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Biofilms can be dispersed by focusing the immune
system on a common family of bacterial
nucleoid-associated proteins

SD Goodman!, KP Obergfell, JA Jurcisek?, LA Novotny?, JS Downey!, EA Ayalal, N Tjokro!,

B Li?, SS Justice? and LO Bakaletz?

Bacteria that cause chronic and/or recurrent diseases often rely on a biofilm lifestyle. The foundation of the biofilm
structure is the extracellular polymeric substance (EPS) that acts as a barrier to both effectors of the immune system
and antimicrobial agents. Recent work has highlighted extracellular DNA (eDNA) as a key component common to many
pathogenic biofilms. Here, we show that the DNABII family of proteins, well known for their strong structural influences
onintracellular DNA, was also critical for the integrity of the EPS matrix of biofilms that contain eDNA. In fact, antisera
derived against a purified Escherichia coli DNABII family member rapidly disrupts the biofilm EPS formed by multiple
human pathogens in vitro. In addition, when a member of this family of proteins was used as an immunogen in an animal
model in which the bacteria had already formed a robust biofilm at the site of infection, the resultant targeted immune
response strongly ameliorated this biofilm disease in vivo. Finally, this methodology to debulk the biofilm of EPS was
shown to work synergistically with otherwise ineffective traditional anti-microbial approaches in vitro. We discuss the
prospects for targeting DNABII family members as a potential universal strategy for treating biofilm diseases.

INTRODUCTION

The National Institutes of Health and Center for Disease Control
and Prevention estimate that >80% of all bacterial infections
include a necessary biofilm phase within the disease course
(http://grants.nih.gov/grants/guide/pa-files/PA-03-047.html).
Biofilms are not mere accretions of bacteria formed on a surface,
but rather are active communities replete with organized func-
tions, such as division of labor, interbacterial communication,
and transportation networks. Operationally, the most remark-
able difference between biofilm bacteria and their non-adhered
planktonic counterparts is the presence of an extensive extracel-
lular polymeric substance (EPS) that enshrouds and protects the
resident bacteria of a biofilm community.

The EPS serves many functional roles during the biofilm
phase. First, EPS can account for 90% of the dry mass of the
biofilm.! The EPS also creates a semi-permeable barrier that
not only keeps critical nutrients and metabolites “in” by lessen-
ing diffusion and maintaining proximity but is also essential
in terms of keeping dangers to the bacteria “out” Moreover,

in addition to the EPS limiting access by effectors of both the
innate and the adaptive immune systems to bacteria within
the biofilm, the EPS also protects the resident bacteria against
therapeutic modalities (e.g., antibiotics that often are required
at a dose 1,000-fold greater than would be required to eliminate
acute planktonic infections).?

Although constituents of the EPS vary among bacteria, one
common component is extracellular DNA (eDNA). Whitchurch
et al.> showed that treatment of pre-formed Pseudomonas bio-
films with DNase sufficiently undermined the EPS to cause dis-
persal of the resident bacteria. Subsequent studies have yielded
similar results.*~12 The DNA within these biofilms appears to be
primarily prokaryotic in origin, resulting from lysed or autolysed
resident bacterial cells. However, eDNA can also originate from
polymorphonuclear neutrophils, which release DNA in the form
of “nets” that can trap and kill microbes and is an area of tre-
mendous current interest.'* In diseases with a biofilm compo-
nent, biofilms formed in vivo are likely to be composed of e DNA
of both host and bacterial origins. In terms of how this eDNA
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is integrated into the biofilm at the site of infection, Jurcisek
and Bakaletz® have shown that in biofilms formed in vivo by
non-typeable Haemophilus influenzae (NTHI), the eDNA is
observed to be organized within a heavily interwoven mesh-like
structure. Although eDNA arrangement of this nature has not
been reported for all bacteria, this observation does suggest that
eDNA is not randomly arranged, and further that the infrastruc-
ture of the eDNA is likely important to the structural integrity
of the biofilm. Indeed, recently, Lappann et al.!? showed that
in Neisseria meningitidis, although crude chromosomal DNA
readily promoted wild-type biofilm formation and structure,
purified DNA could not. This latter observation led the authors
to suggest that there might be critical proteins required to facili-
tate the structure and function of the eDNA in situ.

Whereas bacteria produce many extracellular proteins, few
if any DNA-binding proteins have been identified outside the
bacterial cell. One exception is the DNABII family of proteins.
These proteins exist in two subtypes, HU and IHF (histone-like
protein from Escherichia coli strain U93 and integration host
factor, respectively). HU is ubiquitous in Eubacteria. Although
HU binds (weakly) and bends double-stranded DNA in a
non-sequence-specific manner,'* HU demonstrates an up to
1,000-fold increase in affinity for highly structured/pre-bent
(e.g., Holliday Junctions or cruciform structures)!>~!7 double-
stranded DNA. Conversely, IHF is expressed only by bacteria
within the o- and y-proteobacteria genera.!® Although IHF also
forms a heterodimer, binds, and compacts double-stranded
DNA and has a preference for structured/pre-bent DNA,!3 this
latter DNABII family member is unique in that it demonstrates
high affinity for double-stranded DNA that shares the consensus
sequence WATCAANNNNTTR (where W is A or T, N is any
base, and R a purine!®). All known DNABII family members are
~10kDa, in which the functional protomer is a dimer of identi-
cal or similar subunits.

The fact that the DNABII family of proteins also exists extra-
cellularly has been known for ~30 years.!® At the time this
observation was reported, Murray Stinson et al. were examining
pathogenic Streptococcus, searching for soluble factors responsi-
ble for the development of post-infection sequelae. They found
that Streptococcal HU not only bound to host cell surfaces but
also that the purified protein elicited a strong innate immune
response. Recently, others have found that HU from additional
genera are also present in the extracellular milieu.20-24

Given that the biofilm matrix formed by NTHI possesses a
highly interwoven structure of eDNA, we decided to investi-
gate whether the DNABII family had a role in the structural
integrity of biofilm EPS by its interaction with eDNA. In vitro
immunofluorescence studies of pre-formed NTHI biofilms that
used antibody directed against E. coli IHF showed strategic posi-
tioning of a cross-reacting protein on each vertex of crossed
strands of eDNA. Furthermore, biofilms formed by either NTHI
or all of eight additional pathogenic bacterial species showed
notable “debulking” of the EPS upon incubation with an anti-
IHF antibody. We further show that when purified E. coli IHF
was used as an immunogen in an established animal model of
experimental otitis media, in which NTHI has been allowed to
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first form a robust biofilm within the middle ear cavities, the
resultant immune response significantly augmented eradica-
tion of the biomass and clearance of bacteria from this anatomi-
cal niche. Combined, these outcomes resulted in significantly
greater and more rapid resolution of disease when compared
with controls. Finally, we show that debulking the biofilm of EPS
rendered NTHI markedly more susceptible to other traditional
therapeutic modalities. Implications for harnessing the power
of the immune system to induce debulking of biofilms formed
in vivo as a more universal strategy to resolve multiple chronic
biofilm diseases are discussed.

RESULTS

DNABII proteins were located at the vertices of bent and
crossed strands of eDNA within an NTHI biofilm formed

in vivo

In consideration of the interwoven arrangement of the eDNA
present within an NTHI biofilm that we know from our previous
work bears a striking resemblance to cruciform DNA (compare
Figure 1a with b, lower section) and further, of the precedent
that DNABII proteins exist extracellularly, we hypothesized that
a DNABII family member might be responsible for the architec-
tural character of NTHI EPS and thus could perhaps be localized
by immunofluorescence microscopy. To this end, we chose to
examine whether rabbit polyclonal antiserum directed against
purified E. coli IHF (henceforth referred to as anti-IHF) could
label frozen sections of an NTHI-formed biofilm recovered from
the chinchilla middle ear during experimental otitis media. This
antiserum has been shown to cross-react with all DNABII fam-
ily members from various genera including HU isolated from
a Gram-positive bacterium (although at lower avidity; Steven
Goodman, unpublished).

As shown in Figure 1c, eDNA can be seen as strands of DNA
(white), appearing in the form of an interwoven lattice or mesh.
Remarkably, at virtually all visualized vertices of eDNA, we
observed positive immunolabeling with anti-IHF antibody as
shown by punctate fluorescence signals (pseudo-colored red).
The use of naive rabbit serum in combination with Alexa Fluor-
conjugated goat anti-rabbit IgG or with Alexa Fluor-conjugated
goat anti-rabbit IgG alone did not result in labeling of vertices.
Mean distance between vertices was ~6 im or ~18kb between
each vertex if one assumes 0.34 nm per base of DNA for the
B-form DNA. To the best of our knowledge, the only proteins
that possess epitopes that cross-react with anti-IHF are HU and
IHE. Therefore, based on these observations, it seemed that not
only were there extracellular DNABII proteins within the NTHI
biofilm matrix but more importantly also that these proteins
seemed to be exclusively positioned on eDNA strands that
resembled cruciform structures in conformation (see Figure 1b,
bottom section), thus strongly suggesting their role in mediating
the resulting bent conformation of the eDNA.

In vitro pre-formed NTHI biofilms were destabilized by, and

resident bacteria were dispersed, upon treatment with anti-IHF
The notable labeling of what seemed to be virtually all visua-
lized vertices of the eDNA lattice within the NTHI biofilm when
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Localization of a DNABII protein at vertices of bent eDNA within an in situ biofilm. (a) Immunofluorescent image of a biofilm formed in the

middle ear of the chinchilla (21 days after challenge with non-typeable Haemophilus influenzae). Fine, widely spaced dsDNA strands are labeled with
DAPI and appear blue in this image, whereas non-typeable H. influenzae are labeled with FITC-conjugated antiserum directed at a surface-exposed
protein and appear green. Marker bar=5pum. (b) DNABII family members have a stronger preference for binding to bent DNA—a generalized scheme.
(c) Immunohistochemical labeling of IHF within an NTHI biofilm formed in vivo. The strong labeling of each vertice where individual strands of DNA
cross (arrows) must be noted. FITC, fluorescein isothiocyanate; IHF, integration host factor; NTHI, non-typeable Haemophilus influenzae.

incubated with anti-THF suggested that a DNABII family
member was involved in the structural integrity of this abun-
dant eDNA. To determine whether incubation of these bio-
films with anti-IHF might result in a loss of structural integrity
of the biofilm matrix, we treated pre-formed NTHI biofilms
with either anti-IHF or naive serum at a 1:50 dilution for 16 h.
When compared with a biofilm incubated with naive serum
(Figure 2a), as shown in Figure 2b, the biofilm showed a dra-
matic loss of structure when incubated with antiserum directed
against IHE Through COMSTAT analysis of multiple replicate
assays, the measured parameters of biofilm height, biomass, and
biofilm thickness were all diminished by a mean of >80% upon
incubation with anti-IHE

As live-dead staining showed that the bacteria remaining
in the biofilm after incubation with anti-IHF were viable (the
absence of red fluorescence in Figure 2b must be noted), we rea-
soned that exposure to anti-IHF was inducing release of NTHI
from the biofilm rather than (or perhaps in addition to) death.
To determine whether there was an increase in released (e.g.,
planktonic) bacteria over time upon treatment with anti-IHE,
we thereby repeated this experiment with additional titration of
the antisera, as well as enumeration of viable planktonic bacteria
recovered from the culture medium present within the chamber
slide but above the anchored biofilm. As shown in Figure 3,
relatively few bacteria were released into the culture medium
of the chamber slide upon incubation of a pre-formed biofilm
with either sterile culture medium (sterile brain heart infusion
(sBHI)) or naive rabbit serum over time (compare red and blue
lines at 1 vs. 10h of incubation). However, in contrast, incu-
bation with anti-IHF resulted in a marked increase in plank-
tonic bacteria available for culture from the medium within
the chamber slide within ~6 h, and increasing notably at 10 h of
incubation (see green line in Figure 3). These results suggested
the release of bacteria from the biofilm matrix. When consid-
ered in combination with confocal images shown in Figure 2,
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these data further suggested that incubation with anti-THF per-
haps induced a loss of structural integrity of the biofilm, which
resulted in a physical release of bacteria from the EPS matrix.

Biofilms formed in vitro by various pathogenic bacteria of
multiple genera show loss of structure upon treatment with
anti-IHF

As mentioned earlier, it is well known that other bacterial gen-
era also release DNABII family members into the extracellular
milieu.?0-2* To determine whether the loss of structural integrity
of the biofilm formed by NTHI upon incubation with anti-E. coli
IHF was a general phenomenon, as opposed to one restricted to
this microbe, we examined biofilms formed by eight additional
bacteria of importance in other chronic and/or recurrent bio-
film diseases of humans. As summarized in Table 1, incubation
with anti-IHF with each of the five human pathogens resulted
in a marked decrease in biofilm height, thickness, and overall
biomass for all microbes tested compared with naive serum.
Incubation of three additional important human pathogens
(Staphylococcus aureus, Neisseria gonorrhoeae, and Psedomonas
aeruginosa) with anti-IHF similarly resulted in a notable reduc-
tion in mean thickness and biomass (see Supplementary Figure
S1 online). Thus, DNABII family members were likely critical
components in the maintenance of the structural integrity of
each biofilm. This result also strongly suggested that there were
likely conserved epitopes within members of the DNABII fam-
ily that could be targeted for the development of a novel, and
perhaps also universal immune therapy approach for diseases
caused by these organisms, as well as possibly others.

IHF and HU were critical to the formation of an E. coli biofilm

Members of the DNABII family are highly pleiotropic for mul-
tiple nucleoprotein systems including gene transcription, and
moreover, are thus often essential. In contrast, both HU and IHF
mutants have been generated in laboratory strains of E. coli and

627



ARTICLES

Naive serum

80 100 120

b Anti-IHF

80 100 120 140 160

20 40 60 80 100 120 140

Figure 2 Effect of incubation of biofilms formed in vitro by NTHI with either naive rabbit serum (panel a) or rabbit anti-IHF (panel b). Naive serum
had no measurable effect on biofilm height, architecture or viability (panel a) however anti-IHF notably reduced biofilm height and architecture (panel
b). Use of live-dead staining and the absence of red fluorescence in panel b suggests that despite reduction of the biomass by incubation with
antiserum directed against IHF, remaining bacteria were viable. IHF, integration host factor; NTHI, non-typeable Haemophilus influenzae.
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Figure 3 Viable planktonic bacteria released from an existing biofilm
formed in vitro by NTHI after exposure to sterile medium, naive rabbit
serum, or rabbit anti-IHF serum. Whereas increased release of bacteria
into the planktonic phase upon incubation with anti-IHF serum, but

not with either naive serum or sBHI, was detected within the first 8h of
treatment, this result was markedly increased at 10h of incubation. IHF,
integration host factor; NTHI, non-typeable Haemophilus influenzae,
sBHI, sterile brain heart infusion.

studied extensively. To determine what role IHF and HU have
in eDNA formation, we incubated biofilms formed by E. coli
strain MG1655 or its HU- and THF-deficient derivatives with
anti-IHE As shown in Figure 4, whereas the parental isolate,
strain MG1655 produced a robust biofilm in vitro (Figure 4a),
both HU and THF mutant strains were less robust (Figure 4c
and e, respectively). An HU-deficient mutant yielded a biofilm
that was ~% the height of the wild-type biofilm, whereas IHF-
deficient strains produced a biofilm that was ~2/3 the height
of the parental isolate. This result suggested that both proteins
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Table 1 Effect of incubation with anti-IHF serum on biofilms
formed by multiple bacterial species associated with human
disease

Assay Assay Assay

1 2 3 Species

Percent reduction in:

Max height (um) 42 38 56 S. epidermidis

Avg thickness (um) 62 71 92

Biomass (um3/um2) 62 76 88

Max height (um) 69 65 76 UPEC

Avg thickness (um) 97 93 95

Biomass (um%/um2) 98 96 57

Max height (um) 61 33 36 M. catarrhalis

Avg thickness (um) 92 34 84

Biomass (um%/um2) 92 35 92

Max height (um) 49 51 44 S. pneumoniae

Avg thickness (um) 25 64 79

Biomass (um3/um?) 51 61 79

Max height (um) 56 24 41 S. mutans

Avg thickness (um) 65 65 67

Biomass (um3/um?2) 37 58 66

Abbreviations: Avg, average; IHF, integration host factor; Max, maximum;

M. catarrhalis, Moraxella catarrhalis; S. epidermidis, Staphylococcus epidermidis;
S. mutans, Streptococcus mutans; S. pneumoniae, Streptococcus pneumoniae;
UPEC, uropathogenic E. coli.

were involved in either the production and/or the integrity of
the E. coli biofilm EPS. After treatment with anti-IHF, the bio-
film formed by the wild-type isolate showed notable debulking
in terms of height, biomass, and mean thickness (Figure 4b),
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percent
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E. coli MG1655

height 58.1
biomass 73.1
mean thickness 87.0

E. coli MG1655

Mean

hupA, hupB percent
double mutant  reduction
height 1]
biomass 309
mean thickness 37.2

E. coli MG1655 Mean
himD, himA percent
double mutant  reduction
height 34
biomass -20.5
mean thickness -19.8

Figure 4  Effect of incubation of biofiims formed in vitro by E. coli with either naive serum or with anti-IHF serum. Representative images of biofilms
are shown in panels a—f with height of individual biofilms shown to the right of each image, whereas mean values in terms of percentage reduction in
biofilm height, biomass, and mean thickness as mediated by incubation with anti-IHF are shown in the tables at the end of each row. (Panels a and b)
Parental strain MG1655; (panels ¢ and d) HU-deficient hupA, hupB double mutant; (panels e and f) IHF-deficient himD, himA double mutant. The ability
of anti-IHF serum to reduce biomass induced by either the parental isolate or the HU-deficient mutant, but not the IHF-deficient strain, as expected
must be noted. (Negative values listed in the table that accompanies panels e and f indicate that no relative reduction in biomass was observed upon
incubation with anti-IHF). E. coli, Escherichia coli; HU, histone-like protein; IHF, integration host factor; NTHI, non-typeable Haemophilus influenzae.

whereas that formed by the HU mutant showed no reduction in
height and a lesser effect on both biomass and mean thickness
(Figure 4d). In contrast, no effect on the biofilm formed by the
IHF mutant was observed in terms of loss of height, biomass,
or mean thickness (Figure 4f). Collectively, these data indicated
that for this strain of E. coli, IHF was likely the only structural
element that could be targeted by use of the anti-IHF antibody.
To date, we have only seen the highly structured interwoven
eDNA in biofilms that have been formed in vivo, confirmation
of the expression of the remaining DNABII family member by
each respective mutant, and any change in the resultant DNA
structure, awaits an in vivo immunofluorescent analysis.

Active immunization of chinchillas that have pre-formed
NTHI-induced biofilms within their middle ears with purified
E. coliHF resulted in rapid disease resolution

In vitro debulking of biofilms formed by multiple genera of bac-
teria known to be causative agents of human disease by anti-
IHF provided compelling evidence as to the role of DNABII
family members in the maintenance of EPS integrity. However,
it remained to be seen whether using a DNABII family mem-
ber as an immunogen could induce the formation of antibodies
in a mammalian host that were then similarly capable of both
eradicating a pre-formed biofilm and also inducing more rapid

Immunology | VOLUME 4 NUMBER 6 | NOVEMBER 2011

resolution of an experimental disease state compared with ani-
mals that were immunized with adjuvant only as a control.

To this end, chinchillas that had been previously challenged
with NTHI directly into the middle ear space to induce the
formation of a robust biofilm were immunized to determine
whether induction of an anti-IHF immune response would
alter the course and/or severity of experimental disease. The
chinchilla model of biofilms formed in situ by NTHI has been
shown by several laboratories to recapitulate the disease state in
humans.®2>-33 Similarly, upon direct challenge of the middle ear
as performed here, chinchillas present with extensive fluid and
a biomass that typically fills both the superior and the inferior
spaces of the tympanic bullae (or middle ear). To determine
whether we could induce a local and systemic acquired immune
response that was sufficient to resolve these pre-formed biofilms,
we began to immunize chinchillas 4 days after they had been
directly challenged into the middle ear with NTHI. Chinchillas
received a primary immunizing dose on day 4 after bacterial
challenge and a boosting dose 7 days later (on day 11 after the
NTHI challenge). Immunogens were delivered transcutaneously
using either purified E. coli IHF that had been admixed with
the adjuvant dmLT or adjuvant alone. On day 18, after bacterial
challenge, chinchillas were killed and their middle ears were
tapped of fluids for bacterial culture, followed by macroscopic
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imaging to allow blinded scoring of any remaining bacterial bio-
mass resident within the middle ear space. Images were scored
by 9 blinded evaluators using a 0 to 4+ scoring system (Table 2)
to gauge the severity of the remaining disease state. As shown
in Figure 5a, the mean score for the remaining biomass within
the middle ears of chinchillas immunized with adjuvant only
was 2.8, which indicated significant remaining disease and a
lack of resolution of pre-formed biomass in most animals by
day 18 after bacterial challenge of the middle ear. In contrast, the
mean score for an E. coli IHF + adjuvant-immunized animal was
1.5. Representative images of a residual biomass that received a
mean score of +2.8 and one that received a mean score of +1.5
are shown in Figure 5b. Moreover, as shown in Supplementary
Figure S2 online, disease resolution was additionally measured
by both histological evidence of altered biomass architecture
within the middle ear (see Figure 5a) and a statistically significant

Table 2 Criteria used for blinded evaluation of relative
biomass present within the chinchilla middle ear

Score Criteria

0 No evidence of biomass

1+ Biomass fills <25% of middle ear space
Junction of the bony septa to inferior bulla is visible

2+ Biomass fills > 25 to <50% of middle ear space
Unable to visualize where the bony septa meet the
inferior bulla

3+ Biomass fills >50 to <75% of middle ear space
Biomass covers >50% of the length of the bony septa

4+ Biomass fills >75 to <100% of middle ear space

Bony septa not visible; obscured by biomass

aa-

b

Mean = 2.8

= uf] ll' = =
e83e0e o o %

Mean Biofilm Score
[X]

={. 5=
Mean= 1.5 ry

n *o
*4

*

IHF +

Adjuvant
adjuvant

* P<0.001

reduction of bacterial load present within the remaining bio-
mass as measured by homogenization of the biomass and cul-
ture on chocolate agar (see Figure 5b). Furthermore, all animals
immunized with isolated E. coli IHF mounted a strong local and
systemic immune response and no animal presented with obvi-
ous secondary sequelae as the result of immunization as noted
upon necropsy (data not shown).

The antigenicity of IHF is occluded by bound DNA

The notable observed efficacy when we used anti-IHF in vitro to
debulk biofilms and also of purified E. coli IHF, when used as an
immunogen in vivo to induce the formation of polyclonal anti-
bodies that could resolve an ongoing biofilm disease, created a
conundrum as to why mammalian hosts do not naturally mount
an effective immune response to DNABII proteins that are asso-
ciated with eDNA within the bacterial biofilms of recurrent
and/or chronic disease states. In review of the solved structure
of IHF when it is bound to DNA,3 it is clear that a significant
portion of the protein structure is occluded by bound DNA,
which suggested to us the potential for occlusion of protective
epitopes or domains of IHF and/or HU when bound to eDNA
within a bacterial biofilm. Thus, we hypothesized that the use
of native IHE, to which no DNA was bound, as the immunogen
might provide a mechanism to overcome such occlusion and
thereby foster production of protective antibodies.

To determine whether eDNA could indeed prevent the devel-
opment of protective antibodies directed against a DNABII
family member upon immunization, whereas the use of native
protein was effective, we performed a second larger cohort study
in which we essentially repeated the chinchilla study as detailed

Representative images
from each cohort

Adjuvant

Middle ear with a NTHI
biofilm
Tympanic §F T
membrane

Biomass
fills middle
earspace

Healthy chinchilla middle
ear

Tympanic
membrane

Bony
septa

Middle ear
mucosa

Figure 5 Active immunization with native IHF from E. coliinduced rapid resolution of experimental otitis media due to NTHI. (a) Immunization with IHF
through a transcutaneous delivery route induced the formation of antibodies that significantly reduced the biomass of an NTHI-induced biofilm resident
within the middle ears of chinchillas (P<0.001). (b, first column) Representative images of biomasses that remained in the ears of animals immunized
with adjuvant alone vs. those immunized with IHF +adjuvant. It must be noted that the majority of the middle ear was filled with a biomass in the

animal immunized with adjuvant only (see area circled in red), vs. minimal biomass present within the middle ear cavity of the animal immunized with
IHF +adjuvant (see green arrow). The last column in panel b shows images of biomasses at the extremes of the scoring system used here. The top
image is that of a middle ear that contains a biomass that would receive a score of 4+, whereas lower image is a healthy middle ear that would receive
a score of 0, indicating no biomass. IHF, integration host factor; NTHI, non-typeable Haemophilus influenzae.

630

VOLUME 4 NUMBER 6 | NOVEMBER 2011 | www.nature.com/mi



in the previous section. In brief, we allowed NTHI to first form
robust biofilms within the middle ears of directly challenged
chinchillas before transcutaneous immunization with isolated
E. coli THF, except that we now added two additional cohorts
of animals that were immunized either with IHF to which an
excess of DNA had been bound or with DNA alone as additional
controls. Middle ears were again subsequently scored from 0 to
4+ for disease severity upon completion of the study. To better
assure that the IHF and DNA remained in complex for immu-
nization, we used synthetic oligonucleotides identical to those
used in the published co-crystalization study®* of a high-affin-
ity IHF-binding site from the bacteriophage A-recombination
site attP at a molar ratio of 2:1 (DNA (10 um) to IHF (5 pm)),
which was at least three orders of magnitude over the K; of IHF
bound to this DNA target. As shown in Supplementary Figure
$3 online, IHF indeed bound dsDNA as demonstrated by its
reduced mobility in an electrophoretic mobility shift assay.

As shown in Figure 6, animals immunized with isolated
E. coli THF showed a dramatic reduction in disease state with an
mean residual middle ear biomass score of 0.9 as compared with
controls that had been immunized with adjuvant alone (mean
biomass score=2.2) or with those that had been immunized
with DNA that had been admixed with adjuvant (mean biomass
score =2.8). Interestingly, those animals that had been immu-
nized with the IHF-DNA complex also demonstrated middle
ears with significant remaining bacterial biomass, yielding a
mean biomass score of 2.5, which was not statistically signifi-
cantly different from cohorts that received either the adjuvant
alone or the DNA that had been admixed with adjuvant. This
outcome strongly suggested that if sufficient eDNA fragments

P =0.001 \
F=0.017
4.0 L] /A1 Ak
a A
O
A
3.0 iy
g [ | M0 Mean =2.5 mmmm
a Mean=25C—2
=3 Mean = 2.2 E— 24
E 2.0 &
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& @ |
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1.0 & o F
Mean =0.9 === A
L 4 A
® O A
0.0 <3 :
IHF +dmLT  dmLT alone IHF +DNA  DNA +dmLT

+dmLT

Figure 6 Transcutaneous immunization with native IHF + adjuvant
induced the formation of antibodies that significantly reduced the
biomass resident within the middle ears of chinchillas compared with
receipt of either adjuvant alone (P< 0.017), dsDNA alone (P<0.003),
or IHF to which dsDNA was already bound +adjuvant (P<0.001).

This outcome suggested that binding of dsDNA to native IHF masked
protective epitopes of this DNABII family member. IHF, integration host
factor.
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were present, as one could hypothesize would be the case
during natural disease, this situation could result in occlusion
of critical IHF epitopes necessary for the generation of neutral-
izing antibodies.

To assure ourselves that the observed DNA occlusion result
was not specific to the use of a transcutaneous immuniza-
tion route, we repeated these immunizations using a subcu-
taneous immunization route to ensure delivery of antigens to
antigen-presenting cells within the chinchilla host. As shown
in Supplementary Figure S4 online, whereas subcutaneous
immunization with isolated E. coli IHF yielded the generation
of a strong immune response to isolated IHF, immunization
with E. coli THF that had been pre-bound to an excess of DNA
induced antibodies that resulted in only very faint recognition
of IHF when assayed by western blot. Similarly, when assayed
by enzyme-linked immunosorbent assay, reciprocal titer vs. iso-
lated IHF was 1,000 for the animal immunized with IHF that
had been pre-bound to oligonucleotides, whereas that for the
animal immunized with native IHF was 8,000 (both animal’s
pre-immune reciprocal titers against IHF were 100). Collectively,
these results are consistent with our hypothesis that the binding
of IHF to eDNA, as would occur during a natural disease state,
has the potential to block epitopes or domains of IHF neces-
sary for generation of a protective acquired immune response.
Furthermore, immunization with native IHF (to which no DNA
is bound) appeared to allow us to effectively direct the immune
response toward the generation of protective or neutralizing
antibodies, as demonstrated in both pre-clinical chinchilla stud-
ies described here.

Debulking of pre-formed NTHI biofilms with anti-IHF in vitro
allowed demonstration of a synergistic effect when used in
combination with therapeutic modalities

Whereas we have demonstrated in vitro and in vivo that both
anti-THF and the use of IHF as an immunogen show utility in
debulking biofilms and/or resolving biofilm disease respectively,
we next speculated whether debulking of NTHI biofilms with
anti-THF might also allow synergism when used in conjunction
with other therapeutic modalities. To this end, we assessed the
ability to induce augmented structural destabilization of pre-
formed NTHI biofilms when a suboptimal concentration of anti-
IHF was used along with one of each of three unique reagents,
namely a DNA-degrading enzyme (DNasel) known to be able
to degrade an NTHI biofilm in vitro (but used here at a subop-
timal concentration), antisera to an outer membrane protein of
NTHI that did not destabilize a pre-formed NTHI biofilm when
used alone (anti-P5) (data not shown), or an antibiotic typically
used as a first-line choice in children with chronic and/or recur-
rent OM (amoxicillin),?> but which has limited efficacy against
bacteria resident within a biofilm community.

Figure 7a shows that treatment of an NTHI biofilm with a
concentration of DNase shown to be suboptimal has a mar-
ginal effect (see Figure 7a II). Similarly, a 1:200 dilution of
anti-IHF had limited effect on the pre-formed NTHI biofilm
(see Figure 7a III). However, in contrast, when these two rea-
gents were used in concert, the biofilm was notably diminished
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Figure 7  Synergistic effect of rabbit anti-IHF when used in combination with other therapeutic modalities. Demonstration of synergism between a
suboptimal concentration of anti-IHF serum (1:200) and DNAsel individually, then mixed (a); a suboptimal concentration of anti-IHF (1:100) and anti-
outer membrane protein P5 serum (OMP P5) individually, then mixed (b); or that of an effective dilution of anti-IHF (in terms of debulking a biofilm but
not inducing bacterial cell death) and amoxicillin individually, then mixed (c). In each of these situations, when any agent was combined with anti-IHF,
the biofilm debulking and/or killing effect observed was greater than that noted when any single agent was used alone. Biofilm height (in microns) is

indicated under each image. IHF, integration host factor.

(see Figure 7a IV). Upon repetition of this experiment three
times (see Supplementary Table S1 online), we found that the
most marked synergistic effect of debulking of the biofilm was
measured as a diminution in height. One simple explanation for
this outcome was that as the DNABII protein was being titrated
away from the periphery of the biofilm, the eDNA became more
accessible to the action of the DNase.

Figure 7b shows the results of treatment with anti-P5 on
pre-formed NTHI biofilms. Although this antisera is strongly
reactive with isolated NTHI P5 (data not shown) and further,
active immunization with isolated P5 is effective in mediating
significant protection against experimental OM in chinchilla
models,*¢~*2 this antiserum does not induce a change in the
structural integrity of an NTHI biofilm that has been formed
in vitro when used at a dilution of 1:50 (see Figure 7b II) (when
replicate assays were analyzed, the mean reduction in maximum
height was 4%). Similarly, we observed a marginal effect when
these biofilms were incubated with a suboptimal dilution of anti-
IHF (used at a 1:100 dilution here) (see Figure 7b I). When
used at this dilution, anti-IHF induced a 38% mean reduction
in maximum height. However, when combined, the use of anti-
P5 plus anti-IHF resulted in a mean reduction in the height
of the biofilm that exceeded the sum of the two antisera when
used singly (50%) (see Figure 7b III), thus indicating a syner-
gistic outcome. Hence, we concluded that the use of anti-IHF to
destabilize the NTHI EPS matrix resulted in the exposure of the
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targeted bacterial cell surface protein (e.g., OMP P5) that would
otherwise be obscured by eDNA and perhaps other components
of the EPS, thus allowing immune-mediated bacterial clearance
by as yet unknown mechanisms.

Finally, Figure 7c shows the results of treating pre-formed
NTHI biofilms with amoxicillin. When used at a concentra-
tion of 64 ugml - 1 amoxicillin had no measurable effect on the
architecture of pre-formed NTHI biofilms (see Figure 7c II),
despite evidence of limited bacterial cell death. When replicate
runs were analyzed, treatment with amoxicillin alone resulted
in an 8% mean reduction in maximum height. Treatment with
IHF antisera at a 1:50 dilution substantially reduced the height
of the biofilm (mean reduction 61%) as we have shown pre-
viously (see Figure 7c III). However, interestingly, when the
two reagents were used simultaneously, not only was there a
dramatic reduction in the height of the biofilm from 17 pm (as
induced by treatment with anti-IHF alone) to 10 pm (as induced
by anti-IHF used in combination with amoxicillin) (see Figure
7¢ IV) but the use of a vital dye also indicated that the majority
of the bacteria remaining in the biofilm were now dead as noted
by the predominant fluorescence in the red channel within the
imaged biofilm. This result showed that debulking of the bio-
film with anti-IHF likely exposed the bacteria sufficiently so
as to create conditions more akin to susceptibility to amoxicil-
lin concentrations known to be effective when assayed against
planktonic NTHI. This outcome may have been mediated by
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either increased physical exposure of bacteria within the remain-
ing biofilm matrix to the action of amoxicillin and/or through
increased release of bacteria into the planktonic phase as we
showed earlier can occur during biofilm debulking by exposure
to anti-IHF antibodies (see Figure 3).

DISCUSSION

We have demonstrated both in vitro and in vivo that members of
the DNABII family are intimately involved in the maintenance of
the structural integrity of eDNA present within biofilms formed
by NTHI, the most prevalent pathogen of chronic and recurrent
otitis media. Furthermore, in all of the genera of bacteria tested
in vitro to date, the DNABII family of proteins seems to have a
similar pivotal role. For otitis media due to NTHI, the failure
of the immune system to mount a significant counter-response
during experimental disease seemed to be the result of DNA
occlusion of critical epitopes of the native IHF protein. Finally,
the general debulking of eDNA within the biofilm EPS, through
the action of anti-IHF, seemed to allow sufficient access to NTHI
residing within the biofilm community so as to create the oppor-
tunity to invigorate otherwise ineffective therapeutic modalities
and to facilitate immune-mediated clearance.

DNA structure, other nucleoid-associated proteins,

cruciform binding

The involvement of the DNABII family in maintaining the
structural integrity of eDNA is consistent with their ubiquitous
presence in Eubacteria, their complete absence in Eukarya,
their apparent presence extracellularly, and their preference for
association with pre-bent structural motifs. The fact that the
interwoven mesh of eDNA present within an NTHI biofilm that
was formed in situ within the middle ear cavity so remarkably
resembles cruciform structures only adds to the premise that
these proteins find the bent portions of these structures as high-
affinity targets. Kamashev and Rouviere-Yaniv!'” have shown
that E. coli HU binds with high affinity to a multitude of DNAs
with bent architectures and to branched-like DNA structures.
Although the exact nature of these DNA structures remains to
be determined, we suggest that the DNABII family could either
stabilize DNA conformations by binding to them and/or recruit
other proteins that stabilize the structure.

Could other proteins be involved in contributing to and/or
stabilizing the structure of the eDNA within a biofilm matrix?
The DNABII family is known to function as an accessory pro-
tein in a multitude of nucleoprotein systems. Although these
proteins can show strong site preference in these systems, there
has been no compelling evidence to demonstrate that they
readily form any specific protein—protein interactions with
heterologous proteins; their function seems to be strictly archi-
tectural.*34 However, there are a plethora of DNA-binding pro-
teins expressed by bacteria. Furthermore, the DNABII family
is a member of the nucleoid-associated protein superfamily. In
E. coli, there are at least 11 nucleoid-associated proteins in addi-
tion to HU and IHE*>4¢ and thus, at this juncture, it would be
impossible to completely rule out their involvement (cursory
or otherwise) in contributing to the DNA structure described
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herein. Two of the most abundant proteins, H-NS and DPS,
are known to have a predominant role affecting DNA struc-
ture intracellularly. However, antisera directed against these
proteins failed to alter the structure of either an NTHI (data
not shown) or an E. coli biofilm (see Supplementary Figure S5
online). This latter observation suggested that these proteins do
not have a dominant affect on biofilm structure in and of them-
selves. It remains to be seen whether any additional nucleoid-
associated proteins, either individually or en masse, affect the
EPS structure. Finally, Bianchi and co-workers!> showed that,
of all of the DNA-binding proteins known to be expressed by
E. coli, only HU bound to cruciform structures with high affin-
ity. If the eDNA lattice that we along with others have observed
within bacterial biofilms is truly a sufficiently close derivative
of the cruciform structure, this finding may indicate that only
the DNABII family of proteins contribute significantly to the
structural integrity of the eDNA.

How does debulking occur?

It is difficult to imagine a means by which the antibody per se
could effectively penetrate the EPS to gain access to the resi-
dent bacteria, otherwise antisera directed against other surface
antigens (e.g., OMP P5 of NTHI) could be effective therapeutic
reagents as well. Our parsimonious model is that exposure to anti-
IHF antibodies induces an equilibrium shift. The equilibrium
dissociation constant for the DNABII family to specific targets is
in the nanomolar range. We argue that when these proteins are
in the “off” state they are titrated away from the biofilm by anti-
IHF antibody. As the equilibrium shifts to the off state, the e DNA
structures within the biofilm are destabilized and collapse.

Universality of the DNABII family and universality of eDNA,
a common matrix with exceptions
The significance of the results presented here lies in the ubiquity
of the DNABII family, the apparent conservation of epitopes, and
their capacity to bind DNA-secondary structures. To the best of
our knowledge, all Eubacteria express at least one member of
the DNABII family and to date this is the protein HU. Ironically,
all of our in vitro experiments were performed with polyclonal
antiserum directed against IHF, isolated from E. coli. Importantly,
all of the biofilms that we prepared were susceptible to the action
of this antibody, regardless of whether that strain expressed a
specific IHF; this is particularly notable for the Gram-positive
bacteria tested as they do not express IHE All members of the
DNABII family share substantial homology which can vary sig-
nificantly between genera.*’ Collectively, our observations would
suggest that DNABII proteins expressed by various bacteria share
one or more highly conserved epitopes, thereby signifying the
presence of a potentially more universal therapeutic target than
a protein expressed by one or a limited number of bacteria.
Most intriguing is the apparent conservation of eDNA struc-
tural integrity (i.e., that it is reliant on both eDNA and the pres-
ence of at least one DNABII member for robustness). We have
already speculated as to the mechanisms that underlie initiation
of a common structure, and despite the fact that others have
found that even in biofilms formed by representative pathogenic
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bacteria as described here, an obvious motif (as judged by con-
focal microscopy) is lacking.! We nonetheless postulate that
this three-dimensional architectural arrangement of eDNA
and associated proteins has evolved to accommodate the inter-
mingling of heterogeneous bacterial genera. It is evident that
in most cases in various ecological niches, biofilms are non-
homogeneous. Hence, for diverse bacteria to form productive
consortia, it would be necessary to have a compatible EPS, i.e.,
an EPS that is sufficiently universal such that all constituent
bacterial species within the consortia would have a common
functional medium. We argue that eDNA is such a material,
and the implied universality of the presence of DNABII fam-
ily proteins within an eDNA-abundant biofilm matrix, and its
apparent important structural function, strongly suggests that
the resulting structures also need to be compatible.

An exception to the above-stated hypothesis would be, e.g., a
species that would need to remain microbiologically homogene-
ous in terms of its biofilm state. In this case, we would argue that
eDNA and/or its three-dimensional EPS structure must remain
unique to prevent other species or genera from infiltrating the
biofilm. Case in point, Berne et al.*8 recently showed that eEDNA
actually prevents Caulobacter crescentus from transitioning into
a sessile stalked-cell state, a clear situation in which these bacte-
ria need to remain homogenous to form an appropriate aggre-
gate structure.

How does the DNABII protein get outside the cell?

These proteins do not have any known signal peptide sequence
and hence are not likely to use the canonical secretory pathways
to exit bacterial cells. However, it is interesting that in Gram-
positive bacteria, HU is essential*’ for the signal-recognition
particle complex. It is conceivable that HU mediates exit from
the cell through this pathway. In contrast, there is no other obvi-
ous novel mode that would explain the presence of the DNABII
family outside the cell. In the absence of any other explanation,
we imagine that the exiting mechanism for the DNABII family
members by which they gain access to the extracellular envi-
ronment is by the same mechanism as that for eDNA, by lysis,
autolysis, and/or other programmed means.*%!

Occlusion of epitopes, conserved epitopes, protein—protein
vs. protein—DNA interaction

Our studies showed that the presence of DNA bound to IHF suf-
ficiently prevented the immune system from mounting a protec-
tive adaptive immune response. The co-crystal structure of IHF
bound to the same DNA sequence used in our study shows three
regions wherein there was extensive binding of DNA,* namely
specific regions of the N terminus, B-ribbons that comprise the
initial DNA contact points, and specific regions of the C termi-
nus. Interestingly, all three regions are conserved throughout
the DNABII family. The simplest explanation is that the DNA
itself occludes critical epitopes from presentation to the immune
system. Alternatively, as the active protomer of this family is
a dimer, it is possible that true epitopes are actually occluded
through protein—protein interactions of individual monomers
and that the role of the bound DNA is to stabilize the dimer
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structure. Another formal possibility is that the presence of
DNA alters the processing of the antigen and the complex is
not presented properly as the case for the native protein. In the
absence of any evidence to the contrary, we prefer the theory that
it is the DNA itself that occludes the critical protective epitopes,
although all explanations are not mutually exclusive.

Synergism and future directions for debulking

Our most intriguing results were: (i) the ability to use IHF as an
immunogen to mediate the formation of antibodies that were
able to resolve an existing biofilm infection and (ii) the ability
to debulk the biofilm EPS of eDNA by exposure to anti-IHF
antibodies as a means to make chronic reservoirs of bacteria
more susceptible for other therapeutic modalities. Although
both of these outcomes were exciting and highly encouraging
in terms of the potential to develop a more universal immuni-
zation and/or therapeutic strategy as has been a desired goal
for remaining diseases of recurrent and chronic nature,’? the
power of this approach would need to be appropriately control-
led. Although we observed no remote site sequelae in any of
our animal studies, it is conceivable that a general debulking of
biofilms throughout the body, and including biofilms composed
of commensal or normal flora, could facilitate the formation
of opportunistic infections of both bacterial and non-bacterial
origins, as we do not yet know whether all resident bacteriain a
human host would be equally affected by a general vaccination
strategy wherein IHF or HU was used as the immunogen.

To harness the power of this strategy, yet also to ameliorate the
possibility of inducing collateral damage, we imagine three gen-
eral non-exclusive approaches. First, we would propose to use
a highly directed immunization strategy, attempting to induce
the most robust immune response directly at the disease site,>>>*
thereby lessening the likelihood of undesired remote site effec-
tiveness. We have recently shown that the same transcutaneous
approach used in the studies presented here have been highly
effective in stimulating the most robust response by those den-
dritic cells in closest proximity to the immunization site,>5 as
has been shown by others.> Second, we believe that it will likely
be possible, through epitope-mapping efforts, to determine the
limited portion of IHF or HU required to induce a highly effec-
tive and broadly protective immune response, thereby making
an induced immune response more species or even perhaps,
strain specific. Third, as we have shown in vitro by combin-
ing antisera or other antimicrobial therapies with antibodies
directed against a DNABII family member, it should similarly
be possible to debulk any biofilm that meets these specifica-
tions (e.g., contains both eDNA and an integrated DNABII
family member protein) in general using anti-DNABII protein
antibodies, followed by or in concert with, a highly microbe-
and/or disease-specific agent used locally to thereby mediate an
anatomic site-directed “surgical” approach to biofilm removal
and/or disease resolution.

METHODS
Antisera and reagents. Purified E. coli IHF and polyclonal antis-
era from rabbits directed against E. coli IHF were gifts from Howard

VOLUME 4 NUMBER 6 | NOVEMBER 2011 | www.nature.com/mi



Nash.3+%6 Purified antibody directed against E. coli DPS and antisera
to E. coli DPS were gifts from Emilia Chiancone; the DPS protein was
used to verify the reactivity of the antisera by western analysis (data not
shown). Monoclonal antibody H113 directed against E. coli H-NS was
the gift from Jay Hinton and its reactivity was verified through western
analysis of purified H-NS protein, the gift from Linda Kenney (data not
shown).

Bacterial strains and growth conditions. Conditions for growing NTHI
(strain 86-028NP),36-3857-39 E_ ¢olj (strain MG1655), uropathogenic
E. coli (strain UT'T89), Streptococcus mutans (strain UA159), Streptococcus
pneumoniae (strain 1121), S. aureus (strain 29123), N. gonorrhoeae (strain
1291), P, aeruginosa (strain 27853), and Staphylococcus epidermidis for use
in in vitro biofilm assays were as follows. NTHI was cultured on chocolate
agar for 18h at 37°C, in a humidified atmosphere containing 5% CO,,
then suspended in BHI broth that had been supplemented with 2 jig each
of heme (Sigma-Aldrich, St Louis, MO) and -NAD (Fisher Scientific,
Pittsburgh, PA) per ml (sBHI). P. aeruginosa, S. aureus, and S. epidermidis
were cultured on chocolate agar, then suspended in tryptic soy broth.
Moraxella catarrhalis was grown on chocolate agar before suspension
in Todd Hewitt broth. S. pneumoniae and S. pyogenes were cultured on
blood agar. S. pneumoniae was then suspended in Todd Hewitt broth,
whereas S. pyogenes was suspended in tryptic soy broth. S. mutans was
grown on BHI agar and then suspended in Todd Hewitt broth, whereas
N. gonorrheae was grown on gonococcal agar and then suspended in
Todd Hewitt broth. Finally, E. coli was cultured on Luria-Bertani agar
and suspended in the Luria-Bertani broth.

The E. coli himD: cam, himAA82:: Tn10 mutations were independ-
ently and sequentially introduced into MG1655. The himD:: cam inser-
tional mutation was transduced from E. coli HN1069% into MG1655°%!
using standard P1 transduction,%? and transductants were selected on
Luria-Bertani agar (Fisher Scientific) containing 25 ug chlorampheni-
col per ml (Fisher Scientific). The himAA82:: Tn10 mutation was
then introduced into MG1655 or MG1655 himD::cam from strain
HN1077% into MG1655 himD:: cam using P1 transduction with selec-
tion on Luria-Bertani agar containing 25 pg chloramphenicol (MG1655
himAA82::Tn10) or 25 pg chloramphenicol per ml and 25 pig tetracycline
hydrochloride per ml (MG1655 himD:: cam, himAA82::Tn10) (Fisher
Scientific). The MG1655 hupA :: cam, hupB:: kan double mutant was
constructed by P1 transduction from SG732,%4 and transductants were
selected on Luria-Bertani Broth agar (Fisher Scientific) containing 25 pug
chloramphenicol per ml and 25 ng kanamycin sulfate per ml (Fisher
Scientific).

Given that the binding site IHF 1 is required for the induction of
the fim operon, as described previously,® the production of type 1 pili
by each of the mutants was determined by the ability to agglutinate
yeast.®® Mannose-sensitive agglutination was observed for MG1655
himAA82::Tnl0, indicating the presence of type 1 pili. Consistent
with other reports,5® no agglutination was observed for either MG1655
himD:: cam or MG1655 himD :: cam, himAA82::Tn10, indicating the
absence of type 1 piliation.

In vitro biofilm analysis. For in vitro biofilm analysis of NTHI, after sus-
pending bacteria in sBHI as described above, the suspension was adjusted
to an optical density of 0.65 at 490 nm. Cultures were then incubated stati-
cally for 3h at 37°C, 5% CO,. We next diluted cultures 1:2,500 with sBHI,
and 200 pl of this bacterial suspension was inoculated into each well of
an eight-well chamber slide (Fisher Scientific). After 16h incubation at
37°C, 5% CO,, the medium in each well was replaced with fresh medium.
After an additional 8 h incubation period, the medium was removed and
replaced with either pre-warmed medium, medium that contained a 1:50
dilution of naive rabbit serum, or medium that contained a 1:50 dilu-
tion of rabbit anti-THF serum. Chamber slides were then incubated an
additional 16 h as before.

For in vitro biofilm analysis of all other bacteria strains, bacteria were
cultured on their respective agar for 18h at 37°C, 5% CO,, suspended in
the appropriate medium, adjusted to an optical density of 0.65 at 490 nm,
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and diluted 1:6 in medium. Cultures were then incubated statically for
3hat37°C, 5% CO,. The cultures were next diluted 1:2,500 in their
appropriate medium and 200 pl inoculated into each well of an eight-well
chamber slide (Fisher Scientific). After 16h incubation at 37 °C, 5% CO,,
the medium in each well was changed. After an additional 8 h incubation,
the medium was removed and replaced with either pre-warmed medium,
medium with naive rabbit serum diluted 1:50, or medium with rabbit
anti-THF diluted 1:50 and incubated an additional 16 h as before.

For all bacterial isolates, after the final incubation with immune serum,
the medium was removed, the biofilms washed with saline and stained
with Live/Dead Stain (Molecular Probes, Eugene, OR) for 15 min. Biofilms
were then fixed with 2% paraformaldehyde in 0.1 M phosphate buffer, pH
7.2, for a minimum of 1h. After washing twice with sterile saline, plas-
tic wells were removed from the slide and a coverslip was placed over
the slide, which was then sealed to prevent dehydration. Biofilms were
imaged using a x63 objective on a Zeiss 510 Meta-laser scanning confocal
microscope (Carl Zeiss, Thornwood, NY). All in vitro biofilm assays were
repeated a minimum of three times, on separate days, and all individual
biofilm assays included replicates of three chambers per assay condition
on each assay day. Data are presented as mean values + s.d.

Pre-clinical immunization and challenge studies to determine the
therapeutic vaccine potential of IHF. To determine whether antibod-
ies directed against IHF could debulk a biofilm formed in vivo as we
had observed in vitro, we first performed a small proof-of-concept study
wherein we challenged 8 adult chinchillas with ~1,000 c.f.u. (colony-
forming units) NTHI per bulla and allowed a robust biofilm to develop
as we have described previously.>® Four days after bacterial challenge,
chinchillas received the first of two transcutaneous immunizations with
either 10 ug LT (R192G-L211A) (dmLT; a generous gift from Dr. John
Clements, Tulane University) admixed with 10 pg THF or with 10 pg
dmLT alone. In brief, transcutaneous immunizations were performed
as follows: both pinnae of each alert animal were hydrated for 5 min by
placement of a gauze soaked in sterile, pyrogen-free saline (Hospira, Lake
Forest, IL) on the skin that lines the inner surface of the pinnae. Pinnae
were then blotted with a dry gauze, and 50 pl of each vaccine formulation
was applied using a sterile pipette. The pinnae were then folded over so
that the opposing surfaces could be gently rubbed together. Chinchillas
received a total of two immunizations delivered at a 1-week interval. One
week after receipt of the second dose, animals were killed and images of
middle ears captured. Images of the left and right middle ear cavities,
with resident biofilms, were scrambled and all 16 images (2 per animal)
were compiled into a single file for ranking by blinded evaluators. The
relative amount of biomass remaining within the middle ear of each ani-
mal was ranked on a 0 to 4+ scale by blinded reviewers using the scale
shown in Table 2.

For the second animal immunization study, 20 adult chinchillas (body
mass between 500 and 700 g), shown to have no evidence of middle ear
disease by tympanometry and video otoscopy,*® were enrolled and
divided into 4 cohorts of 5 animals each. All animals were again chal-
lenged transbullarly with ~1,000 c.f.u. NTHI strain 86-028NP per bulla.
Four days later, after a biofilm formed in the middle ear cavities of these
animals, they were immunized by a transcutaneous route (transcutane-
ous immunization)® as described above. Formulations consisted of 10 ug
THF admixed with 10 ug dmLT, 10 pg IHF that had been pre-bound to
DNA +dmLT, DNA +dmLT, or 10 pg dmLT alone.

To determine whether transcutaneous immunizations with ITHF pre-
bound to DNA resulted in a similar immune response to that induced
when the same nucleoprotein complex was delivered subcutaneously,
and compared with that induced by IHF alone, two adult chinchillas were
immunized to generate antisera. Each animal received a priming dose fol-
lowed by two identical boosts delivered at 30-day intervals. Immunogens
were admixed with the adjuvant monophosphoryl lipid A (10 ug per dose)
(Sigma-Aldrich) because of its demonstrated strong adjuvant properties
in the chinchilla host.”*® One chinchilla was immunized with 10 pg of
THF + monophosphoryl lipid A and the other received 10 ug IHF bound to
DNA +monophosphoryl lipid A. All doses were delivered subcutaneously
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in a total volume of 200 pl. Fifteen days after receiving the final boost,
animals were bled to procure serum and sera were assayed by western blot
and enzyme-linked immunosorbent assay to determine both reciprocal
titer and specificity of antibody reactivity to IHE.

Immunofluorescence imaging of frozen sections of biofilms formed
in vivo. After dissection, the middle ear of each chinchilla was filled with
optimal cutting temperature embedding compound (Fisher Scientific)
and flash frozen over liquid nitrogen. The bone that forms the inferior
bulla was removed to leave the middle ear mucosa and existing biofilm
intact. The resulting block was then bisected to reveal a cross-section
of the biofilm and re-embedded in optimal cutting temperature . Serial
sections of 10-pm thickness were cut using a Microm rotary cryotome,
adhered to glass slides (Mercedes Medical, Sarasota, FL), and stored
at —80°C. Sections were later stained to determine the relative incorpo-
ration of IHF within biofilms that had formed in vivo. In brief, slides were
air-dried, fixed in cold acetone, and then equilibrated in buffer (0.05m
Tris-HCI, 0.15m NaCl, and 0.05% Tween 20, pH 7.4). Sections were
blocked with image-iT FX signal enhancer (Molecular Probes) and with
Background Sniper (BioCare Medical, Concord, CA) as per the manu-
facturer’s instructions. Sections were then incubated with a 1:200 dilution
of polyclonal rabbit anti-IHF overnight at 4°C, in a humidified cham-
ber. Slides were further rinsed and incubated with goat anti-rabbit IgG
conjugated to Alexa Fluor 594 (Invitrogen, Carlsbad, CA) Concord, CA
for 30 min at room temperature. As a counterstain, sections were incu-
bated with DAPI and coverslipped using ProLong Gold antifade reagent
(Molecular Probes). The use of naive rabbit serum in place of immune
serum and the use of secondary antibody alone served as negative control
preparations for immunolabeling studies. Sections were viewed using a
Zeiss LSM 510 Meta confocal system attached to a Zeiss Axiovert 200
inverted microscope (Carl Zeiss).

Statistical evaluation. Significant differences in mean c.f.u. per mg tissue
and mean c.f.u. NTHI per ml supernatant were determined by paired
t-test. Significance in relative biomass among cohorts was assessed by
unpaired t-test. A P-value <0.05 was considered significant.

SUPPLEMENTARY MATERIAL is linked to the online version of the
paper at http://www.nature.com/mi
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