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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 lipooligosacchar-
ides. 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 middle-ear chamber.

Nontypeable Haemophilus influenzae (NTHI) is a common
commensal of the human nasopharynx, in which setting car-
riage is usually asymptomatic and without adverse effect. When
host mucociliary clearance is impaired, NTHI can cause local-
ized opportunistic infections within the airway (14). For exam-
ple, 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 (30). Persistent
populations of NTHI in vivo during chronic and recurrent otitis
media are found within biofilm communities within the mid-
dle-ear chamber (19, 40). Other factors that provide an envi-
ronment for NTHI to cause infections include age, genetic
predisposition, atopy, and immune system impairment (44), as
well as Eustachian tube dysfunction and pressure dysregulation
caused by virus-induced congestion (11, 12, 33). Biofilms have
long been thought to promote microbial resistance to pharma-
ceutical or immune clearance during persistent infections (17,
20). Bacterial factors important to NTHI biofilms include spe-
cific subsets of lipooligosaccharides (LOS) containing sialic
acid and/or phosphorylcholine (23, 24, 45), pili (28), and dou-
ble-stranded DNA (25, 27). Our recent work demonstrated
that NTHI biofilms also have a significant host component,
including a double-stranded DNA lattice decorated with his-
tones and elastase, that fits the defining traits of a neutrophil

extracellular trap (NET) (22). NETs have microbicidal activi-
ties that are distinct from phagocytosis and are due to entrap-
ment within the DNA scaffold and killing by granular compo-
nents (7, 8). Notably, viable NTHI biofilms have been observed
throughout these NET structures, and the presence of a bio-
film/NET was positively correlated with higher bacterial loads
during experimental otitis media infections (22). Based on
these data, we concluded that NTHI biofilms survive within
NET structures in vivo.

The objective of the present study was to define determi-
nants of NET formation and bacterial survival within NETs
following addition of NTHI and bacterial components to poly-
morphonuclear 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 knock-
out mice showed attenuation in early inflammation that cor-
related with decreased bacterial clearance; this effect was
MyD88 dependent and was not observed as dramatically in
TLR2 knockout mice (50). 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 re-
sisted both extracellular killing and phagocytic killing by addi-
tional incoming 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 (10, 34). NTHI 2019 rfaD and NTHI 2019 htrB
have defects relating to biosynthesis and assembly of the lipooligosaccharides
(32, 37), and both are attenuated in the chinchilla infection model of otitis media
(13). NTHI 86-028NP is a pediatric OM isolate (4). NTHI 1479 and NTHI 7502
are sputum isolates which have also been described extensively (10, 34). Bacteria
were cultured on brain heart infusion agar (Difco) supplemented with hemin (10
�g/ml; ICN Biochemicals) and NAD (10 �g/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 sus-
pensions were heated to 65°C for 30 min and plated to ensure bacterial killing.

Bacterial outer membrane purification. Outer membrane protein fractions
were prepared from NTHI as described previously (35). 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 centrifuga-
tion in a Beckman 78-70 M ultracentrifuge (SW41 rotor) at 180 � g for 30 min
at room temperature. Cell envelopes were collected from supernatants by cen-
trifugation at 110,000 � 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 110,000 � 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 (1, 26). 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 � 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 � 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 �
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 �80°C overnight. LOS was pelleted by centrifugation at
32,500 � 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 �g of proteinase K (Sigma) was added.
Samples were then incubated overnight at 37°C and precipitated as described
above, by centrifugation at 32,500 � 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
during PMN treatment. Biologically relevant concentrations were 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 (15).

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 con-
firmed 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 uti-
lized bone marrow-derived PMNs, isolated by standard Isolymph density gradi-
ent 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). 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 de-
scribed above. Neutrophils were suspended in RPMI culture medium and seeded
into wells of a chamber coverslip system (Nunc Nalge International) after treat-
ment with 0.01% poly-L-lysine (Sigma). In some experiments, neutrophils were
pretreated with 10 �M 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 heat-
killed NTHI 2019, purified NTHI LOS (0.032 ng/�l in each treatment well),
purified NTHI DNA (0.032 ng/�l in each treatment well), purified NTHI outer
membrane proteins (5 �g OMP in each treatment well), or purified NTHI 2019
htrB LOS (0.032 ng/�l in each treatment well). In some experiments, LOS was
pretreated with 50 �g/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% paraformal-
dehyde-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 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 con-
trols were used in each experiment to confirm the absence of significant non-
specific 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 (Corn-
ing) 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 �g/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 �g/ml cytochalasin D for 15 min. Wells
were then thoroughly scraped prior to 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).

RESULTS

NTHI induces the formation of NETs in vitro. We hypothe-
sized that exposure of neutrophils to NTHI would elicit for-
mation 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. 1, it is clear that
NTHI elicited NET formation, as evidenced by the web-like
structures showing colocalization of DNA with histone protein
(Fig. 1B and C) or with neutrophil elastase (Fig. 1F 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.
1A 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
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process (16). Our studies are consistent with these findings, as
neutrophils treated with NTHI 2019 following pretreatment
with DPI (Fig. 1D 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 incubation, the samples were pro-
cessed 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. 2B to D) or neutrophil elastase (Fig. 2F 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 ab-
sent. 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/�l of purified LOS or left untreated. Following
incubation, the samples were processed for immunofluores-
cence as described above. As seen with both live NTHI and
heat-killed bacteria, purified LOS was able to induce the for-
mation of NETs in vitro. Colocalization of DNA with histone
protein (Fig. 3B to D) or with neutrophil elastase (Fig. 3F to
H) was observed in treated wells and was not seen in untreated
controls (Fig. 3A and E). In addition, quantitative analyses
enumerating fields of view positive for NET formation showed
no difference among wells treated with either live 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 in-
duced NET formation to the levels seen with whole bacteria,
we compared the abilities of other NTHI components to in-
duce NETs. Neutrophils were left untreated or were treated
with either purified NTHI LOS or DNA. After incubation, the
samples were processed for immunofluorescence as described
above. Colocalization of DNA with either neutrophil histone

FIG. 1. 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 �M 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-�m optical slices are shown. Magnification, �63.

FIG. 2. Nonviable NTHI induces the formation of NETs in vitro.
Neutrophils (106/well) were seeded into wells of a chamber glass cov-
erslip 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-�m optical slices are shown. Magnification, �63.

FIG. 3. Purified NTHI LOS induces the formation of NETs in vitro.
Neutrophils (106/well) were seeded into wells of a chamber glass cov-
erslip and allowed to adhere. Wells remained untreated (A and E) or
were treated with 0.032 ng/�l 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 colocaliza-
tion between DNA and either histone protein (A to D) or neutrophil
elastase (E to H). Merged images of 1-�m optical slices are shown.
Magnification, �63.
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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. 4),
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 approxi-
mately 39% (left gray bar) and 36% (right gray bar), respec-
tively, 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 forma-
tion 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 frac-
tions.

Similar experiments were performed in order to compare
the ability of purified NTHI 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 �g)
of OMP. Immunofluorescence assay and quantification of
these samples (Fig. 5) showed that approximately 71% of the
LOS-treated fields of view showed DNA-histone colocalization
(left white bar), and 70% showed DNA-neutrophil elastase
colocalization (right white bar). In contrast, the 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 �g) or lower (1 �g)
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 compo-
nent(s) may be involved.

Full-length NTHI 2019 LOS optimally induces NET forma-
tion. 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 3-log greater dose than the parental strain to
induce otitis media in the chinchilla middle-ear model (18).
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. 6) showed that approximately 69% of
the fields of view observed were positive for DNA-histone
colocalization (left white bar), and 62% showed DNA-neutro-
phil elastase colocalization (right white bar), when PMNs were
treated with LOS from the parental strain. The percentages
dropped to 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 poly-
myxin 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. 7) 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 colocal-
ization (right white bar), when PMNs were treated with un-
treated LOS. The percentages dropped to approximately 35%
(left light gray bar) and 33% (right light gray bar), respectively,

FIG. 4. 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 re-
mained untreated or were treated with 0.032 ng/�l NTHI LOS or
DNA. After 5 h of incubation, samples were processed for immuno-
fluorescence as described in the text and viewed using immunofluo-
rescence 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 exper-
iments, and statistical significance was determined by two-way
ANOVA with a post hoc test of significance. ��, P � 0.005; ���, P �
0.0005.

FIG. 5. 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 re-
mained untreated or were treated with either 0.032 ng/�l NTHI LOS
or 5 �g 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 se-
lected 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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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-defi-
cient C57BL/6 mice were isolated, treated with heat-killed
NTHI, and processed for immunofluorescence to determine
levels of NET formation by the presence of characteristic web-
like 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%, respec-
tively; the ability of PMNs deficient in TLR2 to undergo NET
formation was not significantly lower than that seen under
wild-type conditions (Fig. 8).

Murine neutrophils deficient in Toll-like receptor 4 show
decreased levels of NET formation. Human neutrophils ex-
press mRNAs for all Toll-like receptors except for TLR3 (21),
and Toll-like receptors 1, 2, 4, 5, and 6 are expressed on the
neutrophil surface (46). Recognizing that LOS is a major de-
terminant 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 exper-
iments, 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 consis-
tently showed higher levels of NET formation from PMNs

FIG. 7. 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/�l NTHI LOS, 0.032 ng/�l
NTHI LOS pretreated with 50 �g/ml polymyxin B for 20 min, or an equiv-
alent amount of polymyxin B alone (�0.53 �g/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 DNA with 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.

FIG. 8. Murine PMNs lacking MyD88 have decreased levels of
NET formation compared to wild-type PMNs in vitro. Neutrophils
(�5 � 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 condi-
tion were observed. Bars indicate the percentages of viewing fields that
contained NET structures positive for DNA and histone protein colo-
calization. Data were obtained from three separate experiments, and
statistical significance was determined by a paired t test. **, P � 0.01.

FIG. 6. 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/�l NTHI
htrB LOS. After 5 h of incubation, samples were processed for immu-
nofluorescence as described in the text and viewed using immunoflu-
orescence 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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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. 9).

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 infiltrate evident in toluidine blue-stained sections
(22). Using an in vitro approach, we observed the effects of
freshly isolated, intact neutrophils on NTHI communities as-
sociated with preformed, bacterium-induced NETs. Our pre-
vious 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 (22). Consis-
tently, 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 (13). Our previous work also showed
susceptibility of this mutant to NET-mediated killing in vitro,
with the percentage of extracellular bacterial killing approach-
ing the level of total (NET-mediated and phagocytic) bacterial
killing (22). 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
after the 24-h incubation were also plated for bacterial enu-
meration. 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, regard-
less 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 con-
ditions (Fig. 10). 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).

DISCUSSION

The presence of biofilms during otitis media has been rec-
ognized for some time (19, 40–42). For NTHI, determinants of
biofilm formation include lipooligosaccharides (18, 23, 24, 29,
36, 45), pili (27, 28), and extracellular DNA (27). In most cases,
these factors have been shown to be required for persistent
infections in animal models (2, 3, 23, 24, 29, 38, 39, 45).

Based on recent work from our group, it is now clear that
biofilms formed during experimental otitis media include a
significant host component (22, 43). Biofilms recovered from
experimental otitis media infections contain a double-stranded
DNA lattice (27) to which bactericidal factors such as histone
and elastase are attached (22). Thus, these structures fit the

FIG. 9. Absence of TLR4 on murine PMNs results in decreased
levels of NET formation. Neutrophils (�5 � 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 immunoflu-
orescence, 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 con-
tained NET structures positive for DNA and histone protein colocal-
ization. Data were obtained from three separate experiments, and
statistical significance was determined by a paired t test. **, P � 0.01.

FIG. 10. NET-associated NTHI evades killing by neutrophils. Neu-
trophils (106/well) were seeded into wells of a 24-well plate and al-
lowed 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 �g/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 �g/ml cytochalasin D for 15 min
prior to addition (cytochalasin D treated-PMN addition). These re-
maining 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 two-
way ANOVA with a post hoc test of significance. *, P � 0.05; **, P �
0.005; ***, P � 0.0005.
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definition of NET structures. For some microbes, these NET
structures can mediate extracellular microbial killing and pos-
sibly facilitate phagocytic killing by additional infiltrating
phagocytes (7, 8, 47). 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 (5, 6, 9, 22, 31, 49). For NTHI, the available evidence
indicates that NETs do not mediate significant bacterial clear-
ance; in fact, they are positively correlated with higher bacte-
rial loads within middle-ear fluids and surface-attached com-
munities in the chinchilla infection model (22). Notably, our
recent work shows striking parallels between lipooligosaccha-
ride modifications that promote NTHI survival within NETs
(22) and those that promote NTHI biofilm formation (18, 23,
24, 29, 45).

The results of the present study clearly establish that NTHI
LOS mediates NET formation by neutrophils following expo-
sure 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. Consis-
tent with this interpretation, Limulus assays of these fractions
did show trace levels of endotoxin (data not shown). Interest-
ingly, a viability assay in which NTHI 2019 was exposed to
NETs induced by either LOS, OMP, or DNA showed equiva-
lent ineffectiveness in killing the bacteria, consistent with pre-
vious in vitro NET killing assays (22); however, the rfaD mu-
tant, previously shown to be more susceptible than the parental
strain to NET-mediated killing, exhibited a lower percentage
of death for exposure to OMP- or DNA-induced NETs than
for exposure to LOS-induced NETs (see Fig. S1 in the supple-
mental material). This is consistent with the observation that
LOS optimally induces the formation of NETs. Also, com-
pared to full-length LOS molecules from NTHI 2019, a detox-
ified form from the htrB mutant elicited significantly less in-
duction 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 repre-
sent 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 significant killing of NTHI
within NETs by additional neutrophils. Both of these pheno-
types 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 ob-
served 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
(48). 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 pheno-
types appear to survive within the NET structure, which ap-
pears 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 otitis media is
among the most common pediatric infections worldwide, a
better in vivo definition of determinants of bacterial persis-
tence within biofilm communities during these infections is of
great importance.
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