of tandem 4-base pair repeat regions in the NTHi genome; the
actual number of these repeats can spontaneously change, causing frame shifts during
translation [110], as well as differential or eliminated protein production [111]. In many
cases, these events can result in molecular mimicry and an escape from antibodymediated killing [112]. Expression of the pili, although important in attachment, can also
enhance both neutrophilic oxidative burst and clearance by complement [113]. For this
reason, NTHi can advantageously phase vary expression of its pili by halting production
of hifA and hifB gene transcripts through yet another case of variable repeat region (TA
dinucleotide) numbers [114].

A similar phenomenon is observed with NTHi proteins

HMW1 and HMW2, as these adhesins participate in phase variation by slipped-strand
mispairing [115].
In infection, the NTHi outer membrane porin P2 also acts as an immunogen,
creating a need for antigenic variation in order for NTHi to optimally persist [116]. It has
been shown that, in the span of a persistent infection, P2 sequence variation occurs
clonally [117]; indeed, there are high frequencies of P2 variation both in adults with
NTHi-induced bronchitis and in children with otitis media. These variations are often
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found in an immunodominant portion of the P2 protein known as loop 6 and result in loss
of antibody-mediated killing [117-119].

NTHi protein P4 also undergoes antigenic

variation that involves immunodominant regions putatively described as surface exposed
loops [120], [121]. NTHi surface proteins P1, IgA1 protease, HMW1/2, and the pili
proteins HifA/D/E all have been shown to undergo some degree of spontaneous mutation
and may utilize antigenic variation as a means of persistence, as well [62].
As other bacteria utilize siderophore systems to acquire iron, NTHi also possesses
unique ways to bind host iron for its own use and promote its own persistence; two such
mechanisms are the ability of NTHi to bind heme [122] or transferrin [123]. Tbp1 and
Tbp2 are two NTHi outer membrane proteins that remove iron and transport it to the
bacterial periplasm (through another transport system involving NTHi protein TonB)
through transferrin interaction; Fur is an NTHi protein that has the ability to stop iron
uptake when an adequate concentration is present [124-127].

Yet another system

involving the Hit family of proteins (HitA-C) allows iron into the NTHi cytoplasm [128130]. Since heme is an absolute growth requirement for NTHi aerobically, as with iron,
several mechanisms are in place to ensure heme acquisition. This includes utilization of
compounds that include heme, such as hemoglobin [131]. Binding of hemoglobin heme
requires the NTHi Hgp family of proteins (HgpA-C) [132]; likewise, the Hxu family of
proteins, HxuA-C, represents another system NTHi possesses that allows the bacteria to
bind heme-containing compounds, as well as extract and transport heme [133-135].
A very basic description of a biofilm is a matrix-encased community of
microorganisms that reside on a surface, whether it is biological (for example, host
tissue) or non-biological (for example, indwelling medical devices), often with bacteria
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distinct from planktonic, free-floating counterparts [136]. The ability to form bacterial
biofilms is yet another strategy that NTHi employs in order to achieve persistence. It has
been shown that NTHi can form both in vitro and in vivo biofilms [137-139], and NTHi
biofilms have been observed in the nasopharynx as well as in the middle ear space [36,
38, 140]. Metabolic processes of the bacteria within a biofilm are altered as oxygen
levels are changed; these can provide protection to the bacteria in the form of increased
resistance to antibiotics and surfactants, and an ability to evade host immune responses.
Thus, biofilm bacteria are inherently less susceptible to host immune clearance than are
planktonic counterparts [141-143]. Studies surrounding biofilm formation by the Gramnegative Pseudomonas aeruginosa show a slow and stunted neutrophil response as
compared to what is observed with planktonic state bacteria [144]. Also, the matrix of
the biofilm, which can be variable in composition, can act as a scavenger which traps
environmental nutrients that the bacteria can utilize for its benefit. It is for these reasons
that biofilm formation is implicated in recurrence of disease [37, 137, 145-148].
Although composition of a bacterial biofilm will be different amongst different
species, and factors such as host presence must be considered, some things are known
about the constitution of an NTHi biofilm. Both in vitro and in vivo, it has been shown
that lipooligosaccharide contribut es to t he bio film matrix [149, 150].

One

set of experimentation showed a contribution of NTHi proteins Hap and HMW1/2
within an in vitro biofilm [151]. Also observed within the in vivo NTHi biofilm matrix
is type IV pilin protein and double stranded DNA [145].
LOS, important in bacterial attachment and in the biofilm matrix, also undergoes
changes to promote H. influenzae biofilm formation. For example, it has been shown that
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sialylated glycoforms of LOS promote H. influenzae biofilm formation; in continuous
flow, biofilm bacteria contain LOS glycoforms that are sialyated [139]. Gene siaB of H.
influenzae encodes for CMP-sialic acid synthetase. A mutation in siaB results in
asialyated LOS [152]. siaA and lsgB are two other identified sialyltransferase genes.
Disruption of any of these sialic acid-related genes can result in a decrease in biofilm
formation in vivo and change the course of disease.

H. influenzae can even use host-

derived sialic acid in incorporation to its LOS as a virulence factor and as a promotion of
biofilm formation [139, 150, 153, 154]. Sialic acid presence can inhibit opsonization,
complement activation, and phagocytosis [155]
Addition of phosphorylcholine (ChoP) to H. influenzae LOS has also been shown to
be implicated with the maturation of biofilms. Both in vitro and in vivo, presence of
ChoP on LOS correlates with thicker biofilms. These assays were done using a parental
strain of NTHi, a strain “locked-on” for its expression of ChoP (licON ), and a strain
without LOS ChoP (licD, deficient in a ChoP transferase). In the chinchilla model of
otitis media, high numbers of ChoP+ bacteria were not observed in middle ear effusions,
in which planktonically growing bacteria are often found. This finding implies that the
presence of ChoP on LOS is important for persistence of biofilm bacteria specifically
[156]. Other studies showed that increased ChoP expression and growth in a biofilm
elicits a less potent host inflammatory response, as signaling through TLR4 is decreased;
biofilms with ChoP-expressing NTHi will also be less sensitive to killing by the
antimicrobial peptide LL-37, further supporting biofilm growth as a means for H.
influenzae persistence [157, 158].
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Not unlike most Gram negative bacteria, NTHi contains an outer membrane,
periplasm, and inner membrane as its cell wall; genetic analyses also show associated
proteins of Sec machinery that may participate in protein exportation from the cytoplasm
[159]. The bacterial cell periplasm contains within it several layers of peptidoglycan, as
well as HtrA, a protease homologous to DegP found in E. coli [160]. Representative of
the interface between the bacteria and its environmental attachment site is the outer
membrane, which contains both surface-associated and integral proteins, as well as
lipooligosaccharide [62].
Lipooligosaccharide (LOS) makes a large contribution to the NTHi cell wall,
representing approximately 4% of the bacteria‟s dry weight [161]. LOS possesses a lipid
A moiety as well as an oligosaccharide core.

LOS lacks O side chains unlike related

lipopolysaccharides (LPS), and a number of different forms of LOS can be expressed on
any one bacterial cell with differential carbohydrate composition [109].
LOS and LPS contain lipid A molecules of similar structure and function, but the
lack of O-antigen units on LOS, limiting the structure to approximately ten saccharides,
creates a less hydrophilic surface; this renders bacteria expressing LOS less resistant to
lipid and enzymatic solubilization than enteric bacteria expressing LPS in the enteric
environments, and better suited for residence at respiratory and genital mucosal surfaces
[162].
LOS biosynthesis in Gram negative bacteria is complex, and its assembly and
regulation are areas under constant investigation.

One well-understood concept is the

importance of the lipid A molecule. In E. coli, it has been shown through genetic studies
with the lpx genes that lipid A is critical for bacterial viability [163]. lpx homologues
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found within the H. influenzae genomes indicate that lipid A biosynthesis may be
similar [159]. One important discovery in H. influenzae was the identification of the
htrB gene [164].

This particular gene is transcribed and translated into an acyl

transferase; lipid A contains a diglucosamine to which this acyl transferase adds Olinked fatty acids [165]. In the absence of htrB, membrane stabilities are compromised
and temperature sensitivity is observed.

This is in part due to the penta- or tetra-

acylated lipid A molecules instead of the normal six myristic acid substitutions [165].
In fact, there is an increase in susceptibility of NTHi to human β-defensin 2
correlating with a decreased acylation state of lipid A [166]. Studies do show that H.
influenzae contains a homologue to E. coli msbB, an acyl transferase first described as
a high copy number suppressor of htrB mutations [159, 165, 167]. However, in vivo
models of infection still show that a 3-log greater dose over the parental strain is needed
in inoculation of an htrB mutant in order to cause otitis media in a chinchilla [168]. One
KDO (3-deoxy-D-manno-octulosonic acid)- heptose residue represents the lipid A
proximal oligosaccharide portion of H. influenzae LOS.

One gene involved it its

synthesis is rfaD, which encodes for an ADP-L-glycero- D-manno-heptose-6-epimerase.
Mutations to this biosynthetic gene leave LD-heptose unincorporated in the
LOS

molecule, and subsequent additions are not possible [169]. Even at high

infectious doses, the rfaD mutant has been shown to be effectively cleared from the
chinchilla middle ear model of otitis media by 72 hours post-infection [84].
Extending from the lipid A molecule, Gram negative bacteria will use specific
glycosyltransferases to add sugars to sugar acceptors, resulting in an oligosaccharide
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chain mainly made up of glucose, galactose, GlcNAc, and GalNAc, and further
decorations can be made to the sugar backbones [170]. For H. influenzae, further LOS
assembly requires the transcription of several genes and expression of many enzymes.
One such gene is pgmB, which encodes for an enzyme with phosphoglucomutase activity.
Without pgmB, there will be no conversion from glucose-1-phosphate to glucose-6phosphate, resulting in the absence of UDP-glucose and UDP-galactose pools. Therefore,
there can be no glucose or galactose branch extension from the heptose core. Adherence
to bronchial epithelial cells by NTHi 2019 LOS, but not by NTHi 2019 pgmB LOS, has
been observed [78]. Figure 1 shows the structure of Neisseria gonorrheae LOS, a related
Gram-negative bacterium [171].
The characteristic four base pair repeats that change in number and can cause
slipped-strand mispairing and changes in LOS assembly can be found in genes lic1A,
lic3A, lex2, and lgtC [62].

lic1A encodes a phosphorylcholine kinase, and allows for

addition of phosphorylcholine on H. influenzae LOS molecules [172]. Modifications in
lic2A and lic3A repeat number have effects on glycotransferase activity and changes LOS
structure, which in turn changes antibody specificity [111].

lic2A transcription and

translation potentially enhances mimicry and protection against antibodies by adding
structures to LOS that appear similar to host glycoplipids, namely Galα1-4Galα moieties
[112]. lic3A gene products add Neu5Ac to a lactosyl acceptor in an α-2,3 linkage; this
phase-variable sialyltransferase activity results in sialylated glycoforms of LOS that are
more resistant to serum killing than are non-sialylated counterparts [173]. The generation
of another Galα1-4Galα may also be a role for the lgtC gene locus.
Even though NTHi can persist for periods of time as an opportunist, it can
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Figure 1.

Structure of lipooligosaccharide of a related Gram-negative

organism, Neisseria gonorrheae. Note the two KDO molecules present, in contrast
to the one found in LOS of H. influenzae [170]

19

20

participate in pathogenesis and cause disease. It is a major cause of both acute and
recurrent OM, as well as chronic OM with effusion (OME).

Sinusitis caused by

pathogenic NTHi in about 33% of cases observed [174]. There is also evidence for a
role of NTHi in exacerbations during chronic obstructive pulmonary disease (COPD)
[32, 52, 174-176]. The elderly, patients with respiratory disorders, and children in
developing countries are all predisposed to NTHi-induced community- acquired
pneumonia

[177-179],

and

rarely,

systemic

conditions

such

as

arthritis,

meningitis, pneumonia, or septicemia can be caused by NTHi [83].
Spread to adjacent sites from a colonized nasopharynx results in disease. Risk
factors usually involve some defect in mucociliary clearance or exposure to cigarette
smoke [180], and systemic disease usually occurs in the immunocompromised, especially
when there is a humoral immunity defect within an individual [83, 181, 182]}. Antibiotic
treatment with β-lactams is most commonly prescribed in infections; however, sometimes
due to production of a β-lactamase, resistance has been observed. Representing other
classes of antibiotics, trimethoprim-sulfamethoxazole, azithromycin, and clarithromycin
have also been shown to be ineffective in some reports [183, 184]. Additionally, even
though there are promising vaccine candidates in targeting NTHi proteins protein D,
OMP26, and P6 [185-187], there is currently no vaccine toward unencapsulted strains of
H. influenzae licensed in the United States [188].

With this knowledge, it is not only

critical that more efficient treatment and preventative measures become identified and
available, but an understanding of the immune responses is important as well.
Several host immune programs are initiated upon recognition of NTHi and its
various PAMPs (pathogen-associated molecular patterns).
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These include several outer

membrane p r o t e i n s , such as t h e a b u n d a n t p o r i n P 2 [ 189].

LOS i s a

h i g h l y proinflammatory PAMP, as recognition by Toll-like receptor 4 (TLR4) leads
to events such as NF-κB activation and downstream release of factors such as mucin,
IL-6, IL-8, IL-1β, and TNF-α, which are critical to a potent immune response to
infection [63, 190, 191]. LOS can prime neutrophils and enhance their responses,
which on one hand may increase host defense, but on the other, increase tissue damage
[192]. One study shows that in a murine model, presence of TLR4 is critical in effective
clearance of NTHi.

In its absence, cytokine levels are decreased and there is a

subsequent reduction of neutrophil infiltration [190]. MyD88 (Myeloid differentiation
protein 88) is an important adaptor molecule in one arm of TLR4 signalling [193].
Another study reports that the MyD88- dependent pathway of TLR4 signalling is
critical for effective clearance of NTHi from the murine lung.

CD14, the ligand-

binding molecule of the LOS receptor complex, is also required for sensing and
responding to NTHi LOS; LPS-binding protein, or LBP is an acute phase lipid transfer
protein that can transfer endotoxin units to CD14 [194-196]. Toll-like receptor 2 (TLR2)
has the ability to recognize lipoproteins of pathogens, and NTHi surface components have
been shown to be TLR2 agonists [191]. The receptor is able to heterodimerize with
either TLR-1 or TLR-6 to recognize tri-acylated or di- acylated lipoproteins,
respectively.

Similarly to Myd88 dependent TLR-4

signaling, upon

PAMP

recognition, TLR-2 signaling proceeds through the adaptor molecules MyD88 and
MAL (Myeloid differentiation protein 88 adaptor-like) until downstream NF-κB
activation results [197].

Specifically, NTHi OMP-P6, a highly conserved 16 kDa

lipoprotein, has been shown to activate NF-κB through TLR-2 and correlates with high
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levels of the proinflammatory cytokine IL-8 production during NTHi-associated COPD
exacerbations [198].

In a mouse model of NTHi infection, TLR2 deficiency does not

appear to altar bacterial clearance, even if a reduced responsiveness is seen in alveolar
macrophages in TLR2 deficient mice. However, upon further examination at a later
timepoint of infection, it was observed that TLR2-deficient mice had approximately 1 log
more bacteria than wildtype, indicating some function for TLR2 in optimal clearance
[194]. Even TLR3, which is classically thought of as an innate immune molecule with
importance in viral immunity, has been implicated in defense against NTHi. It was
observed that lower-than-normal levels of cytokine were produced upon exposure of
normal human bronchial epithelial cells to NTHi when TLR3 signalling was blocked
[199]. Figure 2 is a representation of Toll-like receptor signaling pathways [200].
IgA plays an immunological role at mucosal surfaces.

The dominant serum

antibodies against NTHi, however, are IgG and IgM [201], and both of these antibodies
along with C-reactive protein-activated complement have previously been shown to be
bacteriocidal in serum [202-204]. Humoral immunity against NTHi is effective; this may
be one reason systemic disease rarely occurs and why NTHi is predominantly a mucosal
pathogen. One study shows that both control patients and patients with NTHi-induced
bronchiectasis had detectable antibody to NTHi at similar titers. Effective antibody and
complement killing of NTHi was mediated through a membrane attack complex and the
classical pathway of complement activation. Granulocytes were activated by antibody
and able to intracellularly kill NTHi as well [205].
NTHi protein P6 represents a highly conserved protein among strains, and
immunization with P6 is able to induce a potent serum antibody response [206-208].
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Figure 2.

Overview of Toll-like receptor signaling, including TLR2 and

TLR4 [200]
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Many related studies also focus on antibody responses, but there is evidence
supporting the importance of cell-mediated immunity. P6 Peyer‟s patch immunization in
a rat model showed mesenteric lymph node lymphocyte proliferation. Compared to
children without otitis media, those with the disease display decreased cellular immune
responses. Also, in COPD adults with NTHi-induced exacerbations, there is a correlation
between P6 lymphocyte proliferation and protection [208-211]. Indeed, BALB/c mice that
were immunized with P6 have T cells that recognize an immunodominant T cell
epitope; a single amino acid substitution in this epitope eliminates the T cell response
[212]. T-helper cell immune responses to NTHi may also undergo change. In one study,
normal control patients, in response to NTHi, made Th1 cytokines and produced CD40
ligand; in contrast, patients chronically infected and suffering from bronchiectasis
skewed towards a Th2 response, had lower CD40 ligand expression, and had production
of a distinct subclass of IgG [213].

Polymorphonuclear leukocytes
Innate immunity encompasses a multitude of host defense mechanisms that serve
as a first line of protection during insult, injury, and infection. Macrophages, basophils,
eosinophils, dendritic cells, products of these cell types, and antimicrobial peptides all
play critical roles in the innate immune response, but neutrophils, members of the
polymorphonuclear leukocyte (PMN) family, are considered first sentinals in response to
foreign material [214]. Resistance to fungal and bacterial infection is largely dependent
upon neutrophils, as neutropenia results in susceptibility to infection by a wide range of
pathogens [215].
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Neutrophils

mat ure

in

the

bone

marrow

fro m

a

g r a n u l o c y t e /macrophage progenitor, terminally differentiate, and are released into
the bloodstream.

Neutrophils are the most abundant white blood cell in the human

body, accounting for approximately 60-70% of all white blood cells. Possessing a short
half-life, neutrophils are continually being replenished; it had been accepted that the in
vivo lifespan of a neutrophil was around one day, but more recent study shows
through in vivo labeling that a non- activated neutrophil may have an average
circulatory lifespan of 5.4 days, and a tissue life-span of 1-2 days [216, 217]. An
average adult human produces 1-2 x 1011 neutrophils per day, and production is,
in part, regulated by granulocyte colony stimulating factor (G-CSF). Production of
G-CSF itself depends on the rate of tissue resident neutrophil apoptosis and the
production of IL-23 by dendritic cells and macrophages that phagocytose these
apoptotic neutrophils. When this event occurs, IL-23 levels actually decrease, which in
turn decrease levels of the G-CSF inducer, IL-17A. Therefore, an increase in tissue
resident neutrophils leads to a reduction in G-CSF production [218-222].
PMNs contain a polymorphic nucleus, giving them their name, and consist of 3-5
nuclear lobules thought to aid in ease of transport through tissue barriers.

Another

morphological characteristic of PMNs is the presence of granules containing hydrolases
and other antimicrobial agents. These granules contain an outer phospholipid bilayer and
an i nt r a g r a nu la r ma t r i x .

They

are

divided

into

primary

(azurophilic),

secondary (specific), and tertiary (gelatinase) granules, which develop at different
points during maturation and are defined by their differential granule protein
content [223, 224]. Primary granules are characterized by their high myeloperoxidase
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(MPO) content and affinity for the basic dye azure A. MPO represents approximately
25% of a PMN‟s total granular protein and can reach vacuolar concentrations of 100
mg/ml [214].

Lysozyme, defensins, cathepsin G, elastase, proteinase 3, and

bactericidal permeability-increasing protein (BPI) are also contained in primary granules.
Neutrophil elastase (NE) is critical for Gram-negative bacterial and fungal clearance,
and deficiencies in both NE and cathepsin G have a severe clearance defect in a
murine model [225]. Formed later in maturation, secondary and tertiary granules contain
high concentrations of lactoferrin and gelatinase, respectively [224]. PMNs also contain
structures known as secretory vesicles that store membrane proteins and are formed during
late maturation endocytosis [226,227].
In the context of an infection, neutrophils are the first responders, recruited to
infection sites by mediators of inflammation, such as IL-8, interferon-gamma (IFN-γ), or
complement factor C5a. Endothelial cells will express P- and E-selectins, onto which
neutrophil mucins will bind and proceed with a process known as rolling. Upon
activation by chemokines, complement, or bacterial peptides, neutrophil integrins will
interact with cell adhesion molecules such as intercellular adhesion molecules 1 and 2
(ICAMs) resulting in tight adhesion that will arrest migration. Critical for this process
are neutrophil surface β2 int egrins Laf-1 and Mac-1. PMNs can become activated
upon tight

adhesion

by

activated

endothelial

cells

that

produce

IL-8

and

macrophage inflammatory protein 2 (MIP-2) [228, 229]. Neutrophils are then able to
extravasate through endothelium using a chemokine gradient, and arrive at areas of
infection.

The extravasation process involves actin polymerization through the

activation of RhoG and RhoA GTPases [229]. Once to sites of infections, neutrophils
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can amplify the immune response by expressing cytokines themselves and recruiting
other immune mediators [228].

Neutrophils traditionally are not considered immune

cells regulated by specific lymphocytes, but studies do exist showing a role in both
recruitment and enhanced activation by T-lymphocytes [230, 231]. Also at infection
sites, PMNs have the ability to undergo phagocytosis, engulf bacteria, and expose
foreign matter contained in vacuoles to their cytoplasmic granule contents [232].
Phagocytosis itself is a complex process involving several neutrophil receptors
and signaling events, and remodeling of the actin cytoskeleton is required [233].

Fc-

receptor-mediated phagocytosis involves immunoglobulins opsonizing foreign matter; Fc
receptors on neutrophils recognize the conserved immunoglobulin Fc domain and the
foreign mat t er is qu ick l y i nt er na l ize d .
in it iat ed b y immunoreceptor

The

tyrosine-based

int er na liz at io n

pr o c es s

activation motifs

is

(ITAMs)

becoming rapidly phosphorylated, leading to conformational changes within the
receptor‟s cytoplasmic domain.

Ultimately, the cytoskeletal rearrangements will

result in extensions of the plasma membrane around foreign material, and superoxide
production and inflammatory cytokine r e le a s e c a n fo l lo w [ 234]. Complementmediated p ha g o c yt o s is r e p r e s e nt s another form of phagocytic uptake. Complement
receptors CR1, CR3, and CR4 are present on neutrophils and are implicated in
phagocytosis [235]. C3, using different recognition sites, can bind several ligands,
including iC3b, which induces phagocytosis. This is an efficient process only when the
neutrophil is first activated by cytokines or other inflammatory mediators and its
complement receptor undergoes a conformational change [236-239]. Serine
phosphorylation of a β-chain on CR3 and CR4 occurs following activation and
29

facilitates

non-opsonic

uptake

[240].

Morphologically, phagocytosis progresses

differently for complement-mediated uptake. There is minimal perturbation of the
membrane and an inflammatory response/oxidative burst is not normally observed
following uptake.

It has been described that a microbe “sinks into” the neutrophil

[241]. Also, several non-Fc mediated and non-complement mediated mechanisms of
phagocytosis have been studied and function through molecules such as α5β1 and αvβ3
integrins, mannose receptor lectins, the LPS receptor CD14, and members of the
scavenger receptor group. Morphological details of phagocytosis signaled through these
receptors are similar to Fc-mediated phagocytosis, even if no inflammatory
response is elicited [242-245].
Once phagocytosed, microbes may be contained within neutrophil vacuoles which
will fuse with cytosolic granular lysosomes to form a phagolysosome; within the
neutrophil, microbes are exposed to both oxidative and non-oxidative insults. Previously,
much effort went into defining the importance of reactive oxygen species (ROS) in direct
killing function. However, other studies show a primary role for the granular proteins in
killing and a more indirect and facilitating role for ROS [225, 246].

Chronic

granulomatous disease (CGD) is a condition in which there are mutations in genes that
encode for proteins of the nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase complex, which generates ROS in response to engulfing microbes [247].
Patients with CGD have drastically decreased or no neutrophil oxidative burst and are
immunocompromised, and as mentioned, neutropenia studies show the necessity of
neutrophils for defense against bacterial and fungal pathogens; however, many CGD
patients‟ immune systems are still able to kill most invading microorganisms, indicating
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that neutrophils have other means to combat infection [215, 248].
The base component of NADPH oxidase complex is flavocytochrome b558, which
is a heterodimer of gp91phox (containing haem and flavin binding sites) and p22phox (which
provides binding sites for other cytosolic NADPH oxidase subunits such as p47phox).
Flavocytochrome b558 incorporates into phagocytic vacuole walls and allows electrons to
be pumped onto vacuole-resident oxygen from the cell cytoplasm. Other

activating

proteins that participate in the electron transport system and undergo translocation to
vacuole membranes include p67phox, which has high affinity for flavocytochrome b558, and
p40phox, which itself binds tightly to p67phox [214, 249, 250]. Figure 3 shows a schematic
representation of the oxidase system [214, 250].
The result of NADPH oxidase activity is the pumping of superoxide (O2-) into
phagocytic vacuoles in large amounts, and dismutation to hydrogen peroxide (H2O2) can
occur quickly [246, 251]. It is still unclear if any other ROS are produced in such large
quantities within the vacuole.

Hydroxyl radical (HO.) can form via combination of

superoxide and hydrogen peroxide; however, this requires a metal such as iron, which is
effectively bound by neutrophil lactoferrin [252, 253].

Although ozone has also been

implicated in killing neut rophil-engulfed micro bes, quest io ns about t he
pot ent ially promiscuous indicator used to detect ozone in those studies remain. Little
evidence exists supporting the idea that nitric oxide (NO) plays significant roles in
microbial killing within neutrophils, even if it may be important in killing organisms
that traditionally proliferate in macrophages [214, 254-257]. One of MPO‟s roles
may be to oxidate halides in a hydrogen-peroxide dependent manner that could
potentially kill microbes, and MPO knockout mice are susceptible to bacterial and
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Figure 3. Schematic representation of the NADPH oxidase complex [214,
250]
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fungal infections; however, newer technologies reveal that approximately 1 in 2000
individuals have MPO deficiencies with no serious predisposition to infection. Also, even
though there are wide and obvious species differences, it is interesting to note that neutrophils
from birds contain no MPO. In studies mentioned previously [225], mice lacking proteases
were unable to kill microbes even with an intact NADPH oxidative burst.

Taken together,

these findings point to a more direct function of neutrophil granule contents in microbial
killing, and emphasize the need for experimentation using dynamic conditions that are specific
t o t he neut r o phi l [ 214, 25 8 -261]. For example, vacuole contents appear differently
pre-oxidative burst versus post-oxidative burst, or in normal neutrophils versus CGD
neutrophils, suggesting a physico-chemical change generated by ROS to granular contents
[225]. This led researchers to examine more closely the electron transport chain, ion
movement across membranes, charge compensation, and pH levels in vacuoles, as well as
how the actions may affect granule protein release.

Because the oxidative burst generates

superoxide and involves electron transfer, there is a need for charge compensation across
vacuole membranes.

This is achieved by removal of calcium anions and transport of

potassium cations (K+) or protons into the phagocytic vacuole.

Hypertonic K+

and

increased pH within the vacuole activates primary granules by interfering with the
normally strong bonds the granules share with negatively charged proteoglycans. K+

can

r e le a s e p r o t e i n s i n t he i r s o lu b le fo r ms b y a bo l i s h i n g t he interaction between
these granule enzymes and the vacuole matrix. Blocking potassium cation influx eliminates
microbial killing even though normal amounts of ROS are made [214, 225, 262, 263].
Figure 4 outlines this charge compensation leading to granule activation [214, 225, 262].
So, even though oxidative killing does play a role in killing invading microbes, it also is
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Figure 4. Relationship between the NADPH oxidative burst and granule release
[214, 225, 262]
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critical for creating an environment in which the granule proteins and enzymes can
become activated and carry out their highly antimicrobial functions. Such an intricate
mechanism of activation involving the NADPH oxidativeburst may be important in
controlling bystander damage and destruction to normal host tissue that these enzymes
could potentially cause [214].

Neutrophil Extracellular Traps
With the high turnover rate of PMNs, neutrophil cell death is a natural process in
vivo.

Generally, circulating PMNs are directed to inflamed tissue or participate in

spontaneous apoptotic cell death [264-266]. The apoptotic pathway of neutrophil cell
death, which can be either intrinsic or extrinsic, involves several cell manipulations that
include cell surface alterations. For example, an increase in phosphatidylserine on PMNs
helps other phagocytes clear neutrophils and helps to resolve potentially harmful
inflammation [265, 267].

With similarities to apoptosis, autophagy represents another

form o f p r o g r a m m e d c e l l deat h (PCD). Autophagy i n ne u t r o p h i l s i s s t i l l
u n d e r investigation, but evidence exists that neutrophil autophagy is one default fate in
the case of caspase activation blockade independent of apoptosis-inducing factor
(AIF). It is believed that ligation of neutrophil Sialic acid-binding Ig-like lectin 9
(SIGLEC9) and production of ROS can lead to neutrophil autophagy in the absence of
caspase activation [268-270]. In contrast to apoptosis, necrosis is a premature, highly
inflammatory form of cell death with uptake of dying and dead cell debris by other
phagocytes not usually occurring; in fact, one COPD study shows that the interaction
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between neutrophils and NTHi within the lung leads not to bacterial killing, but
instead necrosis of neutrophils, subsequent amplification of neutrophil recruitment, and
further necrosis of the recruited neutrophils [271].
Another form of neutrophil PCD known as neutrophil extracellular trap (NET)
formation has been under investigation. NETs are extracellular structures consisting of
neutrophil DNA decorated with proteins and enzymes that reside within a living PMN‟s
granule compartments [272].

This may include histone protein, neutrophil elastase,

cathepsin G, or BPI [273, 274]. The complexity of these structures is seen as ~15 nm
smooth “threads” of unfolded chromatin that wind into “cables” with diameters of ~100
nm. The “cables” appear flexible and as intricate webs that can cover several square
microns in area using scanning electron microscopy [265]. DNA is the major structural
component of NETs, as seen through staining of NETs with DNA-intercalating dyes and
disruption of structural integrity upon treatment with nucleases, but not proteases. The
formation of NETs from the neutrophils of several species has been observed, including
humans, cats, mice, birds, and fish. In vivo, evidence of NET formation is observed in
samples from rabbit experimental shigellosis, human spontaneous appendicitis, bovine
mastitis, murine experimental pneumococcal pneumonia, and streptococcal fascitis [272,
275, 276]. The ability of NETs to participate in pathogen clearance was an initial focus
of study and remains to be an important route of exploration as will be discussed below.
However, it now also appreciated that the NET environment is an inflammatory one, and
if not regulated and controlled, can cause host tissue damage. For example, interaction
between PMNs and activated epithelial cells, a process required for neutrophil
transmigration, can cause IL-8 induced NETs to form. Co-culture of the two resulted in
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epithelial cell damage [277].

It has also been implicated in autoimmunity, as system

lupus erythematosus (SLE) patients can not effectively clear NETs and autoantibodies
against self DNA, histones, and neutrophil proteins, as well as lupus nephritis, can result
[278]. NETs have an effect not only during infection, but during mammalian
reproduction as well. Insemination can lead to neutrophil activation and NET formation
in the female reproductive tract. Formation of NETs can entrap spermatozoa and lead to
decreased fertility. Interestingly, some spermatozoa may be freed from entrapment by a
seminal DNAse that seemed to have little effect on the bactericidal activity of the NET
components against resident microbes [279]. NETs have also been implicated in
preeclampsia pathogenesis [280], and their presence is correlated with impaired
pulmonary function in individuals with cystic fibrosis [281]. In what may be either a
deficiency or a protective mechanism against hyper-inflammation in the more susceptible
developmental stage of neonates, PMNs of preterm and term infants display impaired
ability to undergo NET formation with standard stimuli; this results in decreased
extracellular, but not phagocytic, killing of bacteria by preterm and term PMNs [282].
Induction of NETs in essence allows neutrophils to participate in the killing of
invading microorganisms even after cell death by trapping microbes in a DNA web and
exposing them to high local concentrations of antimicrobials.

Also, when NETs are

released, the volume of the resultant structure is much larger than the neutrophil from
which it originated. This allows the activity of the neutrophil‟s antimicrobials to extend
outward and affect microorganisms with which the live neutrophil may have never
interacted; a physical barrier to contain bacteria and block their spread may also be a
critical role of NETs in infection control [273]. Gram-negative pathogens Shigella
39

flexneri and Salmonella typhimurium, Gram-positive pathogens Staphylococcus aureus
and group A Streptococcus, and fungal pathogen Candida albicans all have been shown
to associate with NETs [272, 283, 284]. While associated with NETs, S. flexneri and S.
typhimurium are partially “disarmed,” as staining levels for virulence factors IpaB and α
toxin, respectively, were decreased as compared to non-NET associated bacteria; also,
blocking NET protein activity with secretory leukocyte proteinase inhibitor (SLPI)
increases staining levels for these bacterial virulence factors. Treatment of NETs with
the actin inhibitor cytochalasin D showed that NETs alone can kill ~30% of inocula of
either S. flexneri or S. typhimurium, and this was dependent upon NE, histone, and an
intact DNA lattice [272].

As mentioned the eukaryotic C. albicans is also trapped by

NETs, and through action of this trapping and exposure to granule-decorated NETs, is
susceptible to this mode of extracellular killing in either its yeast or hyphal form [283].
There is also evidence that the parasite Eimeria bovis elicits and is trapped by bovine
PMNs in vitro [285].
Many organisms have developed mechanisms by which to evade the antimicrobial
actions of NETs.

Capsule production by many bacterial species may be one such

mechanism. Strains of S. pneumoniae expresses capsule on its surface and by changing
electrostatic interactions reduce its binding to NETs.

Interestingly, capsule expression

seemed to have litt le effect on resistance to NET-mediated killing.

However, an

unencapsulated strain of S. pneumoniae with mutation in its dltA gene rendered it
susceptible to NET-mediated killing. The dlt operon is responsible for incorporating dalanine residues into lipoteichoic acids. Expression may be important for optimal
resistance to NET-mediated killing; an encapsulated dltA mutant survived NET killing in
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vitro, but was outcompeted by the parental strain in the lungs and bloodstream in a
murine pneumococcal model, suggesting an early role of dltA early in infection when
capsule is low [286].

The expression of bacterial endonucleases is another evasive

mechanism utilized. EndA, a surface nuclease of pneumococcus, degrades NET DNA
and a llo ws t he bacteria t o escape ent r apment . This escape pr o mo t ed spr ead
o f pneumococci to the lungs and blood from the airway in a murine model [276].
Group A Streptococcus extracellular DNAses encoded by spd, spd3, and sda are
critical for resistance to NET-mediated killing in vitro, and a triple knockout of these
genes was less virulent than the parental strain in two separate murine models of
invasive infection [287]. GASM49, a DNAse encoded by sda1, can also degrade DNA
backbones of NETs. Live-cell imaging confirmed the ability of group A Streptococcus
to degrade DNA of NETs, and inhibition of DNAse by G-actin reduced virulence both
in vitro and in vivo [284]. Yet another study has illustrated the ability of the enteric
pathogen S. flexneri to bind cationic granule proteins potentially associated with NETs
to increase adhesion to epithelial cells, resulting in hyperinvasion [288].
The agonists IL-8 and the protein kinase C activator phorbol myristate acetate
(PMA) have long been used as agonists and positive controls for NET formation [272],
but much is left undiscovered in regards to mechanisms of NET induction. However,
several strides have been made in recent years. Figure 5 illustrates some of the many
agonists and requirements needed for PMNs to undergo NET formation, or “ETosis”
[289].
One specific example of a bacterial agonist promoting NET formation is the
group A Streptococcus M1 protein. M1 increases bacterial virulence through interference
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Figure 5. Summary of agonists and cellular processes governing ETosis [289]
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with phagocytosis and inflammatory activities. It also can induce ETosis in neutrophils.
Mutation of the M1 protein leads to reduction in NET formation, and heterologous
expression of M1 in transformed strains induces NET formation.

Interestingly,

M1protein also promotes resistance to the NET-associated cathelicidin antimicrobial
peptide LL-37, a nd strains e xp r e s s i ng M 1 a r e g e ne r a l l y i n va s i ve o ne s . Here,
g r o u p A Streptococcus uses a virulence factor to both induce an immune response and
defend against it [290].

Another bacterial agonist associated with ETosis is LPS.

Rodent and human platelets express TLR4 [291]. LPS binding to platelet TLR4,
although not stimulating expression of platelet activation or inducing platelet
aggregation, did enhance platelet adhesion to PMNs in vitro and in vivo.

This

adhesion led to profound NET formation, and these NETs were able to trap Escherichia
coli [292].
Fuchs, et al was a pioneer in characterizing details of this form of cell death.
NET formation is distinct from both apoptosis and necrosis.
were monitored with staining and live-cell imaging.

PMA-treated neutrophils

In these studies, cells induced to

undergo NET formation did not present the transport of phosphatidylserine to the leaflet
of the outer membrane and subsequent staining with Annexin V. Instead, annexin V stain
was only visualized concomitantly with the loss of a vital dye, demonstrating NET
release from a dying but non-apoptotic neutrophil. Apoptotic cells stained annexin V
positive prior to a loss of membrane integrity. Morphologically, during NET formation
there is a decondensation of nuclear chromatin, and a breakdown of the nuclear and
granule membranes. DNA and granule components mix in the cytoplasm before there is
a cellular membrane breakdown, and the granule-associated DNA lattice is extruded from
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the cell. This was not observed in cells induced to undergo Fas/FasL-mediated apoptosis,
where i n s t e a d , c h r o m a t i n c o n d e n s a t i o n a n d n u c l e a r

fragmentation w a s

o b s e r v e d . Detection of DNA fragmentation by TUNEL was never observed in
PMA-treated neutrophils, but only with Fas antibody treatment. Treatment of PMNs
with S. aureus toxin showed classic evidence of necrosis, with loss of nuclei structure
and lobule fusion without euchromatin and heterochromatin segregation.

After long

exposure times to the toxins, neutrophils never displayed NET morphology or the
granule-decorated DNA lattice. Finally, endonuclease digestion of extracellular DNA
was performed. The content of the released DNA within the supernatant was
measured and only PMA- activated neutrophils resulted in NET formation [293].
Early on in NET experimentation, generation of ROS was shown to be critical for
induction. Live bacteria (S. aureus without expression of toxins) or PMA activates the
NADPH oxidative burst, and an inhibitor of the oxidase, diphenylene iodonium (DPI),
blocks these agonists‟ abilities to generate ROS, induce cell death, or form NETs. DPI
treatment resulted in neutrophils that appeared nearly identical to unstimulated controls.
Similarly, neutrophils from CGD patients that have mutations in genes encoding the
NADPH oxidase do not undergo NET formation when stimulated with PMA or live
bacteria.

Exogenously produced hydrogen peroxide, a downstream product o f

t he oxidase, was able to restore NET formation in both DPI-blocked PMNs and
neutrophils from CGD patients.

Catalase, converting hydrogen peroxide into water and

dioxygen, inhibits NET formation when incubated with PMNs and hydrogen peroxide.
Furthermore, simultaneous addition of catalase inhibitors resulted in restoration of NET
formation.

It appears that the oxidative burst, critical for phagocytic killing, also
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produces ROS that can act as second messengers in inducing the formation of NETs.
Finally, Fuchs, et al described the ability of NETs to kill another organism, S. aureus.
The use of DNAse abolished the ability of PMA-treated neutrophils to kill, and CGD
neutrophils treated with hydrogen peroxide formed NETs and effectively killed S. aureus
[293].

Other oxygen species, such as nitric oxide (NO), appear to play roles in the

induction of NETs. NO is abundant at inflammation sites and in circulation during
inflammatory disease, and neutrophils display NO-mediated free radical production [294296]. When two nitric acid donors, sodium nitroprusside (SNP) and S-nitroso-N-acetylpenicillamine (SNAP) were added to adhered PMNs, NETs were released in a time and
concentration dependent manner. Induction was blocked with pretreatment of NADPH
oxidase or MPO inhibitors, and it was concluded that through augmentation of free
radical generation, NO can be one more participant in the induction of NETs [294].
Another clue into the mechanism of NET induction involves the decondensation
of chromatin. Peptidylarginine deiminases, or PADs, enzymatically convert arginine
residues to citrulline [297]. PAD4 is highly expressed in neutrophils, localizes to nuclei,
and

targets histone

proteins

forcitrullination

[298-300].

PAD4

mediates

hypercitrullination of histones, resulting in highly decondensed chromatin in both
peripheral blood PMNs and immortalized HL-60 granulocytes. Inhibition of PAD4
abolishes chromatin decondensation and NET formation by either IL-8 or S. flexneri.
Activation of PAD4 in HL-60 promotes an enhanced level of NET formation [301].
Also, in a murine model of necrotizing fasciitis, PAD4 (-/-) mice were more susceptible
to infection as compared to PAD4 (+/+) mice [302]. Chromatin decondensation and NET
formation also require NE and MPO. During initiation of NET formation, NE escapes its
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granule compartment and translocates to the neutrophil nucleus. There, NE partially
degrades histones. MPO, independent of its enzymatic activity, synergizes with NE to
promote chr o mat in co nde nsat io n. In a mur ine

Klebsiella pneumoni a mo de l,

NE knockout mice fail to form NETs, which could explain some of the immune
deficiencies observed in these mice [303]. In studies involving donors that have normal
MPO levels, reduced-MPO levels, or no MPO, it is shown that only those donors
completely deficient in MPO have neutrophils that do not form NETs. Blocking MPO
pharmalogically only delays and reduces NET formation, but does not abolish it. MPO
extracellular products do not restore NET formation with MPO deficiency, suggesting
an autonomous role for MPO.

Finally, C. albicans does not exhibit a growth rate

reduction when incubated with MPO-deficient PMNs as it does when MPO is present
[304].
Some evidence exists that, in addition to activating oxidase activity, neutrophils
may r e q u i r e an autophagic p r o g r a m be fo r e N E T s a r e f o r m e d .

In

PMA-

treated neutrophils, chromatin decondensation and formation of NETs come after
both autophagy and superoxide production. PMA can still induce autophagy in CGD
PMNs, and chemically blocking autophagy has no effect on the oxidative burst
following

PMA treatment; however, if either activity is blocked, chromatin

decondensation and ETosis do not occur. Instead, neutrophils eventually die after PMA
exposure and show classic apoptotic characteristics. In the case that ETosis is initiated,
yet either the oxidative burst or autophagy is blocked, apoptosis may represent a back-up
PCD option [305].
Finally, the Raf-MEK-ERK pathway has very recently been shown as important
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in ETosis. These proteins are serine/threonine-selective protein kinases and are mitogen
activated.

They participate in transduction of a signaling event from the cell surface,

through a series of phosphorylations, to the nucleus after which gene transcription can
occur. This signaling pathway is important in activating the NADPH oxidative burst, as
well as upregulating anti-apoptotic protein production. Disruption of the Raf-MEK-ERK
pathway abolishes NET formation [306].

Statement of Research Purpose

The foci of the research presented here involve infection with the otitis mediaand

COPD-associated o p po r t u nis t ic p a t ho g e n no nt yp e a b le H a e mo p h i l u s

i nf l ue n za e , induction of host neutrophil extracellular traps, and means by with NTHi
may survive in the face of neutrophils and NETs in order to achieve persistence. We
take a closer look at NTHi biofilms and their composition, and address bacterial
agonists that may cause NET formation. In vivo, are “biofilms” and “NETs” actually one
in the same?

How does NTHi behave in response to NET trapping, neutrophil

infiltration, and host environmental reactive oxygen species?
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CHAPTER 1:
Survival of bacterial biofilms within neutrophil extracellular traps promotes nontypeable
Haemophilus influenzae persistence in the chinchilla model for otitis media

*Hong W, *Juneau RA, Pang B, Swords WE
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Abstract
Nontypeable Haemophilus influenzae (NTHi) is a leading cause of acute and
chronic otitis media, which are a major public health problem worldwide. The persistence
of NTHi during chronic and recurrent otitis media infections involves multicellular
biofilm communities formed within the middle-ear chamber. Bacterial biofilms resist
immune clearance and antibiotic therapy due in part to encasement within a polymeric
matrix. In this study, the contribution of biofilms to bacterial persistence in vivo and
composition of the NTHi biofilm matrix during experimental otitis media were
investigated. The presence of biofilms within the chinchilla middle-ear chamber was
significantly correlated with increased bacterial load in middle-ear effusions and tissue.
Examination of thin sections revealed polymorphonuclear cells within a DNA lattice
`Containing elastase and histones, which is consistent with the definition of neutrophil
extracellular traps. Viable multicellular biofilm communities with biofilm phenotypes
were found within the DNA lattice throughout the biofilm. Further, NTHi was resistant to
both phagocytic

and extracellular

neutrophil killing in vitro by means

of

lipooligosaccharide moieties that promote biofilm formation. These data support the
conclusion that NTHi subverts neutrophil extracellular traps to persist in vivo. These data
also indicate that a more inclusive definition for biofilms may be warranted.
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Introduction
Haemophilus influenzae exists as a component of the nasopharyngeal microbiota,
and in most healthy people infection causes little or no adverse effect. In children, H.
influenzae is among the most common causes of otitis media infections that are among
the most common and costly pediatric diseases worldwide [14].

During chronic and

recurrent otitis media, H. influenzae forms biofilm communities that are thought to
promote bacterial persistence in vivo [307].

The most fundamental definition for a

biofilm is a surface-adherent microbial community that resists immune or pharmaceutical
clearance [41]. For H. influenzae, the biofilm production in vitro is widely
shared among clinical isolates [308], and factors that promote biofilm formation include
expression of a subset of lipooligosaccharide (LOS) glycoforms [139, 149, 156], type IV
pili [309] and release of double-stranded DNA [145]. Many of these studies have
included infection studies in the chinchilla or other infection models to validate the
relevant genotype in the contexts of persistence and virulence [139, 145, 150, 156, 309].
The formation of a polymeric matrix material that encases a bacterial community is a
widely shared property of biofilms that may promote resistance to clearance by host
immunity and antibiotics [310]. In this study, we examined biofilms recovered from the
chinchilla middle ear chamber to better define the matrix of the H. influenzae biofilm. As
previously reported, biofilms contained a large proportion of fibrous DNA material [145].
Host neutrophils were also observed throughout the biofilm, and eukaryotic histones and
elastase were observed within the DNA matrix. The composition and structure of these
communities was thus consistent with neutrophil

extracellular traps (NETs).

Communities of viable H. influenzae bacteria were also observed within the NET
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structure. Using an in vitro NET bactericidal assay, H. influenzae was shown to survive
within NETs in a manner that was dependent upon the composition of LOS glycolipids
on the bacterial surface.

LOS mutants with impaired survival in NETs included those

with previously established effects on biofilm formation and integrity.

Therefore, we

conclude that H. influenzae subverts the process of NET formation to form persistent
biofilms in vivo.
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Materials and Methods
Bacterial strains
H. influenzae strains 2019 and 86-028NP, and their derivatives, were used in this
study.

The relevant genotypes and phenotypes of all bacterial strains are provided in

table 2 . All b a c t e r i a l

strains w e r e c u l t u r e d o n b r a i n -heart i n f u s i o n a g a r

( Difco) supplemented with hemin and NAD, as described previously [78, 311].

Infections
Healthy adult chinchillas (400–800 g) were obtained from Rauscher‟s Chinchilla Ranch
and were housed for 7–10 days after shipping to minimize the impact of shipping-related
stress, after which transbullar infections were carried out essentially as described
previously [156, 312]. H. influenzae bacteria were harvested from supplemented brainheart infusion plates and suspended in sterile phosphate-buffered saline to an OD600 of
0.15 (approx. 108 bacteria/ml). Chinchillas were anesthetized with isofluorane gas and
infected via transbullar injection with 0.1 ml of suspension containing approximately
1,000 CFU/ear. Infectious doses were confirmed by plate count of inocula and varied
less than 15% between infection groups. Establishment and progression of otitis media
was assessed by otoscopic examination at 48-hour intervals.

Groups of animals were

euthanized at 7 and 14 days following infection, after which the superior bullae were
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Table 2. List of NTHi strains used in this study [165, 169, 313-315]
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excised, exposing the middle-ear chamber.

Macroscopically visible biofilms were

excised, along with the underlying mucosal surface, and processed as described below.
All animal infections were carried out according to protocols approved by the Wake
Forest University Health Sciences (WFUHS) Animal Care and Use Committee.

Microscopy

Biofilms and middle-ear tissue were excised from the middle ear chambers of
chinchillas immediately following euthanasia as described previously [156, 312] . For
viability staining, portions of the biofilm were cut into small pieces (2–3 mm), and
incubated with 0.5 ml of PBS containing a mixture of SYTO 9 and propidium iodide
for 15 min, and then washed 3 times with PBS buffer. Samples were visualized using a
Zeiss LSM510 confocal laser scanning microscope with an argon laser and 488 and 543
nm filters, using Zeiss LSM Image Browser software. Additional portions of the
biofilms were processed for immunofluorescence and electron microscopy.

For these

analyses, samples were fixed briefly in 1% paraformaldehyde/PBS and rinsed in PBS (2
washes, 5 min/wash). For cryosection, biofilm was embedded in OCT resin (Sakura
Finetek). After storage overnight at –20 ° C, the samples were cut into sections (5 μm)
using a cryotome, and placed on to adhesive slides. Blocks and sections were stored at
-20° C prior to further analyses. For immunofluorescent staining, the slides were brought
to room temperature, and then fixed briefly with 2% paraformaldehyde-PBS prior to
antibody and/or lectin staining as indicated in the text. Individual sections were stained
with r a b b it a nt i s e r a d ir e c t e d a g a i n s t H.
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influenzae

[312],

anti-histone

(panreactive monoclonal

antibody

MAB3422;

Chemicon)

or

anti-elastase

(monoclonal antibody NP57; Thermo Scientific), followed with appropriate fluorescent
antibody conjugates as indicated in the text.
obtained from Jackson Laboratories.

All fluorescent antibody conjugates were

For lectin staining, sections were stained with

the sialic acid-specific Limax flavus lectin conjugated to rhodamine (EY Laboratories), as
we have described previously [157, 312].

Immunofluorescence microscopy was

performed using a Zeiss LSM 510 confocal laser-scanning microscope. Quantification
of fluorescence was performed by pixel counts using Photoshop software as indicated
in the figure legends. For histological examination, sections were stained with
toluidine blue according to standard methodology, and viewed on a Nikon Eclipse
microscope. For scanning electron microscopy, portions of the biofilms were fixed
for 60 min with 2.5% glutaraldehyde-PBS and then rinsed twice (10 min/wash) in
PBS prior to dehydration in a graded ethanol series. The samples were then subjected to
critical point drying, mounted onto stubs, and sputter coated with palladium prior to
viewing with a Philips SEM-515 scanning electron microscope.

Neutrophil Killing Assays
Neutrophils were isolated from peripheral blood obtained from healthy donors
according to standard method using Isolymph density-gradient centrifugation.

All

procedures for blood draws were reviewed and approved by the WFUHS Institutional
Review Board. Measurements of bactericidal activity of neutrophils via phagocytic and
NET routes of killing were performed essentially as described previously [286].
Neutrophils (approx. 106/well) were treated with 25 nM phorbol myristate acetate (PMA;
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Sigma) for 10 min. to elicit NET formation, which was confirmed in control experiments
by Live/DeadTM stain, as described above, and fluorescence microscopy. RPMI medium
(with or without 20 μM cytochalasin D) was added to the neutrophils and incubated for
15 min. Bacteria were added (104 CFU, approx. multiplicity of infection = 0.01) and
incubated for 30 min, after which the wells were scraped and plate counts performed.
Bactericidal activity was expressed as a percentage of counts obtained from control wells
in medium wit h no neutrophils.

NET-mediated killing was obtained from similar

comparisons in the presence of cytochalasin, with or without neutrophils.

Complete

inhibition of H. influenzae phagocytosis by neutrophils in the presence of 20 μm
cytochalasin D was confirmed in control experiments (data not shown).

Statistical Analysis
Data were analyzed by nonparametric t test or analysis of variance with a post hoc
test of significance, as indicated in the text.
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Results
Host cells are visible within nontypeable Haemophilus influenzae biofilms in vivo.
Nontypeable H. influenzae (NTHi) 86-028NP forms opaque communities within
the chinchilla middle-ear chamber (fig. 6a) that have been termed biofilms [37, 40, 145,
150, 156, 309, 312] . The basis for this designation, as elucidated through a series of
studies from several different laboratories, was that the bacterial community was found
associated with host surfaces and was encased in an electron-dense matrix material [40,
145, 150, 156, 309, 312]. Analysis of this community by scanning electron microscopy
reveals the presence of an electron dense matrix component and host cells associated with
and integrated within the biofilm structure (fig. 6a). In order to address the contribution
of the biofilm to bacterial persistence, we compared bacterial counts obtained from
chinchilla middle-ear chambers with macroscopically visible biofilms with counts from
ears lacking biofilms (fig. 6b). The results clearly showed significantly higher bacterial
counts in ears containing biofilms than in those lacking visible biofilm.

Biofilms

recovered from infected chinchillas were sectioned and examined by histopathological
and immunohistochemical stain (fig. 7a). In toluidine blue-stained sections at 1 and 2 weeks
after infection, many immune cells (predominantly polymorphonuclear cells such
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Figure 6. Biofilms formed by H. influenzae 86-020NP promote bacterial persistence in
the chinchilla middle-ear chamber. Animals were infected via transbullar injection, and
groups were euthanized at 7 and 14 days after infection. a. Biofilm formation in the
chinchilla middle-ear chamber. Photographic images in the top row show representative
middle-ear chambers of mock-infected animal (left) as well as infected animals with
macroscopically visible biofilms 7 days (center) and 14 days (right) after infection.
Scanning electron micrographs (SEM) in the lower row show epithelial surface of the
middle-ear chamber of a mock-infected animal (left) compared to infected animals 7 days
(center) and 14 days (right) after infection. Note the visible biomass in the infected
animals that contains embedded host cells in the 14-day image. b. Bacterial counts
obtained from middle-ear effusion fluids of animals with and without visible biofilm.
Bars depict mean CFU counts from infected animals 7 days (left) or 14 days (right) after
infection. Sample size: biofilm group, n = 31; no biofilm group, n = 9. Error bars show
standard deviation. Statistical significance was assessed by Mann-Whitney nonparametric
analysis and is denoted by an asterisk.

60

61

Figure 7. Visualization of H. influenzae communities within cryosections of biofilms
recovered from the chinchilla middle ear. Biofilms recovered from infected animals were
sectioned and analyzed microscopically. a. Histopathological analysis reveals neutrophils
within the biofilm. Sections of biofilm from animals at 1 and 2 weeks after infection were
stained with toluidine blue, and revealed many polymorphonuclear cells embedded
within the biofilm structure. b. Immunofluorescent staining to visualize H. influenzae
bacteria within biofilm. Cryosections (5 μm) were stained with polyclonal rabbit antisera
against H. influenzae 86-028NP and anti-rabbit Alexa488 conjugate and visualized by
differential interference contrast (DIC)/Nomarski and fluorescence microscopy. H.
influenzae communities are visible in green in fluorescent panel at both the 1- and 2-week
postinfection time points. c. Bacterial variants within communities within the biofilm.
Cryosections were stained with polyclonal antiserum as above coupled with monoclonal
antibody hyaluronan synthases specific for phosphorylcholine (PCho, left image) and
secondary antibody Texas Red conjugate, or lectin LFA/rhodamine conjugate for sialic
acid (NeuAc, right image). d. Quantitation of biofilm within cryosections. Graph depicts
mean fluorescent pixel counts from 5 different fields of view of 20 different sections.
Pixels with similar intensity (within 20%) were highlighted. Total pixel counts for images
were comparable (within 15%). Error bars depict standard deviation.
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as neutrophils or mast cells) were observed within the biofilm structure lining open
spaces (water channels) within the biofilm structure (fig. 7a). Notably, there were few
polymorphonuclear cells visible within the condensed portions of the biofilm.
Fluorescent antibody staining using antisera specific for H. influenzae revealed bacterial
communities within a mass that was not reactive with the antisera, thus indicating that it
was not composed of bacteria or bacterial-derived material (fig. 7b).
sections

with

monoclonal

antibody

(hyaluronan

synthases

Staining of the
recognizing

phosphorylcholine, PCho) or lectin (Limax flavus lectin recognizing sialic acid, NeuAc)
specific for bacterial surface moieties associated with biofilms shows that the bacterial
aggregates contain NTHi variants found within biofilm communities (fig. 7c). Notably,
our previous work has shown that both sialylated and PCho+ variants are both found
within biofilm communities in vitro and in vivo, and promote formation of biofilms [139,
156, 312].

Thus, the current results provide support for the designation of these

communities as biofilms. The bacterial aggregates grew larger during the course of the
infection, increasing by approximately 2-fold from 1 to 2 weeks after infection, as
assessed by fluorescent pixel counts (fig. 7d). These results are consistent with the
biofilm hypothesis for bacterial persistence during chronic and recurrent otitis media.

Viable Bacteria and Host Cells Are Visible within a DNA Matrix in NTHi Biofilms.
Portions of H. influenzae biofilms recovered from the chinchilla infections were
examined by Live/Dead staining (Molecular Probes). For biofilms obtained at 1 and 2
weeks after infection, viable host and bacterial cells are visible within a fibrous matrix
that stains with propidium iodide, and is thus consistent with DNA (fig. 8). These data
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Figure 8. Viability staining reveals host cells and bacteria within a fibrous DNA lattice.
Unfixed portions of biofilms were stained with Live/Dead BacLight TM (Molecular
Probes) and visualized by confocal laser-scanning microscopy. With this reagent, red
staining (propidium iodide, PI) indicates nonviable cells or extracellular DNA, whereas
green staining (Syto-9) indicates viable cells. Images depicted are merged from vertical
Z sections (0.2 μm/slice, 5 sections per image). Biofilms were recovered 1 week (top
row) or 2 weeks (bottom row) after infection.

Viable bacteria and both viable and

nonviable host cells were observed within a fibrous DNA net in samples from both time
points.
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were consistent with the DNA matrix material observed previously for NTHi biofilm
communities in vitro and in vivo [145]. However, we recognized that these images were
also consistent with the current definition of NET structures that form as part of a
secondary, extracellular means for invading neutrophils and other phagocytes (most
notably mast cells) to trap and kill microbes within a fibrous DNA matrix [272, 316].
Defining characteristics of NET structures include the presence of host histones and
elastase within the NET and attached to the DNA fibers. Thus, we stained cryosections
of the in vivo biofilms with antibodies recognizing both histones and elastase (fig. 9).
These images clearly show that elastase and histone are present within the biofilm in
close proximity with H. influenzae bacteria. However, in many regions within the stained
sections, the histone and elastase staining was not observed throughout the bacterial
aggregates, and thus the NET bactericidal factors did not appear to permeate completely
into t he bact er ial co mmunit ies. Thus, the surface-attached material containing H.
influenzae biofilms includes a significant polymorphonuclear cell extracellular trap
component that does not appear to mediate clearance.

LOS on the H. influenzae Bacterial Surface Provide Resistance to NET Killing.
Because our prior data have shown both H. influenzae bacteria with biofilm
properties present within surface adherent communities in vivo, we hypothesized that the
factors involved in formation/stability of biofilms might promote survival of bacterial
communities within a NET structure.

Thus, we used an in vitro assay for NET

bactericidal activity to ask whether NETs effectively kill H. influenzae bacteria.
Neutrophils were treated with PMA (25 nM) as described previously [272], and
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Figure 9.

Immunofluorescence microscopy reveals eukaryotic histones and elastase

within the biofilm structure. Cryosections from biofilms obtained 1 or 2 weeks after
infection (as indicated in labels on left margin) were stained with rabbit antisera against
H. influenzae coupled with secondary antibody/Texas Red conjugate as above, coupled
with monoclonal antibody specific for elastase and secondary antibody/Alexa488
conjugate (top) or deiminated histone/Alexa488 conjugate (bottom). The stained sections
were visualized by confocal laser-scanning microscopy; the images depicted are merged
from vertical Z sections (0.2 μm/slice, 10 sections per image).
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formation of NETs was confirmed by visualization of the DNA lattice in control wells
following propidium iodide staining.

Bacteria were added at a low multiplicity of

infection (0.1) and incubated for 30 min, followed by plate count. As shown in figure 10,
while H. influenzae 2019 was killed (albeit inefficiently) by PMA-treated neutrophils,
inhibition of phagocytosis by pretreatment with cytochalasin completely abolishes this
killing.

Thus, wild-type H. influenzae bacteria are resistant to killing within NET

structures.

In order to test the contribution of the LOS on the bacterial surface to H.

influenzae survival in NETs, we compared survival/killing of a series of mutants with
altered LOS composition and structure. As expected, H. influenzae 2019 htrB, rfaD and
rfaF mutants with core/ lipid A assembly defects were more readily susceptible to NET
killing, with 25–45% of the bacterial populations being killed even when phagocytosis
was inhibited by cytochalasin. Notably, previous work has shown that the NTHi 2019
htrB and rfaD mutants are attenuated in the chinchilla model for otitis media [168].
Because prior work has shown that the oligosaccharide portion of the LOS is important in
biofilm formation in vitro and in vivo, we tested NET survival of H. influenzae mutants
with alterations in this part of the LOS molecule.

H. influenzae 2019 pgmB has a

biosynthetic defect that results in a drastically truncated LOS oligosaccharide region [78]
and also has a biofilm phenotype [150]. H. influenzae 2019 siaB is an asialylated mutant
that is deficient in biofilm formation and persistence in vivo [139, 149, 153]. Using the
NET bactericidal assay, both of these mutants were shown to be more readily killed
within NETs than the parental strain by both phagocytic and extracellular routes (fig. 10).
These results are consistent with our hypothesis that the biofilm phenotype confers
resistance to clearance by NETs.
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Figure 10. H . influenzae resists killing within preformed NETs. NET formation was
elicited from primary human neutrophils by stimulation with PMA (see Materials and
Methods), after which NTHi bacteria were added. After 30 min, the number of viable
bacteria within the well was determined by plate count and normalized relative to mocktreated wells to which no neutrophils were added. Filled columns show means of total
neutrophil killing (absence of cytochalasin), whereas open columns show means of
extracellular killing (wells treated with cytochalasin). Error bars show standard deviation,
while asterisks denote mean values that were significantly different from the parental
NTHi 2019 strain as determined by analysis of variance with a post hoc test of
significance. NET killing was defined as the percentage of decrease in total bacteria in
the presence of neutrophils and cytochalasin D.
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Discussion
Biofilms are defined as surface-associated multicellular communities that promote
bacterial persistence [317, 318].

In many cases, bacterial species produce a polymeric

matrix material that may contribute to the persistence phenotype, possibly by promoting
resistance to host immune effectors and antimicrobials [41]. The composition of biofilm
matrix is variable and can include polysaccharide, nucleic acid and/or proteins [319]. For
H. influenzae, several studies, including those from our group, have shown that biofilms
cultured in vitro and in vivo are encased in an electron-dense material that has been
referred to as matrix [139, 145, 149, 150, 156, 157, 309, 312].

Sialylated LOS, and

possibly a non-LOS polysaccharide, is essential to H. influenzae biofilm formation in
vitro and in vivo [60, 139, 149, 150, 320]. Data supporting a role for sialylated moieties
as the matrix of H. influenzae biofilms include staining of material between bacteria
within biofilms with sialyl-reactive lectins [150]. However, H. influenzae biofilms
cultured in continuous-flow systems in vitro and recovered from the chinchilla middleear chamber also contain extracellular DNA [145], as has been observed for biofilms
formed by other species [138, 321-323]. The data in this study support the conclusion
that a substantial portion of the nucleic acid in H. influenzae biofilms in vivo is derived
from host cells such as neutrophils or mast cells. NETs are formed after exposure to a
variety of microbial stimuli and can mediate bacterial killing primarily via neutrophilic
components such as elastase and histones that are attached to a web of DNA fibers [272].
Additional work shows that mast cells can also form similar structures that have
bactericidal activity, too [316]. Of note, mast cells have been demonstrated to be
involved in the inflammatory response during otitis media [324, 325]. The data presented
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in this study clearly show both elastase and histones attached to a fibrous nucleic acid
network within H. influenzae biofilms recovered from the chinchilla middle-ear cavity.
Thus, one might postulate that the biofilm communities observed in this animal model are
composed of bacteria that are ultimately cleared. However, our data clearly do not
support this conclusion, as the presence of biofilms was associated with higher bacterial
numbers within middle-ear fluids and tissues.

Moreover, viable bacterial communities

were observed interspersed throughout the biofilm structure by viability staining. These
data are in agreement with our prior work using colony counts [139, 156, 312]. It is also
important to note that these bacterial communities exhibited 2 of the hallmarks of H.
influenzae biofilms cultured using in vitro biofilm models: the presence of variants
expressing NeuAc as well as PCho within the biofilm and of extracellular DNA within
the biofilm structure [139, 149, 150, 156, 312]. We have also clearly demonstrated that
H. influenzae bacteria survive within a preformed NET structure in vitro, and this
survival was dependent on the expression of sialylated LOS glycoforms on the bacterial
surface. It is noteworthy that the H. influenzae mutants used in these studies were
previously shown to be attenuated in infection models for otitis media [150, 168]. Work
from our group and others has demonstrated that specific LOS glycoforms are required
for the formation and maturation of biofilms in vitro [139, 156] as well as that these LOS
forms promote bacterial persistence in vivo [139, 156, 157, 312]. The present data thus
support the conclusion that the H. influenzae bacteria persisting within NET structures
are biofilms. Based on our data we propose that in at least some settings one contribution
of the biofilm mode of NTHi growth may be to promote resistance to killing by
bactericidal factors within NET structures. It is also plausible that these communities
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provide resistance to phagocytic killing by neutrophils. On that point, the data from in
vitro bactericidal assays clearly show that H. influenzae bacteria are not readily killed by
the phagocytic route (that is, in the absence of cytochalasin).

These findings are

consistent with previous reports showing that NTHi strains are highly resistant to
phagocytic killing by neutrophils and macrophages [326, 327].
Most in the field include presence of a matrix of bacterial origin as a defining
characteristic for bacterial biofilms. We view this as a somewhat arbitrary and limiting
definition, as within the context of bacterial pathogenesis, the true hallmark of biofilms is
persistence in the face of bactericidal factors. In the case of NTHi, the current data show
that formation of NET structures by incoming neutrophils significantly contributes to
biofilm formation. This is consistent with at least one prior study with Pseudomonas
aeruginosa, in which addition of neutrophils enhanced the formation and density of
biofilms [328]. Given the failure of NETs to clear NTHi biofilms, it seems clear that the
primary contribution of these structures during chronic otitis media is to facilitate
establishment of a stable biofilm community. Continual neutrophilic influx and bacterial
persistence a r e c o m m o n l y a s s o c i a t e d

with m o s t c l i n i c a l p r e s e n t a t i o n s

o f c h r o n i c opportunistic airway infections.

Notably, we have also observed

significant numbers of neutrophils within pneumococcal biofims in the chinchilla model
for otitis media [329]. It is thus plausible that, for bacteria with the ability to resist NETmediated clearance, the persistence of bacterial biofilm communities within NET
structures may be a common and heretofore unappreciated means for bacterial resistance
to clearance.
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Abstract
Nontypeable Haemophilus influenzae (NTHI) is a leading cause of
otitis media infections, which are often chronic and/or recurrent in nature. NTHI and
other bacterial species persist in vivo within biofilms during otitis media and other
persistent infections. These biofilms have a significant host component that includes
neutrophil extracellular traps (NETs).

These NETs do not mediate clearance of

NTHI, which survives within NET structures by means of specific subpopulations
of lipooligosaccharides on the bacterial surface that are determinants of biofilm
formation in vitro.

In this study, the ability of NTHI and NTHI components to

initiate NET formation was examined using an in vitro model system. Both viable
and nonviable NTHI strains were shown to promote NET formation, as

did

preparations of bacterial DNA, outer membrane proteins, and lipooligosaccharide
(endotoxin). However, only endotoxin from a parental strain of NTHI exhibited
equivalent potency in NET formation to that of NTHI. Additional studies showed
that NTHI entrapped within NET structures is resistant to both extracellular
killing within NETs and phagocytic killing by incoming neutrophils, due to
oligosaccharide moieties within the lipooligosaccharides. Thus, we concluded that
NTHI elicits NET formation by means of multiple pathogen-associated molecular
patterns (most notably endotoxin) and is highly resistant to killing within NET
structures. These data support the conclusion that, for NTHI, formation of NET
structures may be a persistence determinant by providing a niche within the middleear chamber.

77

Introduction
Nontypeable Haemophilus influenzae (NTHI) is a common commensal of the
human nasopharynx, in which setting carriage is usually asymptomatic and without
adverse effect. When ho s t mu c o c i l i a r y c l e a r a nc e i s i m p a i r e d , N T H I c a n
c a u s e lo c a l i z e d opportunistic infections within the airway [63]. For example, NTHI
is a leading cause of otitis media (OM), which is among the most common and costly
pediatric infections and can be a persistent and/or recurrent infection [14]. Persistent
populations of NTHI in vivo during chronic and recurrent otitis media are found within
biofilm communities within the middle-ear chamber [38, 40]. Other factors that provide
an environment for NTHI to cause i n f e c t i o n s

include a g e , g e n e t i c

p r e d i s p o s i t i o n , a t o p y , a n d i m m u n e s y s t e m impairment [7], as well as
Eustachian tube dysfunction and pressure dysregulation caused by virus-induced
congestion [330-332].

Biofilms have long been thought to promote microbial

resistance to pharmaceutical or immune clearance during persistent infections [41, 333].
Bacterial factors important to NTHI biofilms include specific subsets of
lipooligosaccharides (LOS) containing sialic acid and/or phosphorylcholine [139, 156,
312], pili [309], and double-stranded DNA [145, 334]. Our recent work demonstrated
that NTHI biofilms also have a significant host component, including a double-stranded
DNA lattice decorated with histones and elastase that fits the defining traits of a
neutrophil extracellular trap (NET) [36].

NETs have microbicidal activities that are

distinct from phagocytosis and are due to entrapment within the DNA scaffold and killing
by granular components [272, 273]. Notably, viable NTHI biofilms have been observed
throughout these NET structures, and the presence of a biofilm/NET was positively
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correlated with higher bacterial loads during experimental otitis media infections [36].
Based on these data, we concluded that NTHI biofilms survive within NET structures in
vivo. The objective of the present study was to define determinants of NET formation
and bacterial survival within NETs following addition of NTHI and bacterial components
to polymorphonuclear leukocytes (PMNs). The data show that NTHI elicits NET
formation due to host stimulation by endotoxin and, to a lesser extent, other NTHI
components, such as outer membrane proteins (OMP) and DNA. In an attempt to
elucidate a mechanism for the induction of NETs, we investigated the potential role of
cellular Toll-like receptor (TLR) signaling. TLR signaling has been shown to be critical
in immune defense during NTHI infections. In one example, a murine lung model was
utilized, and TLR4 knockout mice showed attenuation in early inflammation that
correlated with decreased bacterial clearance; this effect was MyD88 dependent and was
not observed as dramatically in TLR2 knockout mice [194]. In this study, the data
suggest that TLR4 signaling through MyD88 may be important for the ability of NTHI to
induce NET formation as well. Moreover, NTHI survived within NET structures and
resisted b o t h e x t r a c e l l u l a r k i l l i n g a n d

phagocytic k i l l i n g b y a d d i t i o n a l

i n c o m i n g neutrophils. These data support the conclusion that NET formation during
otitis media is a determinant of bacterial persistence rather than clearance.
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Materials and Methods
Bacterial strains and culture conditions
Nontypeable H. influenzae 2019 is a well-described clinical isolate [314, 335].
NTHI 2019 rfaD and NTHI 2019 htrB have defects relating to biosynthesis and assembly
of the lipooligosaccharides [165, 169], and both are attenuated in the chinchilla infection
model of otitis media [168]. NTHI 86-028NP is a pediatric OM isolate [313]. NTHI
1479 and NTHI 7502 are sputum isolates which have also been described extensively
[169, 314]. Bacteria were cultured on brain heart infusion agar (Difco) supplemented
with hemin (10 μg/ml; ICN Biochemicals) and NAD (10 μg/ml; Sigma).

Prior to

inoculation, bacteria were suspended at an optical density at 600 nm (OD600) of 0.15
(~108 CFU/ml) in RPMI 1640 without phenol red (Gibco), and bacterial numbers were
confirmed by plate counts. For preparation of nonviable NTHI, bacterial suspensions
were heated to 65°C for 30 min and plated to ensure bacterial killing.

Bacterial outer membrane purification
Outer membrane prot ein fr act io ns wer e prepar ed fr o m NT HI as
descr ibed previously [336]. Briefly, NTHI cells were harvested from overnight plate
cultures and suspended in 0.01 M HEPES buffer (pH 7.4) before sonication. Intact
cells and debris were removed by centrifugation in a Beckman 78-70 M ultracentrifuge
(SW41 rotor) at 180 x g for 30 min at room temperature. Cell envelopes were collected
from supernatants by centrifugation at 110,000 x g for 1 h at 4°C.

The pellet was

resuspended in equal volumes of 0.01 M HEPES buffer and 2% sarcosyl (Sigma) in
0.01 M HEPES and then incubated at room temperature for 30 min. Centrifugation at
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110,000 x g was repeated for 1 h at 4°C. After removal of the supernatant, the pellet
was rinsed in double-distilled H2O (ddH2O) before resuspension in ddH2O. After
determination of protein content using a bicinchoninic acid (BCA) assay (Thermo
Scientific), the samples were stored at 4°C until use.

NTHI DNA isolation
Genomic DNA was purified from overnight cultures of NTHI by use of a Wizard
genomic DNA isolation kit (Promega).

The DNA preparations were resuspended in

ddH2O, quantified by absorbance using a NanoDrop system, and stored at 4°C until use.

LOS extraction
Lipooligosaccharides from NTHI 2019 or NTHI 2019 htrB were isolated as
described previously [153, 337].

Briefly, NTHI was harvested from overnight plate

cultures and suspended in cold phosphate-buffered saline (PBS).

The suspension was

centrifuged for 10 min at 8,000 x g to pellet bacteria; pellets were resuspended in ddH2O
and incubated at 65°C for 30 min. One volume of 65°C phenol was added, vortexed, and
placed on ice for 1 h. The suspensions were then centrifuged at 3,600 x g for 45 min, the
aqueous phase was removed and placed in a fresh tube, and back extraction of the phenol
was performed on the initial sample by reheating it to 65°C and adding 1 volume of 65°C
ddH2O. The sample was mixed and placed on ice for 1 h before centrifugation at 3,600 x
g for 45 min and combination of the aqueous phases. LOS was precipitated by adding a
1/10 volume of 3 M sodium acetate and 2 volumes of 100% ethanol, with incubation at
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negative 80°C overnight. LOS was pelleted by centrifugation at 32,500 x g for 1 h and
was resuspended in buffer containing 60 mM Tris, 10 mM EDTA, and 2% SDS (pH 6.8).
Samples were boiled for 5 min, and after they returned to room temperature, 100 μg of
proteinase K (Sigma) was added. Samples were then incubated overnight at 37°C and
precipitated as described above, by centrifugation at 32,500 x g followed by dialysis
against ddH2O. LOS was lyophilized and, after recording of the dry mass, diluted to 1
mg/ml in water.

Samples were then stored at 4°C until diluted to the indicated final

concentration d u r i n g P M N t r e a t m e n t . Biologically

releavant

concentrations

w e r e calculated by multiplying the number of live or heat-killed bacteria used in other
assays by ~8 fg (LOS accounts for roughly 4% of the dry weight of NTHI), the
average mass contribution of LOS [161].

In vitro NET induction assays
Neutrophils were isolated from peripheral blood obtained from healthy donors
according to a standard method, using Isolymph density gradient centrifugation, and
viability was assessed by trypan blue exclusion. Analysis of the cellular populations
recovered from the density gradients by Cytospin centrifugation and hematoxylin and
eosin staining confirmed the presence of over 97% polymorphonuclear cells (i.e.,
neutrophils). The blood donations were obtained by informed consent under protocols
reviewed and approved by the WFUHS Institutional Review Board.

MyD88 studies

utilized bone marrow-derived PMNs, isolated by standard Isolymph density gradient
centrifugation, from the tibias and femurs of male wild-type, MyD88-/-, and TLR2-/C57BL/6 mice of 6 to 9 weeks of age (kindly provided by S. Akira, Osaka, Japan).
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TLR4 studies utilized bone marrow-derived PMNs from male C3H/HeN and C3H/HeJ
mice of 7 to 10 weeks of age (NCI), isolated as described above. Neutrophils were
suspended in RPMI culture medium and seeded into wells of a chamber coverslip system
(Nunc Nalge International) after treatment with 0.01% poly-L-lysine (Sigma). In some
experiments, neutrophils were pretreated with 10 μM diphenyliodonium (DPI) (MP
Biomedicals) 30 min prior to treatment, as indicated in the text. DPI is a nonspecific
inhibitor of the NAD(P)H oxidase complex. Following adherence, cells were treated
with NTHI 2019 (multiplicity of infection [MOI], ~0.01), an equivalent amount of heatkilled NTHI 2019, purified NTHI LOS (0.032 ng/μl in each treatment well), purified
NTHI DNA (0.032 ng/μl in each treatment well), purified NTHI outer membrane proteins
(5 μg OMP in each treatment well), or purified NTHI 2019 htrB LOS (0.032 ng/μl in
each treatment well). In some experiments, LOS was pretreated with 50 μg/ml polymyxin
B (Sigma) for 20 min prior to treatment of PMNs, as indicated in the text. Amounts of
bacterial components used in these treatments were extrapolated to be consistent with
those present within the numbers of NTHI cells used in the infections.

Samples were

incubated for 5 h in 5% CO2 at 37°C. Following incubation, samples were fixed in 4%
paraformaldehyde-PBS and blocked in 1% bovine serum albumin (BSA; Sigma)-PBS.
Next, samples were processed for immunofluorescence by use of primary antibodies
directed against histone protein (panreactive monoclonal antibody [MAb] MAB3422;
Chemicon) or neutrophil elastase (MAb NP57; Thermo Scientific), followed with an
appropriate fluorescent secondary antibody conjugate (Alexa Fluor 488–goat anti-mouse
IgG; Molecular Probes). Murine studies utilized a primary antibody directed against
murine histone proteins (MAb H5300-10; U.S. Biologicals) and the same secondary
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antibody as that described above. Five 5-min washes were performed after each antibody
treatment with 1% BSA-PBS. Samples were also stained with 0.3 mM propidium iodide
(PI; Molecular Probes) to visualize DNA. Microscopy was performed using a Zeiss LSM
510 confocal laser scanning microscope. Immunofluorescent images were selected to
show the size and structural characteristics of NETs, and although some panels show
fewer or more PMNs than others, the average number of PI-stained nuclei remained
constant among conditions. In bacterial fractionation and murine assays, fields of view
positive for NET formation were quantified.

Secondary antibody-only controls were

used in each experiment to confirm the absence of significant nonspecific background
staining.

NET-associated NTHI killing assay
Primary human neutrophils were isolated as described above and seeded into
wells of a 24-well tissue culture dish (Corning) at a concentration of 106 cells/well.
Following adherence, PMNs were treated with approximately 104 heat-killed NTHI 2019
cells for 5 h at 37°C and 5% CO2. Following the induction of NETs, cytochalasin D
(Sigma) was added to the wells, to a final concentration of 10 μg/ml. After 15 min of
cytochalasin D treatment, approximately 104 NTHI 2019 or NTHI 2019 rfaD cells were
added to the wells and allowed to incubate for 24 h at 37°C and 5% CO2. Following the
incubation, supernatants were removed, and freshly isolated neutrophils (106/well) were
added to the wells and incubated with the overnight surface-attached communities for 30
min at 37°C and 5% CO2. A subset of the wells received neutrophils that were pretreated
with 10 μg/ml cytochalasin D for 15 min. Wells were then thoroughly scraped prior to
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serial dilutions of the suspensions. Plate counts were used to assess bacterial viability.
Statistics
Data were analyzed using paired and nonparametric t tests and two-way analysis
of variance (ANOVA) with post hoc tests of significance. Data groups with P values of
≤0.05 were deemed statistically significant. Analyses were performed using GraphPad
Prism, version 5 (GraphPad Software, San Diego, CA).
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Results
NTHI induces the formation of NETs in vitro
We hypothesized that exposure of neutrophils to NTHI would elicit formation
of NETs in vitro.

Polymorphonuclear leukocytes were obtained from healthy human

donors, treated with live NTHI 2019, and stained for analysis of NET formation. As
shown in the immunofluorescent micrographs in Fig. 11, it is clear that NTHI elicited
NET formation, as evidenced by the web-like structures showing colocalization of DNA
with histone protein (Fig. 11B and C) or with neutrophil elastase (Fig. 11F and G).
Evidence of NET formation was seen at earlier time points as well (1 h and 3.5 h) (data
not shown). Untreated controls (Fig. 11A and E) presented normal nuclear morphology,
and no evidence of NET formation was observed.

Previous work has shown a

requirement of the neutrophil oxidative burst for NET formation, as neutrophils from
individuals suffering from chronic granulomatous disease or neutrophils treated with the
NADPH oxidase inhibitor DPI are unable to undergo this process [293]. Our studies are
consistent with these findings, as neutrophils treated with NTHI 2019 following
pretreatment with DPI (Fig. 11D and H) resembled untreated controls after 5 h of
incubation.

Nonviable NTHI induces the formation of NETs in vitro
In order to determine if NET induction by NTHI is dependent upon some
characteristic of viable bacteria, we used heat-killed NTHI in the in vitro NET induction
assay. An equivalent amount of NTHI 2019 to that used in previous experiments was
heated to 65°C for 30 min, and killing was confirmed by plating the inocula. After
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Figure 11. NTHI induces the formation of NETs in vitro. Neutrophils (106/well) were
seeded into wells of a chamber glass coverslip and allowed to adhere. Wells remained
untreated (A and E) or were treated with NTHI 2019 at an MOI of 0.01
bacterium/neutrophil. Neutrophils in panels D and H were pretreated with 10 μM DPI for
30 min. Samples were incubated for 5 h and then stained with antibodies against histone
protein (A to D) (green) or neutrophil elastase (E to H) (green) and with secondary
antibody-Alexa 488 conjugate. All samples were also stained with propidium iodide
(red), and yellow indicates areas of colocalization between DNA and either histone
protein (A to D) or neutrophil elastase (E to H). Merged images of 1-μm optical slices
are shown. Magnification, x63.
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incubation, the samples were processed for immunofluorescence as described above. Just
as with viable NTHI, heat-killed bacteria elicited formation of NETs in vitro, as
colocalization of DNA with either histone protein (Fig. 12B to D) or neutrophil elastase
(Fig. 12F to H) was observed. As in previous experiments, some signs of neutrophil
death prior to fixation and concentrated nuclear colocalization were observed in untreated
wells after 5 h (data not shown), while the characteristic pattern of NET staining
remained absent. Equivalent amounts of heat-killed NTHI strains 86-028, 1479, and
7502 induced the formation of NETs as well (data not shown).

Purified NTHI lipooligosaccharides induce the formation of NETs in vitro
Next, we asked which component(s) of NTHI was involved in initiation of NET
formation. Using purified NTHI LOS, we performed NET induction assays to observe
the effect of this portion of the NTHI outer membrane on neutrophils. After determining
the approximate amount of LOS corresponding to the number of live or heat-killed NTHI
cells used in previous experiments, neutrophils were treated with 0.032 ng/μl of purified
LOS o r l e f t u n t r e a t e d .

Following

incu bat io n,

the

samples

were

p r o c e s s e d f o r immunofluorescence as described above. As seen with both live
NTHI and heat-killed bacteria, purified LOS was able to induce the formation of NETs
in vitro. Colocalization of DNA with histone protein (Fig. 13B to D) or with neutrophil
elastase (Fig. 13F to H) was observed in treated wells and was not seen in untreated
controls (Fig. 13A and E). In addition, quantitative analyses enumerating fields of view
positive for NET formation showed no difference among wells treated with either live
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Figure 12.

Nonviable NTHI induces the formation of NETs in vitro.

Neutrophils

(106/well) were seeded into wells of a chamber glass coverslip and allowed to adhere.
Wells remained untreated (A and E) or were treated with ~104 heat-killed (HK) NTHI
2019 cells at 65°C. Samples were incubated for 5 h and then stained with antibodies
against histone protein (A to D) (green) or neutrophil elastase (E to H) (green) and with
secondary antibody-Alexa 488 conjugate. All samples were also stained with propidium
iodide (red), and yellow indicates areas of colocalization between DNA and either
histone protein (A to D) or neutrophil elastase (E to H). Merged images of 1-μm optical
slices are shown. Magnification, x63.
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Figure 13. Purified NTHI LOS induces the formation of NETs in vitro. Neutrophils
(106/well) were seeded into wells of a chamber glass coverslip and allowed to adhere.
Wells remained untreated (A and E) or were treated with 0.032 ng/μl LOS purified from
NTHI 2019, a dose that was consistent with the lowest MOI that yielded NET formation.
Samples were incubated for 5 h and then stained with antibodies against histone protein
(A to D) (green) or neutrophil elastase (E to H) (green) as in the preceding figures. All
samples were also stained with propidium iodide (red), and yellow indicates areas of
colocalization between DNA and either histone protein (A to D) or neutrophil elastase (E
to H). Merged images of 1-μm optical slices are shown. Magnification, x63.
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NTHI, heat-killed NTHI, or purified NTHI LOS; also, no differences were seen when a
10-fold greater amount of purified LOS was used in this assay (data not shown).

Purified NTHI LOS induces NET formation to a higher degree than does purified
NTHI DNA or OMP in vitro
Since the above experiments showed that purified NTHI LOS induced NET
formation to the levels seen with whole bacteria, we compared the abilities of other NTHI
components to induce NETs. Neutrophils were left untreated or were treated with either
purified NT HI L OS o r DNA.

After incu bat io n, t he s a mp le s w er e pr o ces se d

fo r immunofluorescence as described above. Colocalization

of

DNA

with

either

neutrophil histone or elastase showed that both treatment conditions resulted in some
level of NET formation. However, in enumerating the number of viewing fields
positive for NET formation (Fig. 14), we observed that approximately 80% of the
LOS-treated fields of view showed DNA-histone colocalization (left white bar), and
76% showed DNA- neutrophil elastase colocalization (right white bar).

In contrast,

the percentages fell to approximately 39% (left gray bar) and 36% (right gray
bar), respectively,

when neutrophils were instead treated with DNA. Also, 10-fold

higher concentrations of NTHI DNA did not produce NETs at the level observed for LOS
induction (data not shown). In additional experiments, the amount of NET formation in
response to bacterial DNA was shown to be unaffected by treatment with DNase (data
not shown), suggesting that trace endotoxin

contamination

may

have

been

responsible for the lesser degree of NET formation observed in these fractions.
Similar experiments were performed in order to compare the ability of purified NTHI
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Figure 14. NTHI LOS is a more potent inducer of NET formation than is NTHI DNA in
vitro. Neutrophils (106/well) were seeded into wells of a chamber glass coverslip and
allowed to adhere. Wells remained untreated or were treated with 0.032 ng/μl NTHI
LOS or DNA. After 5 h of incubation, samples were processed for immunofluorescence
as described in the text and viewed using immunofluorescence confocal microscopy. At
least 65 randomly selected fields of view from four wells per treatment condition and
staining condition were observed to quantify the percentage of viewing fields positive for
NET formation, based on colocalization of DNA with either histone (left) or neutrophil
elastase (right). White bars, LOS treatment; gray bars, DNA treatment.

Data were

obtained from three separate experiments, and statistical significance was determined by
two-way ANOVA with a post hoc test of significance. **, P ≤ 0.005; ***, P ≤ 0.0005.
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OMP to induce NET formation to that of LOS. Again, neutrophils remained untreated or
were treated with either NTHI LOS or a high concentration (5 μg) of OMP.
Immunofluorescence assay and quantification of these samples (Fig. 15) showed that
approximately 71% of the LOS-treated fields of view showed DNA-histone
colocalization

(left

colocalization

(right

white
white

bar),

and

bar). In

70%

showed

contrast,

the

DNA-neutrophil elastase
percentages

fell

to

approximately 24% (left gray bar) and 27% (right gray bar), respectively, when
neutrophils were instead treated with OMP. Also, when either a higher (10 μg) or lower
(1 μg) concentration of OMP was used for induction, no significant differences were seen
in the level of NET formation (data not shown).

Treatment of protein fractions with

proteinase K had no effect on the degree of NET formation (data not shown), suggesting
that trace contamination with another component(s) may be involved.

Full-length NTHI 2019 LOS optimally induces NET formation.
Observing that NTHI LOS is a potent inducer of NET formation, we modified the
induction assays to compare the ability of LOS isolated from NTHI 2019 htrB to that of
LOS isolated from the parental strain. In infection studies, the htrB strain required a 3log greater dose than the parental strain to induce otitis media in the chinchilla middle-ear
model [149]. Neutrophils again remained untreated or were treated with equivalent
amounts of LOS from either the htrB mutant or the parental strain. Immunofluorescence
assay and quantification of these samples (Fig. 16) showed that approximately 69% of the
fields of view observed were positive for DNA-histone colocalization (left white bar),
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Figure 15. NTHI LOS is a more potent inducer of NET formation than is NTHI OMP in
vitro. Neutrophils (106/well) were seeded into wells of a chamber glass coverslip and
allowed to adhere. Wells remained untreated or were treated with either 0.032 ng/μl
NTHI LOS or 5 μg NTHI OMP. After 5 h of incubation, samples were processed for
immunofluorescence as described in the text and viewed using immunofluorescence
confocal microscopy. At least 65 randomly selected fields of view from four wells per
treatment condition and staining condition were observed to quantify the percentage of
viewing fields positive for NET formation, based on colocalization of DNA with either
histone (left) or neutrophil elastase (right). White bars, LOS treatment; gray bars, OMP
treatment.

Data were obtained from three separate experiments, and statistical

significance was determined by two-way ANOVA with a post hoc test of significance.
**, P ≤ 0.005.
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Figure 16.

Full-length NTHI LOS optimally induces NET formation in vitro.

Neutrophils (106/well) were seeded into wells of a chamber glass coverslip and allowed
to adhere. Wells remained untreated or were treated with either 0.032 ng/_l NTHI LOS
or 0.032 ng/μl NTHI htrB LOS. After 5 h of incubation, samples were processed for
immunofluorescence as described in the text and viewed using immunofluorescence
confocal microscopy. At least 65 randomly selected fields of view from four wells per
treatment condition and staining condition were observed to quantify the percentage of
viewing fields positive for NET formation, based on colocalization of DNA with either
histone (left) or neutrophil elastase (right). White bars, parental strain LOS treatment;
gray bars, htrB mutant strain LOS treatment. Data were obtained from three separate
experiments, and statistical significance was determined by a nonparametric t test, *, P ≤
0.05.
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and 62% showed DNA-neutrophil elastase colocalization (right white bar), when PMNs
were treated with LOS from the parental strain. The p e r c e n t a g e s d r o p p e d
t o approximately 41% (left gray bar) and 40% (right gray bar), respectively, when
PMNs were treated with LOS isolated from the htrB mutant strain. In addition, to bind
and inactivate endotoxin, purified LOS was pretreated with polymyxin B. Neutrophils
then received either untreated 2019 LOS,

polymyxin B-treated 2019 LOS, or

polymyxin B alone. Immunofluorescence assay and quantification of these samples
(Fig. 17) showed that approximately 66% of the fields of view observed were positive
for DNA-histone colocalization (left white bar), and 65% showed DNA-neutrophil
elastase colocalization (right white bar), when PMNs were treated with untreated
LOS. The percentages dropped to approximately 35% (left light gray bar) and 33%
(right light gray bar), respectively, when PMNs received polymyxin B-treated LOS.
Treatment with polymyxin B alone did actually result in low levels

of NET

formation, although levels of NET formation with polymyxin B-treated LOS were not
significantly above these levels (dark gray bars).

Murine neutrophils require MyD88 to undergo optimal NET production
Immunofluorescence assays confirmed that neutrophils isolated from the bone
marrow of C57BL/6 mice formed NETs in response to NTHI LOS (data not shown). We
next wanted to determine possible cellular signaling mediators that may be important for
a neutrophil‟s ability to undergo NET formation in response to NTHI.

Bone marrow-

derived neutrophils from wild-type, MyD88-deficient, and TLR2-deficient C57BL/6
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Figure 17. Polymyxin B-treated LOS induces NET formation to lower levels than those
induced by untreated LOS. Neutrophils (106/well) were seeded into wells of a chamber
glass coverslip and allowed to adhere. Wells remained untreated or were treated with
either 0.032 ng/μl NTHI LOS, 0.032 ng/μl NTHI LOS pretreated with 50 μg/ml
polymyxin B for 20 min, or an equivalent amount of polymyxin B alone (~0.53 μg/ml).
After 5 h of incubation, samples were processed for immunofluorescence as described in
the text and viewed using immunofluorescence confocal microscopy. At least
65 randomly selected fields of view from four wells per treatment condition and staining
condition were observed to quantify the percentage of viewing fields positive for NET
formation, based on colocalization of DNAwith either histone (left) or neutrophil elastase
(right). White bars, untreated LOS; light gray bars, polymyxin B-treated LOS; dark gray
bars, polymyxin B alone. Data were obtained from three separate experiments, and
statistical significance was determined by a nonparametric t test. *, P ≤ 0.05.
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mice were isolated, treated with heat-killed NTHI, and processed for immunofluorescence
to determine levels of NET formation by the presence of characteristic weblike
structures containing DNA and histone colocalization. In these assays, the percentage
of viewing fields positive for NET formation was significantly higher for samples
containing PMNs from wild-type animals than for those from MyD88- deficient animals,
at approximately 74.3% and 16.4%, respectively; the ability of PMNs deficient in TLR2
to undergo NET formation was not significantly lower than that seen under wild-type
conditions (Fig. 18).

Murine neutrophils deficient in Toll-like receptor 4 show decreased levels of NET
formation
Human neutrophils express mRNAs for all Toll-like receptors except for TLR3
[338], and Toll-like receptors 1, 2, 4, 5, and 6 are expressed on the neutrophil surface
[339]. Recognizing that LOS is a major determinant for NET formation by NTHI and
following up on the observation that MyD88-deficient PMNs have a decreased ability to
undergo this program, we tested the ability of TLR4-deficient neutrophils to form NETs.
In a similar set of experiments, PMNs were isolated from the bone marrow of either
C3H/HeN (TLR4+) or C3H/HeJ (TLR4-) mice and treated with heat-killed NTHI.
Immunofluorescence staining consistently showed higher levels of NET formation from
PMNs expressing TLR4 than from those that did not express TLR4; averages of 70.3%
and 34.9% of viewing fields positive for NET formation were observed for C3H/HeN and
C3H/HeJ neutrophils, respectively (Fig. 19).
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Figure 18. Murine PMNs lacking MyD88 have decreased levels of NET formation
compared to wild-type PMNs in vitro. Neutrophils (~5 x 105) isolated from the bone
marrow of wild-type (white bar), MyD88-deficient (light gray bar), and TLR2-deficient
(dark gray bar) C57BL/6 mice were seeded into wells of a chamber glass coverslip and
allowed to adhere. Wells then received heat-killed NTHI at an MOI of 0.01 for 5 h.
Following incubation, wells were fixed, processed for immunofluorescence, and viewed
by confocal microscopy. At least 65 randomly selected fields of view from four wells per
treatment condition were observed. Bars indicate the percentages of viewing fields that
contained NET structures positive for DNA and histone protein colocalization. Data were
obtained from three separate experiments, and statistical significance was determined by
a paired t test. **, P ≤ 0.01.
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Figure 19. Absence of TLR4 on murine PMNs results in decreased levels of NET
formation. Neutrophils (~5 x 105) isolated from the bone marrow of C3H/HeN (white
bar) or C3H/HeJ (gray bar) mice were seeded into wells of a chamber glass coverslip and
allowed to adhere. Wells then received heat-killed NTHI at an MOI of 0.01 for 5 h.
Following incubation, wells were fixed, processed for immunofluorescence, and viewed
by confocal microscopy. At least 65 randomly selected fields of view from four wells per
treatment condition were observed. Bars indicate the percentages of viewing fields that
contained NET structures positive for DNA and histone protein colocalization.

Data

were obtained from three separate experiments, and statistical significance was
determined by a paired t test. **, P ≤ 0.01.
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Primary human neutrophils fail to kill NTHI associated with NETs in vitro
Survival of NTHI within macroscopically visible masses taken from the chinchilla
middle ear for up to 2 weeks following infection is observed, even in the face of a large
PMN infilt r at e evident in t o lu id ine blue-stained sect io ns [36]. Using an in
vitro approach, we observed the effects of freshly isolated, intact neutrophils on
NTHI communities associated with preformed, bacterium-induced NETs. Our previous
data showed that phorbol myristate acetate (PMA)-treated neutrophils do not efficiently
kill NTHI by either the phagocytic or extracellular route, except in the case of
biofilm- deficient mutants with altered LOS composition [36].

Consistently,

neutrophils treated with heat-killed NTHI to induce NETs prior to phagocytosis inhibition
were unable to kill NTHI 2019 (data not shown). To follow up on this observation,
and in an effort to mimic infiltrating neutrophils, NETs were formed by treatment of
PMNs with heat-killed NTHI 2019 for 5 h. The potential for phagocytic uptake was
then eliminated by treatment with cytochalasin D, and wells in which NETs had
been induced were inoculated with NTHI 2019 or NTHI 2019 rfaD for 24 h. The rfaD
mutant has core/lipid A assembly defects and has been shown to be attenuated in the
chinchilla model of otitis media [168]. Our previous work also showed susceptibility
of this mutant to NET- mediated
extracellular

bacterial

killing

in

vitro,

with

the

percentage

of

killing approaching the level of total (NET-mediated and

phagocytic) bacterial killing [36]

. After incubation, the wells received newly

isolated PMNs, either left untreated or pretreated with cytochalasin D. Wells were
incubated for an additional 30 min before their contents were plated for bacterial
enumeration. The contents of replicate wells that did not receive freshly isolated PMNs
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after the 24-h incubation were also plated for bacterial enumeration.

Statistically

higher counts were observed in wells containing NTHI 2019 (an approximately 2-log
increase) than in those containing NTHI 2019 rfaD or inoculum only, regardless of the
phagocytic ability of the added neutrophils; also, numbers of NTHI 2019 in replicate
wells that did not receive freshly isolated PMNs were not above those taken from
wells that did receive neutrophils. Only a slight but insignificant decrease was
observed for NTHI 2019 rfaD under these conditions (Fig. 20). Additionally, large
numbers of parental NTHI cells were not recovered from wells that were inoculated with
bacteria in the absence of NETs for the 24-h incubation before exposure to intact
neutrophils (data not shown).
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Figure 20. NET-associated NTHI evades killing by neutrophils. Neutrophils (106/well)
were seeded into wells of a 24-well plate and allowed to adhere. NETs were induced by
treatment with approximately 104 heat-killed NTHI cells for 5 h before cytochalasin D
was added to the wells, at a concentration of 10 μg/ml. Approximately 104 live NTHI
2019 (white bars) or NTHI 2019 rfaD (gray bars) cells were added to wells (inocula, time
zero). Sample wells were incubated for 24 h and then were assayed for bacterial viability
(no PMN addition) or received 106 freshly isolated neutrophils that were left untreated
(untreated PMN addition) or treated with 10 μg/ml cytochalasin D for 15 min prior to
addition (cytochalasin D treated-PMN addition). These remaining sample wells were
incubated for 30 min and then thoroughly scraped, and serial dilutions of well contents
were plated to assess viable CFU per well. Statistical significance was determined by
twoway ANOVA with a post hoc test of significance. *, P ≤0.05; **, P ≤ 0.005; ***, P ≤
0.0005.

112

113

Discussion
The presence of biofilms during otitis media has been recognized for some time
[32, 40, 340]. For NTHI, determinants of biofilm formation include lipooligosaccharides
[139, 149, 150, 156, 308, 312], pili [145, 309], and extracellular DNA [142]. In most
cases, these factors have been shown to be required for persistent infections in animal
models [60, 139, 150, 156, 312, 320, 341, 342].
Based on recent work from our group, it is now clear that biofilms formed during
experimental otitis media include a significant host component [36, 329]. Biofilms
recovered from experimental otitis media infections contain a double-stranded DNA
lattice [145] to which bactericidal factors such as histone and elastase are attached [36].
Thus, these structures fit the definition of NET structures. For some microbes, these NET
structures can mediate extracellular microbial killing and possibly facilitate phagocytic
killing by additional infiltrating phagocytes [272, 273, 283]. Bacterial pathogens causing
persistent infections can be highly resistant to killing within NETs, often by means of
LOS moieties or modifications to the bacterial surface [36, 276, 284, 286, 290, 343]. For
NTHI, the available evidence indicates that NETs do not mediate significant bacterial
clearance; in fact, they are positively correlated with higher bacterial loads within
middle-ear fluids and surface-attached communities in the chinchilla infection model
[36].
Notably, our recent work shows striking parallels between lipooligosaccharide
modifications that promote NTHI survival within NETs [36] and those that promote
NTHI biofilm formation [139, 149, 150, 156, 312].

The results of the present study

clearly establish that NTHI LOS mediates NET formation by neutrophils following
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exposure to NTHI. While NET formation was induced by NTHI DNA and protein
fractions, this activity was unaffected by DNase or proteinase K and thus could be
conferred by trace cross-contamination with other bacterial components. Consistent with
this interpretation, Limulus assays of these fractions did show trace levels of endotoxin
(data not shown). Interestingly, a viability assay in which NTHI 2019 was exposed to
NETs induced by either LOS, OMP, or DNA showed equivalent ineffectiveness in killing
the bacteria, consistent with previous in vitro NET killing assays [36]; however, the rfaD
mutant, previously shown to be more susceptible than the parental strain to NETmediated killing, exhibited a lower percentage of death for exposure to OMP- or DNAinduced NETs than for exposure to LOS-induced NETs (Supplementary Fig. 1). This is
consistent with the observation that LOS optimally induces the formation of NETs. Also,
compared to full-length LOS molecules from NTHI 2019, a detoxified form from the
htrB mutant elicited significantly less induction of NETs. Additionally, binding of LOS
through use of polymyxin B significantly reduced its ability to induce NET formation; in
fact, no significant differences in levels of NET formation were seen between polymyxin
B-treated LOS and the agent polymyxin B alone.

It is likely that there are various

programs of NET formation, as well as various triggers in their initiation.

We have

shown that for NTHI infections, potential signaling through the mediator MyD88 may be
required for optimal NET formation, as murine PMNs deficient in this molecule have
drastically reduced abilities to form NETs. Also, an NTHI LOS-host PMN TLR4
interaction appears to represent one mechanism of NET induction, since neutrophils from
a TLR4-deficient line of mice showed decreased levels of NET formation. Notably, we
also observed NTHI survival within NETs for a prolonged period in vitro and no
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significant killing of NTHI within NETs by additional neutrophils.

Both of these

phenotypes were conferred at least in part by LOS moieties on the bacterial surface, as
what appears to be a balance between survival, phagocytic killing, and NET-mediated
killing was observed for a deep-rough rfaD mutant. It is also important that mast cells
form mast cell extracellular traps (MCETs), which may have more potent extracellular
killing activity than NETs [316]. Since mast cells are found in a significant proportion of
effusions from otitis media infections, this will be an important topic for future study.
Taken together, these results support the conclusion that the formation of
neutrophil extracellular traps is not a significant determinant of NTHI clearance during
chronic and recurrent otitis media. Rather, NTHI communities with biofilm phenotypes
appear to survive within the NET structure, which appears to promote rather than inhibit
bacterial persistence. The continual influx and death of neutrophils within the middle-ear
chamber likely promote the periodically severe inflammation that is observed during the
various clinical presentations of otitis media.

It is also certainly plausible that the

significant increase in biomass associated with the NET structure could present a passive
diffusion barrier that may enhance resistance to some types of antibiotics (17, 20). On
the other hand, it is also important that formation of a NET structure around a bacterial
community could provide a means for the immune system to contain a persistent
infection.

Because ot it is media is a mo ng t he most common pediat r ic

infect io ns worldwide, a better in vivo definition of determinants of bacterial
persistence within biofilm communities during these infections is of great importance.
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Abstract
Nontypeable Haemophilus influenzae (NTHi) is a common airway commensal of
the upper airway in humans which can cause respiratory diseases including otitis media
and exacerbations of chronic obstructive pulmonary disease (COPD).
colonization and infection, NTHi persists within surface-attached biofilms.

During
Increased

resistance to environmental stress and host clearance are hallmarks of biofilms.

The

following study shows that biofilm formation affects responses to oxidative stress. The
NTHi 86-028NP genome contains a predicted catalase (hktE) and a peroxiredoxinglutaredoxin (pdgX) is the major peroxidase. The goal of this study is to define the
role(s) for these genes in resistance of NTHi to oxidants and persistence in vivo in both
mouse and chinchilla models of infection. We also evaluate the role of pdgX and hktE in
regards to protection against neutrophil extracellular trap (NET)-mediated killing. NETs
are composed of extracellular neutrophil DNA decorated with antimicrobial agents from
neutrophil granules and their formation represents a unique form of host immune cell
death.

Mutations in hktE and pdgX result in a general stress-response defect and a

heightened susceptibility to NETs.
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Introduction
Nontypeable Haemophilus influenzae (NTHi) is a normal human nasopharyngeal
commensal, and usually resides there asymptomatically. As an opportunistic pathogen,
however, NTHi is involved in diseases such as otitis media (OM), which can be recurrent
in nature. OM is a common childhood infection [14, 332] and one of the leading reasons
for pediatric office visits [344]. The formation of bacterial biofilms has previously been
associated with decreased clearance of the organism, whether this clearance is hostmediated or antimicrobial therapy-mediated [41, 333].

In the chinchilla model

of experimental OM, the presence of a biofilm structure within the middle ear
correlates with a higher bacterial load as compared to ears not presenting biofilm. NTHi
persists in the chinchilla middle ear even in the face of immune effectors that
contribute to the biofilm structure, such as neutrophils and neutrophil extracellular
traps (NETs) [36]. These NETs have been shown to have phagocytosis-independent
antimicrobial activity that involves trapping of invading microorganisms by decondensed
neutrophil chromatin and an exposure to high local concentrations of previously granuleenclosed proteins and enzymes [272, 273]. Gram-positive and Gram-negative bacteria,
as well as fungi, have been shown to be bound to NETs [283], and it has been
shown previously that one mechanism of NET induction involves the neutrophil
oxidative burst and generation of hydrogen peroxide [293].

We

have

previously

shown that NTHi, already resistant to NET-mediated killing by means of an intact,
parental form of lipooligosaccharide [36], is also able to resist killing by infiltrating
neutrophils when associated with NETs in vitro [345]. Other mechanisms by which
NTHi may resist NET-mediated killing are examined in the present study.
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Successful immunization therapies against encapsulated strains of Haemophilus
influenzae have lowered the amount of invasive disease cases in children, yet NTHi is
still a common cause of localized airway infections for individuals of all ages [346]. This
includes lower respiratory tract infections in patients suffering from chronic obstructive
pulmonary disease (COPD) [347], which affects over 10 million adults in the United
States alone [348] and is the fourth leading cause of death in the United States [349, 350].
It has been observed that different strains of NTHi can colonize COPD patients and
replace other strains, yet certain strains are able to remain colonized for longer periods of
time [58, 347], indicating potential roles of biofilms in these conditions, as well as
possible explanations of clearance difficulties. The COPD airway is concentrated with
oxidative stressors [351-353] and a peroxiredoxin-glutaredoxin protein from specific
strains of Haemophilus influenzae has been shown to be expressed in in vitro biofilms, as
well during human respiratory tract infection [354].
The objective of the present study is to evaluate the importance of NTHi 86028NP peroxiredoxin-glutaredoxin (gene pdgX) and catalase (gene hktE) expression
during oxidative stress in vitro and in vivo. We investigate what additional protective
roles biofilm formation may play in defense against oxidative stress, as well as other
defenses NTHi may have against NETs in addition to lipooligosaccharide expression.
Overall, we see increased resistance to hydrogen peroxide in vitro when NTHi is exposed
to the stressor in a biofilm state. We also observe increased susceptibility to NETmediated killing in the absence of pdgX or hktE genes.
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Materials and Methods
Bacterial culture and manipulation
A complete list of primers, plasmids, and bacterial strains with descriptions and
references used in this study is provided in Table 3. All NTHI strains were cultivated in
brain heart infusion (BHI) medium (Difco) supplemented with hemin (ICN
Biochemicals) and NAD (Sigma); this medium is referred to below as supplemented BHI
(sBHI). NTHI 86028NP is a well-characterized clinical strain for which a complete
genomic sequence and baseline data for biofilm formation and infection models are
available [313, 355].
Generation of NTHI 86-028NP pdgX strain
A 2.4-kb DNA fragment containing pdgX gene (NTHI0705) was amplified from
NTHI 86-028NP genomic DNA using primers p-pdgXF and p-pdgXR (Table 3) and was
cloned into pCR2.1 (Invitrogen) to generate plasmid pCRpdgX according to the
manufacturer's instructions.

Plasmid pCRpdgX was confirmed by enzyme digestion,

verification PCR, and nucleotide sequencing.

A second amplification was performed

using primers p-revpdgXF and p-revpdgXR, such that the majority of pdgX reading
frame was deleted and a blunt-ended cloning site was engineered; a chloramphenicol
resistance cassette excised from pCmr was ligated to the blunt ends using T4 DNA ligase
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Table 3. Primers, plasmids, and bacterial strains used in this study.

122

Designation

Description

Reference

p-pdgXF

5‟-ACCTTTGCGCGTACCTTCATTCAG-3‟

This study

p-pdgXR

5‟-ATCGCCTTCTTCTTTTGCTTGTTT-3‟

This study

p-revpdgXF

5,-tttccatgcgttcattacga-3‟

This study

p-revpdgXR

5‟-caaaacctggctgtcctttc-3‟

This study

p-pdgXVerF

5‟-CGAATTAGCGCCAGTATTCA-3‟

This study

p-pdgXVerR

5‟-TTGTTTTGCTTTTGCACAGA-3‟

This study

p-hktEF

5‟-TTTGCCCAATATTCTTGCAG-3‟

This study

p-hktER

5‟-CCTCATTATTTTGTGCCATGA-3‟

This study

p-hktEVerF

5‟-TGAGCGTGATATTCGTGGTT-3‟

This study

p-hktEVerR

5‟-GCTGTTTGGCTCGTAGTGTG-3‟

This study

p-oxyRF

5‟-CCCAAGGATGATGCTCTGAT-3‟

This study

p-oxyRF

5‟-CGGCATTCCCTGATTTAGAA-3‟

This study

p-slyxF

5‟-GGTGGCGTTTCTTCAGATTG-3‟

This study

p-slyxR

5‟-TCGCATCGAAGAACTTGAAA-3‟

This study

p-NTHi1100F

5‟-AACATTTTCCACGCTGGTTC-3‟

This study

p-NTHi1100R

5‟-TGGGGCAATGTGGATTATTT-3‟

This study

pCRpdgX

pdgX cloned into pCR2.1 vector

This study

pCRpdgXCm

PdgX::Gm null allele

This study

pCRhktE

hktE cloned into pCR2.1 vector

This study

pCRhktECm

hktE::Cm null allele

This study

pUChktEKan

hktE::Kan null allele

This study

pCRpdgXCmhktEKan

PdgX::Cm and hktE::Kan null alleles

This study

Primers

Plasmids

Bacterial strain/mutants
NTHi 86-028NP

Parental strain

NTHi 86-028NP pdgX

pdgX mutant

This study

NTHi 86-028NP hktE

hktE mutant

This study

NTHi 86-028NP pdgXhktE

pdgX and hktE double mutant

This study
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[307]

(Invitrogen).

The result ing co nst ruct was t r ans fo r me d int o che m ica l l y

co mpet e nt Escherichia

coli

to

obtain

plasmid

pCRpdgXCm. The expected

s e q u e n c e of pCRpdgXCm was confirmed by nucleotide sequence analysis. Plasmid
pCRpdgXCm was linearized by digestion with BamHI and by the method previously
described [341], transformed into NTHI to generate NTHI 86-028NP pdgX mutant strain.
To exclude the possibility that the disruption of pdgX might have polar effects, the
genetic arrangement surrounding pdgX was analyzed.

The orientations of the

downstream gene (NTHI0706, slyX) and upstream gene (NTHI0704, oxyR) are in the
reverse direction. Furthermore, the RT-PCR results revealed that there is no difference
in the gene expression of slyX and oxyR between mutant and parent strains. The results
confirm that the transcription of downstream and upstream genes are not affected by
disruption of pdgX.
Generation of NTHI 86-028NP hktE strain
Plasmid pCRhktE, generated from a 2.1-kb DNA fragment containing hktE gene
(NTHI1099) and amplified from NTHI 86-028NP genomic DNA using primers p-hktEF
and p-hktER that was cloned into pCR2.1, was digested with BsrGI at a unique site
within hktE and was ligated to a chloramphenicol resistance cassette using to construct
plasmid pCRhktECm. The e xp e c t e d sequence o f pCRhktECm was confirmed by
sequence analysis. Plasmid pCRhktECm was linearized by digestion with BamHI and
introduced into NTHI 86-028NP by transformation to generate NTHI 86-028NP hktE.
The analysis of genetic arrangement surrounding hktE revealed that the downstream gene
(NTHI1100) and upstream gene (NTHI1098, glyQ) are oriented in the reverse direction.
Furthermore, RT-PCR results revealed that there is no difference in the NTHI110 gene
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expression between mutant and parent strains. The results suggest that the disruption of
hktE is unlikely to have a polar effect.

Generation of NTHI 86-028NP pdgXhktE strain
Plasmid pCRhktE was excised using EcoRI and cloned into EcoRI-digested
pUC19 to generate pUChktE. Plasmid pUChktE was digested with BsrGI at a unique site
within hktE, and a kanamycin resistance cassette was excised from pUC4K was ligated to
the blunt ends using T4 DNA ligase. The resulting construct was transformed into
chemically competent Escherichia coli to obtain plasmid pUChktEKn. The expected
sequence of pUChktEKn was confirmed by sequence analysis; the construct was then
linearized by digestion with KpnI and introduced into NTHI 86-028NP pdgX to generate
NTHI 86-028NP pdgXhktE double mutant strain. The RTPCR results showed that the
gene expressions surrounding the pdgX and hktE are not affected by disruption of pdgx
and hktE in the double mutant strain. Evaluation of the tetrameric repeat regions in
selected gene loci showed no differential expression of phase variable genes in any of the
mutants compared to the parental strains; growth rates of mutants and the parental strain
were invariable (data not shown).
H2O2 sensitivity assay in planktonic growth
Bacteria were grown aerobically in sBHI broth media for overnight, harvested and
resuspended in MIV basic media, containing no extracellular iron, or MIV media with
different concentrations of H2O2 for 30 min. A subset of the samples were pretreated
with 1mM 2‟2-bipyridyl for 20 minutes prior to H2O2 treatment. After each experiment,
bacteria were serially diluted in PBS and plated on sBHi agar containing 3 µg/ml
125

vancomycin (Sigma) to enumerate viable bacteria.
Biofilm studies
(i) Biofilm formation assay. Biofilm for mat io n was evaluat ed by a we ll
described method [356, 357]. Briefly, overnight cultures of NTHi were diluted to 108
CFU per ml in sBHi broth, inoculated into 96-well microtiter dishes (100 µl/well),
and incubated at 37°C. At various times thereafter, the plates were removed, washed,
stained with 0.1% crystal violet, washed again, and dried. The remaining crystal
violet in the wells was solubilized with ethanol and quantified by determining the
optical density at 540nm.

(ii) Survival assay.

Bacteria were harvested from

overnight sBHI agar plates and suspended in sBHI medium. Equal inocula of

108

bacteria were used to seed wells of a 24-well plate (Corning), and the bacterial
densities of the inocula were confirmed by plate counts. Cultures were incubated at
37°C and 5% CO2 for 24 h, 48h, 72h, and 96h to establish biofilms. Bacterial viability
in biofilms and biofilm supernatants was assessed by plate-count.

(iii)

H2 O2

snesitivity assay. For 24h biofilms, supernatants were removed and replaced with
either fresh MIV media or MIV medium with different concentrations of H2O2 for 30
minutes.

Bacterial viability in biofilms was assessed by plate-count.

Viability

staining of unfixed biofilms was performed using the BacLight Live/Dead kit
(Molecular Probes) and images were taken using a Zeiss LSM510 CLSM microscope
(data not shown).
Mouse pulmonary infection studies
To test the roles of pdgX and hktE in resistance of NTHI 86-028NP to pulmonary
clearance, an elastase-treatment mouse model for COPD/emphysema was used.
C57/BL6 mice (Jackson Laboratories) were anesthetized with Avertin (2,2,2126

tribromoethanol) and treated with 3 U of elastase delivered via an intratracheal route.
Control mice received vehicle (PBS). Our work shows that t his treat ment
elicit s pulmonary damage that is pathologically similar to COPD/emphysema [60].
Three weeks following treatment, the mice were anesthetized with Avertin and
intratracheally infected with ~ 5x106 CFU of bacteria.

Mice (5 per group) were

euthanized at 24 h post-infection and the lungs removed.

The left lung was

homogenized, serially diluted, and plated onto sBHI agar plate containing 3 ug/ml
vancomycin for plate count. The right lung was fixed in 4% p ar a fo r ma ld e h yd e fo r
h ist o pat ho lo g y. The e la st a se -treatment a nd in fe ct io n protocols were approved
by the Wake Forest University Health Sciences Animal Care and Use committee.

Chinchilla otitis media studies
Bacterial persistence and biofilm formation in the middle ear chamber were
assessed as described previously [36].

Chinchillas were purchased from Rauscher‟s

Chinchilla Ranch (LaRue, OH) and allowed to acclimate to the vivarium for at least 1
week prior to infection.

No animals showed visible signs of illness prior to infection.

The animals were anesthetized with isofluorane and infected via transbullar injection
with ~103 CFU of the different strains of NTHi.

All inocula were confirmed by plate

counting. The chinchilla infection protocols were approved by the WFUHS Animal Care
and Use Committee. All animals were monitored by otoscopic examination throughout
the course of the infection studies.

At 7 days, 14 days, and 21 days post-infection,

animals (three per group) were euthanized, and middle ear chambers were aseptically
opened. Effusion fluid samples were recovered, and middle ear lavage was performed
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using 1.0 ml sterile PBS. Viable bacteria were enumerated by plate counting the
combined retrieved fluids. Bullae were excised and homogenized in 10 ml sterile PBS
and then plated to determine the number of CFU of tissue-associated bacteria.
In vitro NET-killing assay
Neutrophils were isolated from peripheral blood obtained from healthy donors
according t o standard met ho d us ing I so lym ph de ns it y-gradient ce nt r ifug at io n,
and viability was assessed by trypan-blue exclusion.

Analysis of the cellular

populations recovered from the density gradients by cytospin and hematoxylin and
eosin staining confirmed over 97% polymorphonuclear cells (i.e. neutrophils). The
blood donations were obtained by informed consent under protocols reviewed and
approved by the WFUHS Institutional Review Board. ~106 neutrophils were seeded
into wells of a 24- well plate in RPMI 1640 (- Phenol red), and then treated with
20nM PMA for 10 minutes; a subset of the wells were treated for 15 minutes with 10
µg/ml of the actin inhibitor cytochalasin D (Sigma). In a parallel assay and another
subset of wells, 1000 U/ml of catalase (Worthington) was added at the time of
cytochalasin D addition; wells not treated with cytochalasin D and/or catalase were
given equal volumes of RPMI media. ~104 NTHi 86-028, pdgX, hktE, or pdgXhktE
were added to the wells in RPMI, and inocula were confirmed by plate count. Wells
incubated at 37°C, 5 % CO2 for 30 minutes.

Following incubation, wells were

scraped, and their contents were serially diluted and plated on sBHI agar containing 3
µg/ml vancomycin to assess bacterial viability.
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Results
Expression of pdgX and hktE genes is required for optimal resistance to hydrogen
peroxide stress in vitro
In order to determine the overall importance of the NTHi 86-028 genes pdgX and
hktE in resistance to hydrogen peroxide stress in vitro, mutations were made to generate
NTHi 86-028 pdgX, NTHi 86-028 hktE, and NTHi 86-028 pdgXhktE. Overnight grown
bacteria were resuspended in MIV basic media, and several different concentrations of
H2O2 were added. After 30 minutes of incubation, bacterial viability was assayed. At 0.5
mM H2O2, a decrease in viability for both the hktE and pdgXhktE is observed, and a
decrease continues as peroxide concentration increases, until eventually (at 25 mM)
bacteria recovered are below the limit of detection. This phenotype is also observed for
the pdgX mutant, albeit at a delayed rate. By a peroxide concentration of 10 mM, there is
an approximate 2-log decrease in viable bacteria as compared to the parental strain, and
at the highest concentration tested (50 mM), the pdgX mutant numbers hover near the
limit of detection (Fig. 21A). In a similar set of experiments, the ferrous iron chelator
2‟2-bipyridyl was added to bacteria cultures 20 minutes prior to H2O2 addition. Addition
of 2‟2-bipyridyl can interrupt Fenton‟s reaction that generates the harmful hydroxyl
radical from ferrous iron and hydrogen peroxide. At 1mM H2O2, a decrease in the hktE
and hktEpdgX mutants is observed, and can be rescued by addition of the chelator. At the
higher peroxide concentration (20mM), a more significant decrease in all mutants is
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Figure 21. Mutant strains of NTHi are more sensitive to H202 treatment than the
parental strain. A. Comparison of the H202 sensitivity between parental and mutant
strains. Bacteria were suspended to equal density ( 108 CFU/ml) in MIV media or MIV
media with the indicated concentrations of H2O2 for 30 minutes at 37°C, after which the
survival was measured by plate-count. B. Sensitivity of mutants to hydrogen peroxide
partially depends on the Fenton reaction. Each strain was pretreated with 1 mM 2'2bipyridyl in MIV media or MIV media alone for 20 minutes and then incubated with the
indicated concentrations of H2O2 for 30 minutes at 37°C, after which the survival was
measured by plate-count.
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observed as compared to the parental strain; rescue of the pdgX mutant is seen upon
addition of the chelator. The hktE and hktEpdgX mutants, however, remain below the
level of detection at this higher peroxide concentration, regardless of the presence of 2‟2bipyridyl (Fig. 21B).
Biofilms promote increased resistance of NTHi to hydrogen peroxide in vitro
Presence of NTHi biofilms has been correlated with persistence and increased
bacterial loads in the chinchilla otitis model [36] and it is generally accepted that bacterial
biofilms promote resistance to host or pharmaceutical clearance [38, 327]. In order to
determine if biofilm formation is important in defense against hydrogen peroxide in vitro,
further assays were performed. Bacteria was seeded into wells and incubated for 24
hours to form biofilms. Crystal violet staining and bacterial viability assays showed no
difference in biofilm formation among the strains used (data not shown).

Following

biofilm formation, supernatants were removed and replaced with either fresh MIV media
or MIV medium with different concentrations of H2O2 for 30 minutes. After incubation,
bacterial viability was assayed. At 25 nM H2O2, there is an approximate 4-log decrease in
the hktE and hktEpdgX mutants. By 50 nM H2O2, the pdgX mutant showed a decrease as
well, at approximately 2-logs below the parental strain (Fig. 22). Importantly, any
protection conferred upon the mutants at these higher concentrations of H2O2 was greater
than that conferred by addition of the iron chelator 2‟2-bipyridyl (Fig. 21).
Absence of NTHi pdgX and hktE results in lower lung CFU in an elastase treated
murine model
Having seen a phenotype of our mutants in in vitro assays, and with previous
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Figure 22. Effect of biofilm formation on susceptibility of NTHi to hydrogen
peroxide in vitro. Equal inocula of 108 bacteria were used to seed in 24-well microtiter
plate, and 24 hour biofilms were established. Supernatant was removed and wells
received MIV media alone or MIV containing the indicated concentrations of hydrogen
peroxide. 30 minutes later, bacterial viability was analyzed by plate-count of biofilm
bacteria attached to plastic surface at the indicated times.
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studies showing elastase treatment of the murine lung results in pathology that is
consistent with emphysema, we next wanted to evaluate roles of pdgX and hktE in an in
vivo model of infection. In these studies, C57/BL6 mice were intratracheally treated with
catalase or PBS as vehicle. After 3 weeks, mice were infected with NTHi (86-028, pdgX,
hktE, or pdgXhktE) via the same route. 24 hours post-infection, lungs were removed and
assayed.

As seen in Figure 23A, numbers of bacteria recovered from elastase treated

lungs were higher in each case; this increased number is statistically significant for the
parental strain NTHi 86-028 infection. When comparing the parental strain to the
mutants, a slight trend towards decrease in bacterial recovery is observed for the mutants
in either the untreated or elastase treated lungs; however, only when both genes are
absent, as is the case of the pdgXhktE, do we observe a significant decrease in bacteria
number. The CFU data is mirrored in histopathology scores generated from the lung in
each mouse not used to assay bacterial viability.

Here, we see an increased mean

pathology score in the elastase treated lung, regardless of strain, above that of the
untreated lung.

In both untreated and elastase treated lungs, we see lower mean

pathology scores in the mutant infections as compared to the parental infection; looking
specifically at the elastase treated lungs, we see the lowest mean pathology score arising
from the double mutant pdgXhktE infection (Fig. 23B).
Mutant attenuation of surface attached communities is observed at later timepoints
in the chinchilla model of otitis media
Having previously observed persistence of NTHi within the chinchilla model for
otitis even in the face of host immune components [36], we sought to determine if
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Figure 23. pdgX and hktE contribute to bacterial survival within the elaste-treated
murine lung. A. Comparison of bacterial counts from lung infected with bacteria in
elastase treated or mock treated mice. Animals were pretreated with elastase or mock
vehicle for 21 d and then infected with bacteria for 24 h. Points represent counts derived
from individual mouse lungs. B. Inflammatory scores for HE slides from infected mice.
All sections were graded as a blinded set for markers of inflammation and damages as
described previously [60].
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presence of pdgX and/or hktE was critical for the survival of bacteria in vivo. In these
experiments, healthy chinchillas were given a transbullar injection of NTHi 86-028,
pdgX, hktE or pdgXhktE. At 7, 14, or 21 days post-infection, animals were euthanized
and middle ears were harvested to collect either middle ear effusion or left and right
bullae. Viable CFU from each middle ear effusion/lavage was calculated. As seen in
Figure 24A, at 7 days post-infection levels of all strains of bacteria remained relatively
high, with little difference observed among strains. By day 14, there were fewer bacteria
recovered from the mutant infections, albeit not statistically significant, and an ear each
from the pdgX and pdgXhktE infections showed complete clearance. At day 21 postinfection, however, only the means of the hktE and pdgXhktE recovered were below that
of the parental strain, with four total ears from these two strains showing complete
clearance. Left and right bullae from the animals were also homogenized and viable
bacteria were assayed (Fig. 24B). Once again, at day 7 post-infection, little difference in
surface-attached bacteria was observed amongst the strains tested. By day 14, the mean
CFU of bacteria recovered from the mutant infections lied below that of the mean
recovered in the parental infection. At day 21, however, this trend was also observed
with significant decreases in numbers of hktE and pdgXhktE. In fact, 5 ears total from
these mutant infections completely cleared the surface-attached bacteria.
Absence of pdgX and hktE render NTHi more susceptible to NET-mediated killing
in vitro
With previous observations of persistence of NTHi within the chinchilla middle
ear even in the face of neutrophils and NETs, we next asked whether or not presence of
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Figure 24. Differential persistence between mutant and parental strains of NTHi is
displayed within the chinchilla middle ear bullae.
infected with

Animals were anesthetized and

1000 CFU via transbullar injection, and euthanized at 7 d, 14 d, or 21 d

post-infection. Bacterial counts were obtained from middle ear effusions (A) or bullar
homogenates to determine the number of CFU of tissue-associated bacteria (B).
points represent counts from an individual ear.
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NTHi pdgX and/or hktE genes could promote resistance to neutrophil and NET-mediated
killing in vitro. In these experiments, primary human neutrophils were isolated from
healthy donors. After seeding neutrophils in wells of a well-plate, PMA was added to
induce the formation of NETs.

A subset of the wells was then treated with the actin

inhibitor

inhibiting

cytochalasin

D,

phagocytosis a n d c r e a t i n g a “NET-

mediated (extracellular) killing only” condition.

NTHi 86-028, pdgX, hktE, or

pdgXhktE was introduced to the wells for 30 minutes before bacterial viability was
assayed. As seen in Figure 25, the parental strain was killed to a moderate level (~25%)
in the “total killing” condition in which PMNs not undergoing NET formation still
have the ability to phagocytose (left white bar).

This

k i l l i ng

is

a ll

bu t

a bo l is he d u po n a d d it io n o f cytochalasin D and subjection to extracellular killing
means only (left gray bar). This is similar to what is observed for other strains of NTHi
in similar in vitro NET killing assays [36]. Interestingly, percentages of total bacterial
killing (white bars) for the pdgX, hktE, and pdgXhktE mutants were significantly higher
as compared to the parental strain. Also, NET-mediated killing (gray bars) for each of the
mutants was higher than either the total or extracellular killing observed for the parental
strain. In the case of the pdgXhktE double mutant, levels of total and extracellular killing
were nearly identical.
Exogenous catalase partially rescues NTHi 86-028 hktE from NET-mediated killing
in vitro
Hydrogen peroxide has been shown to be a requirement for at least one program
of the induction of NET formation [293], and its presence could potentially be an
antimicrobial within the NET environment.
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We observe an attenuation of surface-

Figure 25. Mutations in pdgX and/or hktE result in decreased resistance to
NET-mediated extracellular killing.

Freshly isolated PMNs from healthy human

donors were seeded into well-plates and induced to undergo NET fomation by addition of
PMA. A subset of the wells received cytochalasin D following PMA induction. Bacteria
was introduced into wells for 30 minutes prior to assaying the wells for bacterial
viability.
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attached hktE in an infection model, as well as an increased susceptibility of this mutant
to NET-mediated killing. For this reason, we carried out experiments similar to those
described in Figure 25. Primary human neutrophils from healthy donors were seeded into
wells of a well-plate and induced to form NETs by addition of PMA. A subset of the
wells was treated with cytochalasin D. Next, yet another subset was treated with
catalase, which can enzymatically decompose hydrogen peroxide. NTHi 86-028 or hktE
was introduced into the wells and allowed to incubate prior to assessing bacterial
viability.

Once again, moderate levels of total bacterial killing were observed for the

parental strain (left white bar); by extracellular means, the percentage of parental strain
killing was decreased ( left gr ay bar). Consistent wit h previo us result s, t ot al and
extracellular killing of the hktE mutant differ only moderately and are well above levels
seen using the parental strain (middle white and gray bars, respectively). Exogenously
added catalase decreases the levels of bacterial killing by neutrophils, and a significant
decrease in NET-mediated killing (right gray bar) compared to conditions without
catalase is observed (Fig. 26).

Discussion
As a commensal and potential opportunistic pathogen in diseases such as otitis
media or exacerbations during COPD, NTHi, like other organisms such as Streptococcus
pneumoniae, is often greeted in vivo with polymorphonuclear cells and possible insult
from reactive oxygen species [358, 359]. The OxyR regulon identified in NTHi 86-028
has been shown to be critical in defense against oxidative stressors and to contain and
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Figure 26. Exogenously added catalase partially rescues NTHi 86-028 hktE from
NET-mediated extracellular killing.

Freshly isolated PMNs from healthy human

donors were seeded into a well-plate. NET‟s were induced by addition of PMA. Specific
subsets were then treated with cytochalasin D and another subset with catalase. Bacteria
were introduced to wells for 30 minutes prior to assaying the wells for bacterial viability.

145

146

regulate hktE and pdgX [360].
Haemophilus influenzae peroxiredoxin-glutaredoxin is a member of a family of
thiol-dependent peroxidases, and, as seen in other organisms, is a chimeric molecule
[361, 362]. The peroxiredoxin domain has been shown to aid in defense against
hydrogen peroxide and alkylhydroperoxidase, while the glutaredoxin domain may play
roles in system recycling [363-366]; expression of peroxiredoxin-glutaredoxin has also
been shown to be upregulated during biofilm formation [354] .

The presence of a

catalase has also been discovered within the NTHi genome [367], and it has been
indicated that its expression is regulated by OxyR [360].
In this study, we examined what effects absence of NTHi 86-028 genes pdgX and
hktE may have on bacterial survival in the presence of various stressors. First, we
observed that, in the presence of hydrogen peroxide, survival of both the hktE and
pdgXhktE double mutants is lower than that of the parental strain; indeed, numbers of
viable CFU at the 1mM concentration treatment were approximately 3 logs less for these
mutants as compared to NTHi 86-028. At the highest concentration treatments, neither of
these mutant bacterial strains could be recovered. While there was a consistent decrease
in numbers of recovered pdgX as hydrogen peroxide concentration increased, numbers
never reached as low as observed for the catalase-deficient (hktE) mutant; this may
indicate that, at least in vitro, the anti-oxidant activity afforded by hktE expression is of
greater importance that that of pdgX. This is consistent with the observation that at a
high concentration of hydrogen peroxide, only the pdgX mutant, and not the hkte or
pdgXhktE mutants, is rescued by the addition of the iron chelator 2-2-bipyridyl.
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Persistent NTHi populations have been found in vivo as biofilm communities
during chronic and recurrent otitis media [38, 340]. In this study, we identify beneficial
roles that NTHi biofilm formation may play in the defense against hydrogen peroxide
treatment in vitro.

Even though we see a greater effect on the hktE and pdgXhktE

mutants as compared to the pdgX and parental strains, growth as a biofilm does seem to
aid the NTHi mutants in their protection against oxidative stress. Even at high levels of
hydrogen peroxide that were seen to eliminate the hktE and pdgXhktE mutants
planktonically, biofilm communities of these mutants were better able to survive, albeit to
much lower levels as seen with the parental strain. Obviously, in vivo, NTHi encounters
a multitude of host defense mechanisms, including oxidative stress; formation of biofilm
communities may be one measure taken to ensure heightened protection in instances
when normal catalase expression is affected.
Approximately 30% of those suffering from COPD are colonized with NTHi in
the lower respiratory tract; serial sampling reveals that about 60% of COPD patients are
colonized [368].

Many studies show a higher inflammatory response in stable COPD

patients when NTHi is present [57, 369-371]. Our work shows that in an elastase treated
mouse lung, which mirrors the pathology of a COPD lung, parental strain NTHi survives
better as compared to an untreated lung infection.

Even in an environment that better

supports the survival of NTHi, defense against oxidative stress is still important for
optimal bacterial survival. This is evidenced by the fact that a statistically significant
decrease in bacterial survival is observed for the pdgXhktE mutant in the elastase treated
lung as compared to the parental strain; the slightly reduced pathology scores seen as a
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result of mutant bacteria infections may indicate that these less-fit bacteria, unable to
combat the environment‟s oxidative stressors, are then unable to cause the pathology seen
in parental strain NTHi infections. Damage by reactive oxygen species to the host must
always be considered, but perhaps targeting a bacteria‟s ability to combat oxidative stress
could potentially reduce pathology within a COPD lung.
Persistence of NTHi is seen in chinchilla models of experimental otitis media and
is correlated with presence of biofilm; survival is observed even in the face of neutrophils
and neutrophil extracellular traps [36]. In this study, we examine whether or not defense
against oxidative stress is at least one mechanism by which NTHi achieves this
persistence. Our work shows that both the hktE mutant and the pdgXhktE double mutant
are attenuated in this model, specifically in the surface attached, biofilm communities. We
observe no statistically significant differences in bacterial load from middle ear
effusions, although several ears infected with our oxidative stress mutants had completely
cleared the bacteria from middle ear effusion. The bullae, containing the biofilm
communities, are surfaces upon which neutrophil extracellular traps have previously been
shown to form. Parental strains of NTHi can withstand the antimicrobial effects of
NETs, but here we show in the otitis model that NTHi hktE and pdgXhktE mutants are
attenuated in the bullae. This could represent a hallmark of NET function: trapping.
These mutants, trapped within NETs, are unable to escape the antimicrobial NET
components and potential reactive oxygen species within the NET environment. hktE
and pdgXhktE mutants would be unable to combat the oxidative stress they encounter in
these situations. To mimic this potential scenario, we performed in vitro NET-killing
assays. We observe an inability of our mutant strains to resist extracellular killing, unlike
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the parental strain. Absence of both hktE and pdgX, as in the case of the double mutant,
rendered the bacteria most susceptible to NET-mediated killing, as extracellular bacterial
death was at levels of total (intracellular and extracellular) killing. We can conclude that
expression of both peroxiredoxin-glutaredoxin and catalase is at least one means by
which NTHi combats the effects of NETs. Indeed, we observe that exogenously added
catalase can partially rescue a strain of NTHi that does not produce its own from NETmediated killing, an indicator both that the NET environment contains levels of hydrogen
peroxide and that NTHi can utilize catalase to combat one killing mechanism of NETs.
Our work shows overlapping roles of pdgX and hktE in the protection of NTHi
against oxidative stress both in vitro and in vivo. For the most part, hktE and pdgXhktE
mutants were most sensitive in our assays, indicating that defense against hydrogen
peroxide by direct expression of catalase by hktE is critical for bacterial survival. This is
observed in in vivo COPD and otitis media models, as well as in in vitro assays. The
presence of pdgX and hktE also appear important in defense against NET-mediated
killing. NTHi can induce the formation of NETs, and otitis media and COPD remain
worldwide heath concerns; for these reasons it is important that we continue to try and
understand pathogenesis of NTHi so that we can more effectively treat and prevent
disease. There may indeed be potential for therapies that alter the way in which NTHi
defends against oxidative stress.
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Summary of findings

These studies examine i.survival of NTHi within NETs, ii. ability of NTHi to induce
NET formation, and iii. roles of NTHi genes pdgX and hktE during oxidative stress and
during infection.
In the in vivo chinchilla middle ear otitis media model, transbullar inoculation with
NTHi results in a persistent middle ear infection and formation of large biomasses that
contain bacterial communities. The presence of the biomass consistently correlates with
a higher bacterial load as compared to ears in which the biomass is not present (Figure
6).
The bacterial communities in the middle ear express LOS moieties that are consistent
with those shown to be required for in vitro biofilm formation. However, the bacterial
communities do not occupy the entire area of the biomass extruded from the middle ear
(Figure 8). The entire biomass has a host contribution, as numerous PMNs are detected
within stained sections of the biomass (figure 7). In the middle ear, live and dead host
cells, as well as bacterial communities, are incorporated into extensive webs of
extracellular DNA, consistent with neutrophil extracellular traps (Figure 9). Stained
sections show presence of NETs in the middle ear, with colocalization between NTHi
and NET hallmarks, neutrophil elastase and histone protein (Figure 10).
Mirroring in vivo observations, in vitro incubation of NTHi with preformed NETs
does not result in bacterial killing, unlike conditions in which NTHi is exposed to both
phagocytic PMNs and NETs.

Also, alteration of NTHi LOS architecture through
151

genetic mutations of various LOS biosynthetic genes leads to significant increases in
NET susceptibility (Figure 11). NTHi associated with NETs also appears resistant to the
effects of freshly isolated infiltrating neutrophils. In fact, numbers of parental strain
NTHi at the end of the infiltrating neutrophil assay are well above initial inocula.
Although numbers of an LOS mutant (rfaD) do not significantly decrease throughout the
course of the assay as compared to inocula, the mutant bacteria numbers do not
approach what is observed for the parental strain (Figure 21).
Using an in vitro system examining interaction between NTHi and primary human
PMNs, we see that NTHi can induce the formation of NETs (Figure 12). NTHi viability
is not a requirement in NET formation, and purified NTHi LOS effectively induces
NETs (Figures 13 and 14).

Purified LOS induces the formation of NETs to a

significantly higher level than does purified NTHi OMP or purified NTHi DNA (Figures
15 and 16). In fact, differential induction of NETs by different agonists may result in a
change in the efficacy of NET-mediated killing. An rfaD mutant, moderately killed
extracellularly when exposed to PMA or LOS treated neutrophils, is not killed
extracellularly when exposed to NTHi OMP or DNA treated neutrophils (Supplementary
Figure 1). Altering NTHi LOS, either by mutation of htrB or pretreatment of LOS with
the lipid A-binding agent polymyxin B, significantly decreases levels of NET formation
as compared to full-length, untreated LOS (Figures 17 and 18).
Sensing NTHi LOS through TLR4 is at least one mechanism utilized by murine
PMNs to form NETs in vitro. Loss of functional TLR4 results in a significant decrease
in NET formation as compared to conditions in which functional TLR4 is present
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(Figure 20). MyD88-dependent TLR4 signalling is likely critical, as absence of MyD88
results in significantly lower NET formation as compared to NET formation observed in
wildtype murine PMNs; loss of TLR2 in this system, however, does not result in a
separate phenotype (Figure 19).
We also observed the importance of NTHi genes pdgX and hktE in bacterial
protection against oxidative stress and during infection. Loss of pdgX results in a
consistent decline in bacterial viability when planktonic NTHi is exposed to increasing
concentrations of hydrogen peroxide. Susceptibility is even more dramatic for hktE and
pdgXhktE mutants (Figure 22A).

High concentrations of hydrogen peroxide effect

mutant viability; however, the iron chelator 2‟2-bp can rescue the pdgX mutant, but not
the hktE or pdgXhktE mutants (Figure 22B). When the mutant bacteria strains are first
allowed to form biofilms in vitro prior to treatment with high concentrations of
hydrogen peroxide, higher numbers of viable bacteria are recovered as compared to
numbers recovered from previous planktonic assays using the same concentrations
(Figures 22 and 23).
Overlapping roles of pdgX and hktE are indicated in the COPD elastase-treated lung
murine model, and surface-attached mutant bacteria are attenuated at late timepoints
post-infection in the chinchilla otitis media model (Figures 24 and 25). All oxidative
stress mutants show increased susceptibility to NET mediated killing as compared to the
parental strain in vitro, and the hktE mutant can be partially rescued from in vitro NET
mediated killing by exogenously added catalase (Figures 26 and 27).
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Interpretations and implications of study
One of the initial observations in the above studies is that biomasses formed within
the chinchilla middle ear during otitis media are large structures occluding the middle
ear space. However, only a proportion of the extruded mass is populated with NTHi.
The NTHi communities express LOS with modifications, namely sialic acid and ChoP,
that indicate the bacteria are in a biofilm mode of growth. An interesting observation is
the large host component present in the overall structure. Obviously, when studying and
describing NTHi biofilms in vivo, neutrophils, potentially other host cells, and host
extracellular DNA should be included in the description. The presence of numerous
host-derived factors could alter biofilm dynamics and it is logical that in vitro biofilms,
without any contribution from a host, form, behave, and persist differently than in vivo
biofilms. Similar observations have been described with Pseudomonas aeruginosa, in
which neutrophils contribute to enhanced early biofilm formation; disruption of PMNderived actin and DNA polymers reduced P. aeruginosa biofilm development [328].
Thus, when defining NTHi biofilms, considerations as to whether an in vitro or in vivo
system in place should be specified and separate definitions of the two may be
warranted.
This study is the first to describe a potential role for neutrophil extracellular traps
within the context of an NTHi-induced OM infection, and also the first to show that
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NTHi components induce formation of NETs, both in vitro and in vivo. in vitro, NTHi
LOS can induce NETs to form; in fact, no differences are observed in regards to
percentage of viewing fields positive for NET formation upon treatment of PMNs with
live NTHi as compared to treatment with purified NTHi LOS (Supplementary Figure 2).
Qualitatively, it does appear that NETs formed upon treatment of PMNs with purified
LOS were larger and more extensive, covering more area of the viewing field. This
observation may suggest that the pure concentrated LOS treatment better induces NETs
as compared to whole bacteria, which could potentially contain interfering antagonists.
Both in vitro and in vivo, association of NTHi with host extracellular DNA and NET
components does not result in bacterial killing.

There are a variety of defense

mechanisms employed by the bacteria and a few worth exploration in regards to defense
against NETs. One idea is that NTHi resists individual components of the NTHiinduced NETs. As a serine protease and a hallmark of the NET environment, neutrophil
elastase can effectively kill bacteria. However, in vivo, host SLPI is found naturally in
respiratory secretions and is upregulated during inflammation. SLPI also blocks the
activity of neutrophil elastase. Within the NET environment, NTHi may be able to
utilize the elastase-blocking activity of SLPI for its own protection [372-375].
It is unclear at this point as to what other neutrophil components comprise an
NTHi-induced NET or what effects these components may have on NTHi survival
within NETs.

Studies using species of Streptococcus show that cathelicidin LL-37 is a

key component of PMA-induced NETs, and one that is targeted by the bacteria during
NET- mediated killing evasion [286]. NTHi achieves a level of
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resistance to

antimicrobial peptides through expression of the ABC transporter SapA and the
ATPase SapD (susceptibility to antimicrobial peptide); sapA and sapD mutations in
NTHi result in increased killing by chinchilla beta-defensin 1 and attenuation in vivo
in the chinchilla [376]. It could be the case that, like what is observed for other
bacterial species, NTHi uses defense against antimicrobial peptides as a means of
defense against NET-mediated killing. However, data from in vitro study does not
support this hypothesis. When NETs are induced from PMA-treated neutrophils, sapA
mutant CFUs are not below that of inoculum after exposure, similar to what is seen
for the parental strain (Supplementary Figure 3). This observation indicates that either
i. resistance to antimicrobial peptides is not key for defense of NTHi against NETs,
ii. NTHi has redundant mechanisms by which it deals with antimicrobial peptides
within NETs, or iii. there is a negation of antimicrobial peptide charge effects against the
bacteria due to the DNA lattice acting as a sink.
An idea that is clear is that NTHi LOS structure is important in the defense of NTHi
against NETs. Alteration of the LOS architecture results in an increased susceptibility to
NET-mediated killing (Figure 11). There are a couple reasons why bacteria with a
modified outer membrane may have increased susceptibility to extracellular-mediated
killing. For one, intact endotoxin molecules act as a physical barrier against toxic
species. Harmful NET components may have more and easier access to the
bacterial inner membrane simply because of the decrease in total amount of outer
membrane structure. Another role of intact LOS may involve proteins, secretion
systems, or other bacterial factors a p p r o p r i a t e l y e m b e d d e d w i t h i n

it .

One example of an NTHi protein‟s functionality being dependent upon LOS
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structure involves the HMW1 adhesin. Mutation of the LOS biosynthetic gene
pgmB, which may be important in protein glycosylation, results in an HMW1
protein that is partially degraded and unable to efficiently function as an adhesion.
The LOS biosynthetic gene lgtC encodes a galactosyltransferase without which
complement deposition of factor C4b is increased and bacterial survival is decreased.
When NTHi outer membrane protein P6 is deleted, membrane architecture is
compromised, and the mutant is more susceptible to the cytotoxic effects of the
complement-induced membrane attack complex [377-382]. Therefore, modification of
LOS structure could potentially lead to membrane instability, and

improper

presentation or function of membrane proteins and secretion systems. Possible
absence of a defense mechanism or a secreted/soluble bacterial factor due to modified
LOS architecture may be among reasons the mutants studied displayed increased
susceptibility to NET-mediated killing; further experimentation is needed to address this
possibility. Supernatant from a parental stain of NTHi conferring an increased
resistance of LOS mutants incubating with pre-formed NETs would provide at least
some supporting evidence.
Another weapon within the arsenal of NTHi in defense against NETs may be the
OxyR-regulated oxidative stress genes pdgX and hktE. in vivo, there is an attenuation of
the hktE and pdgXhktE mutants and a decrease of the pdgX mutant below parental at a
late timepoint post-infection on the chinchilla bullae. One interpretation is, as surfaceattached bacteria, the pdgX, hktE, and pdgXhktE mutants are associated with bullae
surface NETs.

Removal, sectioning, and staining of surface-attached biomasses show

presence of both bacteria and NETs in vivo (Figures 8 and 9). Perhaps an inability to
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optimally combat the effects of NETs is one reason why the mutants do not survive as
well as the parental strain in the bullae in vivo.

Evidence supporting this

interpretation was generated in our in vitro NET-killing assays. Both total killing and
NET-mediated extracellular killing is increased for each of the mutants as compared
to the parental strain; in fact, the pdgXhktE double

mutant was killed by

extracellular means just as effectively as in a condition in which phagocytosis can
still occur (Figure 25). Again, elucidation and isolation of neutrophil components
most prevalent within NTHi-induced NETs should remain a priority. Once they are
known and purified, in vitro assays can be performed, using incubations with a specific
NET component, to determine the relative importance of pdgX and hktE in defense
against that individual component.
Hydrogen

peroxide

s t i mu l a t e s

NET

f o r ma t io n

[293].

In

an

i n f l a m m a t o r y environment, especially one in which NETs have been induced, it is
likely that hydrogen peroxide is present within that environment. We again see an
inability of the catalase- deficient hktE mutant to defend against NET-mediated
extracellular killing (Figure 26). However,

exogenously

added

catalase

can

partially rescue the hktE mutant from neutrophil killing, indicating once again a
key role catalase plays in bacterial survival. An important consideration in treatment
and prevention of disease should not only be targeting of bacteria themselves, but
bacterial products that aid in their fitness during infection. While host control of
hydrogen peroxide is critical, potential targeting of bacterial catalase may be one
strategy by which NTHi becomes more susceptible to NET- mediated killing.
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A common and unifying theme in all of the studies described is the overall
importance of LOS to NTHi survival and persistence. A model to outline the roles of
LOS should be described:
NTHi LOS is critical for membrane stability and bacterial viability, and can act as a
physical barrier. LOS modifications, such as sialic acid and ChoP addition, promote the
formation of protective and immune-evading NTHi biofilms, and LOS contributes to the
composition of the biofilm matrix. In turn, neutrophils infiltrating to the site of infection
may not be optimally effective, undergoing “frustrated phagocytosis” in response to the
encased bacterial biofilm. At the same time, exposed NTHi LOS can strongly induce
the formation of NETs from surrounding PMNs.

NETs represent a host defense

mechanism to which NTHi appear inherently resistant. The observed resistance is
linked back to appropriate expression of LOS. LOS moieties that are critical for biofilm
formation, such as sialic acid, are also required for optimal resistance to NET-mediated
killing. NET-associated NTHi is also resistant to the effects of newly infiltrating PMNs.
The cycle continues as dying, NET-producing PMNs contribute to the matrix
surrounding bacterial communities and further protect the communities from neutrophil
functions such as phagocytosis. Local hydrogen peroxide and ROS can further induce
NET formation, and is less able to reach and affect encased bacterial communities.
NTHi that must deal with oxidative stress utilize genes pdgX and hktE in defense against
ROS (Supplementary Figure 4).
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Future Directions
NTHi resistance to NET-mediated killing may be accompanied by an ability to
utilize NET components, nutrients, and structure to the bacteria‟s advantage.
Labeling of neutrophil components and detecting utilization of host nutrients and
metabolites is one possible way of determining direct use of NET components by NTHi.
Increase of bacterial load when incubated with NETs and an evasion of killing by
neutrophilic influx by NET-associated NTHi is observed and certainly needs to be
better understood. Other bacterial species may be similarly evading and utilizing host
NET formation.

Indeed, for some bacteria, association with NETs may not only

represent a way to evade the host immune response, but also a way to combat
therapeutics. In preliminary data, we see that incubation of NTHi with pre-formed
NETs results in an increased resistance to treatment with the antibiotic trimethoprimsulfamethoxazole (Supplementary Figure 5). Ability to resist NET-mediated killing
and utilize the structure for protection against antibiotics may be a reason for
recurrent disease caused by many bacterial species.
There is much to be addressed regarding t he int eract io n bet ween NTHi and
NETs. For examp le, how much do neutrophils and NETs actually contribute to
the structure and protective qualities of bacterial biofilms? It would be interesting to
see how the infection environment and biofilm architecture changes in the absence of
these host components. In what would need to be highly optimized and short-term
experiments (mainly due to the immuno-compromised animals that would result),
neutropenia could be induced in a chinchilla prior to middle ear infection with NTHi
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and development of otitis media. An even more direct alternative may be a local
corticosteroid treatment of the local environment. Potentially, inflammation in
the middle ear would be dialed down, eliminating neutrophilic influx to the
middle ear, but not eliminating PMNs systemically. If host neutrophils and NETs are
indeed significantly contributing to the observed “biofilm” during chinchilla
infection, it is logical to think that size and architecture of the biomass within the
middle ear infection environment will be drastically changed. Another important
consideration would be efficacy of antibiotic treatment. If NET structures do provide
some resistance to NTHi that are resistant to NET killing, increased susceptibility to
middle-ear antibiotic treatment may be observed in the absence of NETs. On the other
hand, the possibility exists that absence of NETs would eliminate a trapping function of
the immune system, causing NTHi to participate in more of a systemic infection.
Ideally, initiation of NET formation could be blocked in the middle ear in order to
allow other (phagocytic, etc.) normal PMN functions to occur. Because separating
NET formation from other neutrophil functions would be difficult, more mechanistic
information on the program of ETosis will be needed.
Another focus of our group has been polymicrobial infection during otitis media.
Effect of NET activity on other otitis media pathogens, such as M. catarrhalis,
should be determined. At least in vitro, we could easily address whether or not M.
catarrhalis is differentially susceptible to NET-mediated killing as compared to
NTHi.

If in fact susceptibility is observed, it would be interesting to see if co-

incubation with the fellow commensal NTHi has any effect on the ability of M.
catarrhalis to resist NETs.
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Finally, more recent effort has gone into defining roles of ETosis in other immune
cell types. Macrophages are recruited to the middle ear during otitis media and can
readily phagocytose several isolates of NTHi. Mast cells are also involved in the
inflammatory response during otitis media. In some cases, eosinophils have been seen
in otitis media effusions.

There is evidence that macrophages, mast cells, and

eosinophils all participate in an action of cell death similar to that seen for neutrophils
during ETosis. It remains to be determined if NTHi can induce the formation of
extracellular traps from any of these 3 cell types, and if so, whether or not any
antimicrobial activity results. If traps are formed, defining mechanisms of induction
and comparison to NET induction are areas of interest [316, 324, 325, 383-386].
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Appendix
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Supplementary Figure 1. NTHi survives within NETs regardless of induction agonist
in vitro. Freshly isolated human PMNs were seeded in wells of a 24-well plate at ~106
cells/well. LOS (0.032 ng/μl), OMP (5μg), or DNA (0.032 ng/μl) was added to the wells,
and the cells incubated for 5 hours at 37°C, 5% CO2. Cytochalasin D was then added to
the wells at a final concentration of 10 μg/ml. Next,~104 NTHi 2019 or NTHi 2019
rfaD were added and allowed to incubate under the same conditions as above for 30
minutes. Well bottoms were then scraped and the contents were thoroughly perturbed
before serially diluting and plating to assess bacterial viability.

Percentage of bacteria

killed was calculated by dividing the number of recovered bacteria by the initial inocula.
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Supplementary Figure 2. Live NTHi and purified NTHi LOS induce the
formation
biologically

of

NTHi 2019 (~104) or an equivalent,

NETs to similar levels.

relevant

incubated with ~106

concentration

of

NTHi

2019

LOS

(~0.32

ng/μl)

was

freshly isolated PMNs for 5 hours at 37° C, 5% CO2.

Samples were fixed and processed for immunofluorescence to detect human histone
protein or neutrophil elastase. Extracellular DNA was visualized by staining with
propidium iodide.

At least 65 randomly selected fields of view were evaluated to

calculate a percentage of the viewing fields that were positive for NET formation.
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Supplementary Figure 3. sapA is not required for NTHi 86-028 resistance to NETs
in vitro. ~106 freshly isolated PMNs were seeded into wells and treated with 20mM
PMA to induce NET formation. Phagocytosis was then inhibited by addition of 10μg/ml
cytochalasin D for 15 minutes. Either parental strain (A) or sapA (B.) NTHi was
incubated with with NETs for 30 minutes, 37°C, 5% CO2 before wells were scraped
and serially diluted. Bacterial viability was assayed by plate count and comparison to
initial inoculum that went in to the assay.
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Initial Inocula

NTHi + Cytochalasin
D- treated N
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Supplementary Figure 4. Model representation of roles of NTHi LOS in
induction of and protection from neutrophil extracellular traps.
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Supplementary Figure 5.

Effect of antibiotic treatment on NET-associated NTHi.

~106 freshly isolated PMNs were seeded into wells in RPMI. PMNs were treated with
20nM PMA to induce NET formation, followed by treatment with cytochalasin D to
inhibit phagocytosis.

Wells not receiving PMNs received media and treatments only.

~107 NTHi were added to wells and incubated for 24 hours at 37°C, 5% CO2. After 24
hours, media was gently removed and replaced with fresh media alone or fresh media
containing the indicated concentrations of trimethoprim/sulfamethoxazole antibiotic.

24

hours later after incubation in the above conditions, wells were scarped, serially diluted,
and plated to assess bacterial viability.
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