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conclusion that NTHi subverts neutrophil extracellular traps 
to persist in vivo. These data also indicate that a more inclu-
sive definition for biofilms may be warranted. 

 Copyright © 2009 S. Karger AG, Basel 

 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  [1] . During chronic 
and recurrent otitis media,  H. influenzae  forms biofilm 
communities that are thought to promote bacterial per-
sistence in vivo  [2] . The most fundamental definition
for a biofilm is a surface-adherent microbial community 
that resists immune or pharmaceutical clearance  [3] . For 
 H. influenzae , the biofilm production in vitro is widely 
shared among clinical isolates  [4] , and factors that pro-
mote biofilm formation include expression of a subset of 
lipooligosaccharide (LOS) glycoforms  [5–7] , type IV pili 
 [8]  and release of double-stranded DNA  [9] . Many of 
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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 multi-
cellular biofilm communities formed within the middle-ear 
chamber. Bacterial biofilms resist immune clearance and an-
tibiotic therapy due in part to encasement within a polymer-
ic matrix. In this study, the contribution of biofilms to bacte-
rial 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 lat-
tice containing elastase and histones, which is consistent with 
the definition of neutrophil extracellular traps. Viable multi-
cellular biofilm communities with biofilm phenotypes were 
found within the DNA lattice throughout the biofilm. Further, 
NTHi was resistant to both phagocytic and extracellular neu-
trophil killing in vitro by means of lipo oligosaccharide moi-
eties that promote biofilm formation. These data support the 
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these studies have included infection studies in the chin-
chilla or other infection models to validate the relevant 
genotype in the contexts of persistence and virulence  [5, 
6, 8–11] .

  The formation of a polymeric matrix material that en-
cases a bacterial community is a widely shared property 
of biofilms that may promote resistance to clearance by 
host immunity and antibiotics  [12] . In this study, we ex-
amined biofilms recovered from the chinchilla middle-
ear chamber to better define the matrix of the  H. influen-
zae  biofilm. As previously reported, biofilms contained a 
large proportion of fibrous DNA material  [9] . Host neu-
trophils 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 extra-
cellular traps (NETs). Communities of viable  H. influen-
zae  bacteria were also observed within the NET 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 surviv-
al in NETs included those with previously established ef-
fects on biofilm formation and integrity. Therefore, we 
conclude that  H. influenzae  subverts the process of NET 
formation to form persistent biofilms in vivo.

  Materials and Methods 

 Bacterial Strains 
  H. influenzae  strains 2019 and 86-028NP, and their deriva-

tives, were used in this study. The relevant genotypes and pheno-
types of all bacterial strains are provided in  table 1 . All bacterial 
strains were cultured on brain-heart infusion agar (Difco) supple-
mented with hemin and NAD, as described previously  [13, 14] .

  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 de-
scribed previously  [6, 11] .  H. influenzae  bacteria were harvested 
from supplemented brain-heart infusion plates and suspended in 
sterile phosphate-buffered saline to an OD 600  of 0.15 (approx. 10 8  
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% be-
tween 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 in-
fection, after which the superior bullae were excised, exposing the 
middle-ear chamber. Macroscopically visible biofilms were ex-

cised, along with the underlying mucosal surface, and processed 
as described below. All animal infections were carried out accord-
ing 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  [6, 11] . 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 io-
dide for 15 min, and then washed 3 times with PBS buffer. Sam-
ples 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 Fi-
netek). After storage overnight at –20   °   C, the samples were cut 
into sections   (5  � m) 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% paraformal-
dehyde-PBS prior to   antibody and/or lectin staining as indicated 
in the text. Individual sections were stained with rabbit antisera 
directed against  H. influenzae   [11] , 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. All fluorescent antibody conjugates were obtained from 
Jackson Laboratories. For lectin staining, sections were stained 
with the sialic acid-specific  Limax flavus  lectin conjugated to rho-
damine (EY Laboratories), as we have described previously  [11, 
15] . Immunofluorescence microscopy was performed using a 
Zeiss LSM 510 confocal laser-scanning microscope. Quantifica-
tion of fluorescence was performed by pixel counts using Photo-
shop software as indicated in the figure legends.

  For histological examination, sections were stained with tolu-
idine 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% glutar-
aldehyde-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 sput-
ter coated with palladium prior to viewing with a Philips SEM-
515 scanning electron microscope.

Table 1. List of NTHi strains used in this study

Strain Relevant phenotype Ref.

H. influenzae 86-028NP otitis isolate 38
H. influenzae 2019 bronchitis isolate 39
H. influenzae 2019 htrB underacylated lipid A 40, 41
H. influenzae 2019 rfaD core assembly defect 42
H. influenzae 2019 rfaF core assembly defect 42
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  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  [16] . Neutrophils (approx. 10 6 /well) were 
treated with 25 n M  phorbol myristate acetate (PMA; Sigma) for 10 
min to elicit NET formation, which was confirmed in control ex-
periments by Live/Dead TM  stain, as described above, and fluores-
cence microscopy. RPMI medium (with or without 20  �  M  cyto-
chalasin D) was added to the neutrophils and incubated for 15 min. 
Bacteria were added (10 4  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 with 
no neutrophils. NET-mediated killing was obtained from similar 
comparisons in the presence of cytochalasin, with or without neu-

trophils. Complete inhibition of  H. influenzae  phagocytosis by 
neutrophils in the presence of 20  � m cytochalasin D was con-
firmed in control experiments (data not shown).

  Statistical Analysis 
 Data were analyzed by nonparametric t test or analysis of vari-

ance with a post hoc test of significance, as indicated in the text.

  Results 

 Host Cells Are Visible within Nontypeable
  H. influenzae   Biofilms in vivo 
 Nontypeable  H. influenzae  (NTHi) 86-028NP forms 

opaque communities within the chinchilla middle-ear 
chamber ( fig. 1 a) that have been termed biofilms  [6, 8–11, 
17, 18] . The basis for this designation, as elucidated 
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  Fig. 1.  Biofilms formed by  H. influenzae  
86-020NP promote bacterial persistence 
in the chinchilla middle-ear chamber. An-
imals were infected via transbullar injec-
tion, and groups were euthanized at 7 and 
14 days after infection.  a  Biofilm forma-
tion 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 in-
fected animals with macroscopically visi-
ble 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 cham-
ber of a mock-infected animal (left) com-
pared 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 ani-
mals with and without visible biofilm. 
Bars depict mean CFU counts from infect-
ed 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 sig-
nificance was assessed by Mann-Whitney 
nonparametric analysis and is denoted by 
an asterisk. 
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 Fig. 2.  Visualization of  H. influenzae  communities within cryo-
sections of biofilms recovered from the chinchilla middle ear. 
Biofilms recovered from infected animals were sectioned and an-
alyzed microscopically.  a  Histopathological analysis reveals neu-
trophils 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  � m) were 
stained with polyclonal rabbit antisera against  H. influenzae  86-

028NP and anti-rabbit Alexa488 conjugate and visualized by dif-
ferential 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 bio-
film. 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 conju-
gate for sialic acid (NeuAc, right image).
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through a series of studies from several different labora-
tories, was that the bacterial community was found as-
sociated with host surfaces and was encased in an elec-
tron-dense matrix material  [6, 8–11, 17] . 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 bio-
film structure ( fig. 1 a). In order to address the contribu-
tion 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. 1 b). The results 
clearly showed significantly higher bacterial counts in 
ears containing biofilms than in those lacking visible bio-
film. 

 Biofilms recovered from infected chinchillas were sec-
tioned and examined by histopathological and immuno-
histochemical stain ( fig. 2 a). In toluidine blue-stained 
sections at 1 and 2 weeks after infection, many immune 
cells (predominantly polymorphonuclear cells such as 
neutrophils or mast cells) were observed within the bio-
film structure lining open spaces (water channels) within 
the biofilm structure ( fig. 2 a). Notably, there were few 
polymorphonuclear cells visible within the condensed 
portions of the biofilm. Fluorescent antibody staining us-

ing 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 bac-
teria or bacterial-derived material ( fig. 2 b). Staining of 
the sections with monoclonal antibody (hyaluronan syn-
thases recognizing phosphorylcholine, PCho) or lectin 
( Limax flavus  lectin recognizing sialic acid, NeuAc) spe-
cific for bacterial surface moieties associated with bio-
films shows that the bacterial aggregates contain NTHi 
variants found within biofilm communities ( fig. 2 c). No-
tably, our previous work has shown that both sialylated 
and PCho+ variants are both found within biofilm com-
munities in vitro and in vivo, and promote formation of 
biofilms  [5, 6, 11] . Thus, the current results provide sup-
port 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 pix-
el counts ( fig. 2 d). These results are consistent with the 
biofilm hypothesis for bacterial persistence during chron-
ic 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 stain-
ing (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. 3 ). These 
data were consistent with the DNA matrix material ob-
served previously for NTHi biofilm communities in vitro 
and in vivo  [9] . However, we recognized that these im-
ages were also consistent with the current definition of 
NET structures that form as part of a secondary, extracel-
lular means for invading neutrophils and other phago-
cytes (most notably mast cells) to trap and kill microbes 
within a fibrous DNA matrix  [19, 20] . Defining charac-
teristics 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. 4 ). These images clearly show that elastase 
and histone are present within the biofilm in close prox-
imity with  H. influenzae  bacteria. However, in many re-
gions within the stained sections, the histone and elastase 
staining was not observed throughout the bacterial ag-
gregates, and thus the NET bactericidal factors did not 
appear to permeate completely into the bacterial commu-
nities. Thus, the surface-attached material containing  H. 
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 Fig. 2.  d  Quantitation of biofilm within cryosections. Graph de-
picts 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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influenzae  biofilms includes a significant polymorpho-
nuclear 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 bacte-
ricidal activity to ask whether NETs effectively kill  H. in-
fluenzae  bacteria. Neutrophils were treated with PMA 
(25 n M ) as described previously  [19] , and 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 5 , while  H. influenzae  2019 was killed 
(albeit inefficiently) by PMA-treated neutrophils, inhibi-
tion of phagocytosis by pretreatment with cytochalasin 
completely abolishes this killing. Thus, wild-type  H. in-
fluenzae  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 

PI MergeSyto-9 green

1 week
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1 μm 1 μm 1 μm

1 μm 1 μm 1 μm

  Fig. 3.  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 stain-
ing (propidium iodide, PI) indicates nonviable cells or extracel-
lular DNA, whereas green staining (Syto-9) indicates viable cells. 

Images depicted are merged from vertical Z sections (0.2          � m/
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 fibrous 
DNA net in samples from both time points.         
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NET killing, with 25–45% of the bacterial populations 
being killed even when phagocytosis was inhibited by cy-
tochalasin. Notably, previous work has shown that the 
NTHi 2019  htrB  and  rfaD  mutants are attenuated in the 
chinchilla model for otitis media  [21] . 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 alter-
ations in this part of the LOS molecule.  H. influenzae  
2019  pgmB  has a biosynthetic defect that results in a dras-
tically truncated LOS oligosaccharide region  [13]  and 
also has a biofilm phenotype  [10] .  H. influenzae  2019  siaB  
is an asialylated mutant that is deficient in biofilm forma-
tion and persistence in vivo  [5, 7, 22] . Using the NET bac-
tericidal 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. 5 ). These 
results are consistent with our hypothesis that the biofilm 
phenotype confers resistance to clearance by NETs.

  Discussion 

 Biofilms are defined as surface-associated multicellu-
lar communities that promote bacterial persistence  [23, 
24] . In many cases, bacterial species produce a polymeric 
matrix material that may contribute to the persistence 
phenotype, possibly by promoting resistance to host im-
mune effectors and antimicrobials  [3] . The composition 
of biofilm matrix is variable and can include polysaccha-
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  Fig. 4.  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 sec-
ondary antibody/Texas Red conjugate as 
above, coupled with monoclonal antibody 
specific for elastase and secondary anti-
body/Alexa488 conjugate (top) or deimi-
nated histone/Alexa488 conjugate (bot-
tom). The stained sections were visualized 
by confocal laser-scanning microscopy; 
the images depicted are merged from ver-
tical Z sections (0.2        � m/slice, 10 sections 
per image).         
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ride, nucleic acid and/or proteins  [25] . For  H. influenzae , 
several studies, including those from our group, have 
shown that biofilms cultured in vitro and in vivo are en-
cased in an electron-dense material that has been referred 
to as matrix  [5–11, 15] . Sialylated LOS, and possibly a 
non-LOS polysaccharide, are essential to  H. influenzae  
biofilm formation in vitro and in vivo    [5, 7, 10, 26, 27] . 
Data supporting a role for sialylated moieties as the ma-
trix of  H. influenzae  biofilms include staining of mate-
rial between bacteria within biofilms with sialyl-reactive 
lectins  [10] . However,  H. influenzae  biofilms cultured in 
continuous-flow systems in vitro and recovered from the 
chinchilla middle-ear chamber also contain extracellular 
DNA  [9] , as has been observed for biofilms formed by 
other species  [28–31] . 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 medi-

ate bacterial killing primarily via neutrophilic compo-
nents such as elastase and histones that are attached to a 
web of DNA fibers  [19] . Additional work shows that mast 
cells can also form similar structures that have bacteri-
cidal activity, too  [20] . Of note, mast cells have been dem-
onstrated to be involved in the inflammatory response 
during otitis media  [32, 33] . The data presented in this 
study clearly show both elastase and histones attached to 
a fibrous nucleic acid network within  H. influenzae  bio-
films 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  [5, 6, 
11] . It is also important to note that these bacterial com-
munities exhibited 2 of the hallmarks of  H. influenzae  
biofilms cultured using in vitro biofilm models: the pres-
ence of variants expressing NeuAc as well as PCho with-
in the biofilm and of extracellular DNA within the bio-
film structure  [5–7, 10, 11] . We have also clearly demon-
strated 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. in-
fluenzae  mutants used in these studies were previously 
shown to be attenuated in infection models for otitis me-
dia  [10, 21] . Work from our group and others has demon-
strated that specific LOS glycoforms are required for the 
formation and maturation of biofilms in vitro  [5, 6]  as 
well as that these LOS forms promote bacterial persis-
tence in vivo  [5, 6, 11, 15] . 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 re-
sistance to killing by bactericidal factors within NET 
structures. It is also plausible that these communities 
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 previ-
ous reports showing that NTHi strains are highly resis-
tant to phagocytic killing by neutrophils and macro-
phages  [34, 35] .
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  Fig. 5.     H. influenzae  resists killing within preformed NETs. NET 
formation was elicited from primary human neutrophils by stim-
ulation 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 mock-treated wells to which no neutrophils were add-
ed. Filled columns show means of total neutrophil killing (ab-
sence of cytochalasin), whereas open columns show means of ex-
tracellular 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 de-
crease in total bacteria in the presence of neutrophils and cyto-
chalasin D.                 
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  Most in the field include presence of a matrix of bacte-
rial origin as a defining characteristic for bacterial bio-
films. We view this as a somewhat arbitrary and limiting 
definition, as within the context of bacterial pathogene-
sis, 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 forma-
tion. This is consistent with at least one prior study with 
 Pseudomonas aeruginosa , in which addition of neutro-
phils enhanced the formation and density of biofilms 
 [36] . Given the failure of NETs to clear NTHi biofilms, it 
seems clear that the primary contribution of these struc-
tures during chronic otitis media is to facilitate establish-
ment of a stable biofilm community. Continual neutro-
philic influx and bacterial persistence are commonly 
 associated with most clinical presentations of chronic op-
portunistic airway infections. Notably, we have also ob-
served significant numbers of neutrophils within pneu-

mococcal biofilms in the chinchilla model for otitis me-
dia  [37] ; it is thus plausible that, for bacteria with the 
ability to resist NET-mediated 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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