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A B S T R A C T

Background:: Chronic and recurrent bacterial diseases are recalcitrant to treatment due to the ability of the
causative agents to establish biofilms, thus development of means to prevent or resolve these structures are
greatly needed. Our approach targets the DNABII family of bacterial DNA-binding proteins, which serve as
critical structural components within the extracellular DNA scaffold of biofilms formed by all bacterial spe-
cies tested to date. DNABII-directed antibodies rapidly disrupt biofilms and release the resident bacteria
which promote their subsequent clearance by either host immune effectors or antibiotics that are now effec-
tive at a notably reduced concentration.
Methods:: First, as a therapeutic approach, we used intact IgG or Fab fragments against a chimeric peptide
immunogen designed to target protective epitopes within the DNA-binding tip domains of integration host
factor to disrupt established biofilms in vitro and to mediate resolution of existing disease in vivo. Second, we
performed preventative active immunisation with the chimeric peptide to induce the formation of antibody
that blocks biofilm formation and disease development in a model of viral-bacterial superinfection. Further,
toward the path for clinical use, we humanised a monoclonal antibody against the chimeric peptide immuno-
gen, then characterised and validated that it maintained therapeutic efficacy.
Findings:: We demonstrated efficacy of each approach in two well-established pre-clinical models of otitis
media induced by the prevalent respiratory tract pathogen nontypeable Haemophilus influenzae, a common
biofilm disease.
Interpretation:: Collectively, our data revealed two approaches with substantive efficacy and potential for
broad application to combat diseases with a biofilm component.
Funding: Supported by R01 DC011818 to LOB and SDG.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.
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1. Introduction

There is a substantial health and economic burden presented by
chronic and recurrent diseases of the airways, urogenital tract, skin
and oral cavity, and up to 80% of these include bacterial biofilms
[1,2]. Often multispecies in composition, biofilms (adhered to a sur-
face or as aggregates) readily form on or within abiotic and biotic sur-
faces [2�4] in response to environmental cues and stresses and thus
promote bacterial survival. Once established, the resident bacteria
self-produce, and become encased in, extrapolymeric substances
(EPS), which serve to protect the resident cells from unfavorable
environmental conditions or assault by host immune effectors [5]. In
concert with the altered/reduced metabolism of biofilm-resident bac-
teria, the EPS also protects against the action of antibiotics, with con-
centrations of >1000-fold greater than a standard therapeutic dose
required to achieve killing similar to that of planktonic bacteria
[6�8]. As such, novel means to disperse or disrupt biofilms are
required [5,9,10] and ideally, one would also develop methods to pre-
vent their formation.

Toward a therapeutic approach for biofilm disruption, our labora-
tory has shown that incubation of bacterial biofilms with antibody
directed against either of the two members of the DNABII family of
bacterial DNA-binding proteins, integration host factor (IHF) or the
histone-like protein (HU), induces collapse due to their role as linch-
pin proteins positioned at the vertices of crossed strands of extracel-
lular DNA (eDNA) which form a lattice, and thereby provides
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Research In Context

Evidence before this study
The enduring symptomatic or intermittently (cyclical)

symptomatic nature of many chronic, and recurrent bacterial
diseases, respectively is largely attributable to the presence of a
biofilm. An abundant component of the biofilm is bacterial
extracellular DNA (eDNA), arranged in a lattice, the structure of
which is maintained by the DNABII family of bacterial DNA-
binding proteins. There are only two members of the DNABII
family: integration host factor (IHF) and histone-like protein
(HU). Both proteins are critical components of the matrix
formed by all human pathogens tested to date. Within a bio-
film, IHF binds to eDNA of the biofilm via its DNA-binding ‘tip’
regions, and thus the amino terminal (‘tail’) region is exposed.
Antibody directed to tail region does not disrupt biofilms, how-
ever antibody that targets the eDNA-occluded tip regions of IHF
induces significant biofilm collapse. Development of a chimeric
peptide immunogen to induce antibody that specifically targets
the protective tip regions of both subunits of IHF effectively dis-
rupts nontypeable Haemophilus influenzae (NTHI) biofilms in
vitro and mediates either rapid resolution or prevention of dis-
ease in two pre-clinical models of otitis media (OM).

Added value of this study
The aims of this study were to 1) test the pre-clinical thera-

peutic potential of the antigen binding domains of IgG (Fab
fragments) of a monoclonal antibody directed against a DNA-
BII-directed tip-chimeric peptide to resolve a well-character-
ised biofilm disease, OM due to NTHI, and 2) test this same tip-
chimeric peptide as an immunogen for its ability to induce anti-
bodies that would prevent biofilm formation and disease when
used as a vaccine antigen in active immunisation regimens as a
complementary preventative strategy. We first established that
Fabs- or intact IgG against the tip-chimeric peptide mediated
disruption of bacterial biofilms in vitro. We then used two well-
established chinchilla models of OM due to NTHI (one based on
direct bacterial challenge of the middle ear and the other, a
viral-bacterial superinfection model of ascending OM) and
demonstrated the pre-clinical efficacy of both our DNABII-
directed therapeutic and prevention strategies, respectively.
Lastly, we humanised one DNABII-directed monoclonal anti-
body and validated its activity in vitro as well as its therapeutic
efficacy pre-clinically.

Implication of all the available evidence
We now present a refined two-pronged approach against

bacterial biofilms, both of which target the eDNA+DNABII scaf-
fold of the bacterial biofilm. The first is a therapeutic strategy
wherein IgG or Fab fragments of antibodies directed against the
tip-chimeric peptide immunogen (and ultimately, a humanised
monoclonal antibody), are delivered directly into the middle
ear to disrupt established NTHI biofilms and mediate resolution
of experimental OM. The second approach is a preventative
active immunisation strategy wherein the tip-chimeric peptide
is used as an immunogen to induce the formation of antibody
that blocks biofilm formation by NTHI in the middle ear and
thereby, development of experimental OM.
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structural support to the biofilm [11]. This outcome is rapid and spe-
cific and does not require direct contact of antibody with the biofilm
[12,13]. The mechanism for biofilm disruption is due to sequestration
of any free DNABII proteins from the milieu that surrounds the bio-
film, which induces a shift in equilibrium such that DNABII proteins
bound to the biofilm’s eDNA-rich structural lattice are driven into the
released state [12,14]. The outcome is significant destabilisation of
the eDNA+DNABII protein matrix and subsequent collapse of the bio-
film structure [12]. Previous biofilm-resident bacteria are thus
released from their protective matrix and now subject to clearance
by host immune effectors or antibiotics. Notably, these newly
released bacteria are exquisitely more sensitive to the action of anti-
biotics, such that concentrations 4�8-fold less that those required to
kill their planktonic counterparts are now equally effective [12,15].

Our DNABII antibody-mediated biofilm disruption approach is
species-independent as we have shown it to be broadly effective
against all 22 bacterial species tested thus far in vitro, the panel of
which includes Gram-positive and Gram-negative species and the
high priority ESKAPE pathogens (Enterococcus faecium, Staphylococ-
cus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa and Enterobacter spp.) [16�23]. DNABII-directed
antibodies will also disrupt polymicrobial biofilm fragments (e.g.
eDNA+DNABII protein lattices) within clinical specimens recovered
from patients with post-tympanostomy tube otorrhea [24], cystic
fibrosis[19] and Cesarean section wound infections [23]. Moreover,
this approach is proven to be significantly effective pre-clinically in
three experimental models of chronic human diseases: otitis media
(OM) induced by nontypeable Haemophilus influenzae (NTHI) in the
chinchilla [13,21], lung infection due to Pseudomonas aeruginosa in
the murine host [21] and in a rat model of Aggregatibacter actinomy-
cetemcomitans-induced periodontal peri‑implantitis [18].

As we show significant therapeutic efficacy with antibodies
against DNABII proteins pre-clinically, several questions nonetheless
remained to be addressed on our path toward clinical use. First,
whereas we have shown that anti-DNABII antibodies are highly effec-
tive to disrupt bacterial biofilms, we wondered whether Fab frag-
ments alone would also mediate equivalent collapse of the biofilm
structure and thereby could serve as an alternate therapeutic to use
of intact IgG against diseases with a biofilm component, particularly
when repeated dosing might be required, in order to prevent forma-
tion of anti-antibodies [1]. Second, given that IHF exists as a hetero-
dimer of IHFA and IHFB subunits [25], we asked whether an
approach that targets immunoprotective domains within both subu-
nits simultaneously might be more effective than our previous
approach which targeted only a single subunit. As such, we designed
an epitope-targeted synthetic chimeric peptide and tested the rela-
tive efficacy of Fab fragments of a monoclonal antibody directed
against it for use as a potential therapeutic agent against a well-char-
acterised biofilm disease. Third, whereas development of therapeutic
antibodies is a rational approach to resolve bacterial biofilms, we also
pursued the complementary preventative strategy wherein this same
chimeric peptide immunogen was tested for its ability to prevent bio-
film formation and disease when used as a vaccine antigen in active
immunisation regimens. Herein, we addressed these unknowns.

2. Materials and methods

2.1. Murine monoclonal antibodies, polyclonal rabbit antibodies and
humanised monoclonal antibodies

Murine monoclonal antibodies against b-tip (clone 12E6.F8.D12.
D5, mIhfB4NTHI) or b-tail (clone 7A4.E4.G11, IhfB2NTHI) domains of
IHFNTHI were purified from cell culture supernatants as previously
described [21]. Mouse IgG1k isotype control antibody (clone
P3.6.2.8.1; eBioscience cat# 16-4714-82, RRID: AB_470161) served as
a negative control. Fab fragments were then generated by papain
digestion with Mouse IgG1 Fab and F(ab’)2 preparation kit (Pierce)
according to instructions. Polyclonal rabbit anti-tip chimeric peptide
and anti-tail chimeric peptide were generated at Rockland Immuno-
chemical, Inc [13]. Naive rabbit serum served as a negative control.
IgG was enriched from each rabbit serum by passage through rPro-
tein A Protein G GraviTrap columns (GE Healthcare) according to
manufacturer’s instructions. Fab fragments (Fabs) were then
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generated via Pierce Fab Preparation kit. Digestion of intact murine or
rabbit IgG to Fabs was confirmed by SDS-PAGE with Coomassie Flu-
orTM Orange Protein Gel stain (ThermoFisher). Humanised monoclo-
nal antibodies against the tip chimeric peptide (HuTipMab) or tail
chimeric peptide (HuTailMab) were generated at LakePharma, Inc.
The antigen-binding domains were derived from a murine monoclo-
nal antibody directed against the tip chimeric peptide (clone 1F8.C3.
D11.F1) or tail chimeric peptide (clone 11E7.G11.C7). Humanised
monoclonal antibody clones TP-21949 (tip chimeric peptide-
directed; HuTipMab) and TP-21958 (tail chimeric peptide-directed;
HuTailMab) were used for the work herein. Bacterial endotoxin test
via ToxinSensor Chromogenic LAL endotoxin kit (Genscript) was per-
formed on all antibody lots prior to use.
2.2. In vitro biofilm disruption

Biofilms formed by NTHI strain 86�028NP (a minimally passaged
clinical isolate from the nasopharynx of a child with chronic OM)
[26], Moraxella catarrhalis strain 7169 (a minimally passaged clinical
isolate from the middle ear of a child with chronic OM) [27], P. aerugi-
nosa strain 27853 (ATCC), Burkholderia cenocepacia strain K56 (iso-
lated from the sputum of a patient with cystic fibrosis)[28] and S.
aureus strain 29213 (ATCC) were first established in 8-well cham-
bered coverglass (CellVis) for 24 h prior to incubation with 170 nM
intact IgG or Fab fragments for an additional 16 h [11,29]. A concen-
tration of 170 nM was based on prior studies wherein 5 mg intact IgG
per 0.2 ml volume was applied to in vitro biofilms [11�13,20,21] to
permit direct comparison between IgG- versus Fabs-mediated disrup-
tion. Bacteria within the biofilms were then stained with FM1�43FX
(ThermoFisher), fixed overnight in a solution of 16% paraformalde-
hyde- 4% acetic acid- 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) then washed with 10 mM phosphate-buffered saline (pH
7.4). Biofilms were viewed with a Zeiss 800 scanning confocal laser
microscope, images rendered in Zeiss Zen Pro-software and biomass
determined with COMSTAT2 software [30]. In vitro biofilm disruption
assays were repeated three times on separate days.
2.3. Animals

Chinchilla work was performed in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and under protocol
#01304AR approved by Abigail Wexner Research Institute at Nation-
wide Children’s Hospital Animal Care and Use Committee. Juvenile or
adult chinchillas (Chinchilla lanigera; juvenile animals were
250�499 g in body mass; adult animals were 500�850 g in body
mass) were obtained from Rauscher’s Chinchilla Ranch, LLC. These
outbred, non-specific pathogen-free animals were housed in individ-
ual cages with autoclaved corncob bedding and sterile water pro-
vided ad libitum. Animals were randomly divided into cohorts based
on body weight (as an indication of juvenile or adult status) and both
male and female animals were used. Experimental groups were as
follows: to examine disruption of NTHI biofilms from the middle ear
as induced by murine b-tip Fabs, b-tail Fabs or isotype control Fabs,
three or four animals were enrolled into each cohort (mean body
mass per cohort, 625 g). To test biofilm disruption induced by Fabs
from rabbit polyclonal anti-tip chimeric peptide serum IgG, anti-tail
chimeric peptide serum IgG or IgG from naive rabbit serum, cohorts
of three chinchillas each were established (mean body mass per
cohort, 505 g). Efficacy of HuTipMab, compared to HuTailMab or
saline was evaluated with three animals per cohort (mean body mass
per cohort, 580 g). To evaluate the ability of the tip chimeric peptide
to induce production of antibodies that prevented the development
of NTHI-induced OM, eight juvenile animals were used per cohort
(mean body mass per cohort, 430 g).
2.4. Disruption of NTHI biofilms formed in the middle ears of chinchillas
in experimental OM

Both middle ears of each animal were challenged with 1000 CFU
NTHI strain 86-028NP by direct injection to induce experimental OM.
Four days later, NTHI mucosal biofilms fill >50% of the middle ear
[31]. At this time, 342 nM Fabs or humanised monoclonal antibody
was injected into each middle ear (0.1 ml delivered per bulla), with
identical treatment delivered 24 h later. A concentration of 342 nM
was based on prior studies wherein 5mg intact IgG per 0.1 ml volume
was injected into the middle ears of chinchillas [11,13,21] and to per-
mit direct comparison between IgG- versus Fabs-mediated disruption
in vivo. To determine the immediate outcome of treatment, animals
were sacrificed one day after completion of antibody therapy, images
of mucosal biofilms captured with a Zeiss SV6 dissecting microscope,
then mucosal biofilms and middle ear mucosa collected, homoge-
nised and plated on to chocolate agar to semi-quantitate the non-
planktonic bacterial load within the middle ear [11]. In two of the
studies described herein (assessment of biofilms disruption by poly-
clonal rabbit IgG Fab fragments and efficacy of humanised monoclo-
nal antibody to disrupt mucosal biofilms), a subset of animals in each
cohort was monitored an extra seven days without additional treat-
ment to examine whether NTHI biofilms would re-form upon cessa-
tion of antibody therapy. Mucosal biofilms were collected and
processed as described [11].

2.5. Qualitative assessment of amount of mucosal biofilm

As an additional assessment, the amount of biofilm in each middle
ear was qualitatively determined. Images of each middle ear were cap-
tured, randomised and ranked by six reviewers blinded to treatment
delivered using an established rubric wherein 0= no mucosal biofilm
visible, 1= <25% of middle ear occluded by mucosal biofilm, 2= �25-
<50% occluded, 3= �50- <75% occluded, 4= �75�100% occluded [31].
For both quantitation of bacterial load and qualitative assessment of
mucosal biofilm, eachmiddle ear was considered independent.

2.6. Quantitation of cytokines in middle ear fluids

To quantitate cytokines in middle ear fluids (MEF) a BDTM Cyto-
metric Bead Array was performed with fluids collected at the time of
animal sacrifice. With BDTM human-specific Flex Sets each MEF was
individually examined for quantity of IL-1b (cat# 558279), IL-6 (cat#
558276), IL-8 (cat# 558277), IL-10 (cat# 558274), IL12-p70 (cat#
558283), IL-17A (cat# 560383) and TNF (cat# 560112) using accord-
ing to manufacturer’s instructions. The cytokine IL-13 (cat# 558450)
was added to the panel used to assay MEF collected in the HuMabs
study. MEF from each animal were assayed individually. Data were
captured on a BD AccuriTM C6 cytometer (BD Biosciences) and ana-
lysed with FlowJo software (FlowJo, LLC). The concentration of cyto-
kines in each MEF was determined using a standard curve and
calculated using GraphPad Prism software.

2.7. Surface plasmon resonance

To determine the affinity of the humanised tip chimeric peptide-
directed monoclonal antibody to the tip chimeric peptide and to
native IHFNTHI, surface plasmon resonance using a Biacore 3000
instrument (GE Healthcare Life Sciences) was performed. All experi-
ments were conducted at 25 °C and 10 mM HEPES (pH 7.4)- 150 mM
NaCl- 3 mM EDTA- 0.005% Surfactant P20 (HBS-EP; GE Healthcare,
cat# BR100188) served as the running buffer. Via amine couple
chemistry and at a flow rate of 5ml/ min, HuTipMab was immobilised
to flow cells of a CM5 sensor chip (GE Healthcare, cat# BR100012) to
4000 resonance units (RU) to assay binding of tip chimeric peptide or
2000 RU to assess binding of native IHFNTHI. Next, tip chimeric
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peptide or native IHFNTHI was suspended in HBS-EP plus NSB reducer
(GE Healthcare, cat# BR100691) and serial two-fold dilutions from
100 nM to 3.1 nM, including a buffer-only sample, were injected
across the antibody-bound surface at a flow rate of 30 ml/ min, 5 min
injection time, 5 min dissociation time using the KINJECT command.
BiaEvaluation software (GE Healthcare) was used to align sensorgram
curves, subtract buffer-only injection cycle and determine KD values.

2.8. Viral-bacterial co-infection model of experimental NTHI-induced
OM

An established adenovirus-NTHI polymicrobial challenge model
[32] was employed to assess efficacy of the tip chimeric peptide
when delivered as a pre-clinical vaccine antigen. Chinchillas were
randomly divided into three cohorts of eight animals each based on
body weight and immunised by rubbing vaccine formulations on to
the unabraded skin behind each pinna (post-auricular region) [33].
Formulations consisted of 10 mg tip chimeric peptide or 10 mg tail
chimeric peptide, each admixed with 10 mg of the adjuvant LT
(R192G/L211A), a double mutant of E. coli heat labile enterotoxin
(dmLT; a generous gift from Dr. John D. Clements, Professor Emeritus,
Tulane University School of Medicine) [34]. As a negative control, one
cohort received 10 mg dmLT only. A second identical dose was deliv-
ered one week later. Two days after receipt of the second dose, the
time when the maximal immune response is observed for this immu-
nisation regimen [35], all chinchillas were inoculated with 1.9 £ 107

TCID50 of adenovirus serotype 1 by passive inhalation of droplets.
Seven days later, when adenovirus-induced compromise of the air-
way occurs [32], all animals were challenged with 108 CFU NTHI
strain 86-028NP by passive droplet inhalation. To confirm that all
cohorts were equivalently colonised by NTHI (now resident within
the nasopharynx) and thereby available to ascend the virus-compro-
mised Eustachian tube, a nasopharyngeal lavage was performed one
day after bacterial challenge. Nasopharyngeal lavage fluids were seri-
ally diluted and plated on to chocolate agar plus 15 mg ampicillin/ml
medium to limit growth of normal chinchilla flora (this concentration
of ampicillin has no effect on growth of NTHI strain 86-028NP) [33].
NTHI colonies were enumerated after incubation for 24 h at 37 °C.

2.9. Video otoscopy

Video otoscopy was performed on all animals using a Welch Allyn
MacroViewTM otoscope and Welch Allyn Viewer software. Each tym-
panic membrane was blindly ranked on an established scale of 0 to 4,
and middle ears with a score of �2.0 were considered positive for
OM as inflammation (erythema) and MEF were visible [36]. If one
middle ear was ranked �2.0, but the contralateral ear was ranked
<2.0, the animal was considered positive for OM. To calculate vaccine
efficacy, the number of observations of OM during the 20-day study
period was first determined and converted to a percentage relative to
the total number of observations for each cohort. This value was then
subtracted from the percentage computed for the cohort given dmLT
only. Video otoscopy was performed by an individual blinded to for-
mulation delivered.

2.10. Statistical analyses

Graphical results and statistical tests were performed with Graph-
Pad Prism 8. Differences in biomass for in vitro biofilm disruption
assays were determined by one-way ANOVA with multiple compari-
sons. Differences in quantity of cytokines in middle ear fluids among
cohorts was determined by determined by one-way ANOVA with
multiple comparisons. Differences in bacterial load and mean muco-
sal biomass score were determined by one-way ANOVA with multi-
ple comparisons. Delay to onset of OM and time to resolution of
disease was determined by Mantel-Cox test.
2.11. Role of the funding source

No funding source was involved in study design, or conduct, anal-
ysis and interpretation of data, in the writing of the manuscript, or in
the decision to submit the paper for publication.

2.12. Availability of biological materials

Biological materials will be made available upon request solely for
internal, non-commercial research purposes and with the require-
ment that reasonable costs of distribution are provided.

3. Results

3.1. b-tip Fab fragments from a murine monoclonal antibody disrupted
bacterial biofilms in vitro

Before the conduct of in vivo studies, we first performed an in vitro
chambered coverglass assay wherein biofilms formed by five diverse
bacterial species were allowed to form for 24 h prior to incubation
with Fab fragments to validate their potential activity. Fab fragments
were derived from a murine monoclonal antibody directed against a
15-mer previously-defined immunoprotective domain within the
DNA-binding ‘tip’ region of the b-subunit of NTHI IHF (IHFNTHI),
herein referred to as ‘b-tip Fabs’ [12], and compared the outcome to
that induced by use of the respective intact IgG molecule. As negative
controls, Fab fragments derived from a murine monoclonal antibody
against a 15-mer non-protective domain within the ‘tail’ region of
the b-subunit of IHFNTHI (‘b-tail Fabs’), which does not disrupt bacte-
rial biofilms [21] or nonspecific murine IgG1 isotype antibody (‘iso-
type control Fabs’) were used.

Representative images revealed that each of the five diverse bac-
terial species tested formed biofilms of varied architecture within
24 h [Fig. 1a]. b-tail Fabs or isotype control Fabs had no disruptive
effect, similar to the outcome with intact IgG from which these nega-
tive control fragments were derived. In contrast, incubation with
b-tip Fabs was significantly disruptive of the biofilms formed by all
bacterial species tested. Quantitation of biofilm biomass revealed
that biofilm disruption by this concentration of b-tip Fabs was com-
parable to that achieved with an equimolar concentration of the
respective intact b-tip IgG (P � 0.05; one-way ANOVA with multiple
comparisons) [Fig. 1b]. Thus, the minimal antigen-binding domain of
the b-tip-directed antibody molecule was sufficient to bind to, and
sequester DNABII protein, then disrupt the biofilm as effectively as
the intact antibody from which the Fab fragments were generated.

3.2. Murine b-tip Fabs eradicated NTHI from biofilms and resolved
biofilms during experimental OM

With biofilm-disruptive function of the b-tip Fabs now demon-
strated in vitro, we were able to address our first question: in the con-
text of experimental disease, is antibody-mediated DNABII protein
sequestration via only the Fab domains sufficient to induce biofilm
collapse with subsequent clearance of released bacteria? To answer
this query, we employed a well-established chinchilla model of OM
due to the predominant pathogen of chronic and recurrent disease,
NTHI. Experimental OM was first induced by direct challenge of the
middle ear. After four days, NTHI biofilms fill the middle ear [31].
Murine monoclonal antibody-derived b-tip Fabs, b-tail Fabs or iso-
type control Fabs were then injected into both middle ears, with a
second identical treatment given 24 h later [Fig. 2a]. One day after
receipt of the second dose of Fabs, all animals were sacrificed to
assess relative immediate treatment efficacy.

We first quantitated the number of NTHI resident within mucosal
biofilms and/or adherent to the middle ear mucosa by plate count.
There was no difference in the bacterial load in animals that received



Fig. 1. Murine monoclonal antibody-derived Fab fragments disrupted biofilms formed by five human pathogens in vitro. (a) Representative images of bacterial biofilms (pseudocol-
oured white) revealed significant biofilm disruption by 170 nM intact IgG or Fabs directed against the b-tip domain of IHF. Orthogonal projections show a top-down view to depict
spatial distribution of biofilm in x-y plane and side view indicates biofilm height in z-plane (arrowheads). Scale bars, 20mm. (b) Biomass within each image as quantitated by COM-
STAT2 software. Each assay was repeated three times on different days and the mean§ SEM shown. *P� 0.05, **P� 0.01 compared to respective intact IgG or Fabs [one-way ANOVA
with multiple comparisons].
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b-tail Fabs compared to isotype control Fabs [Fig. 2b]. Conversely, a
significant 4-log fewer NTHI were detected within mucosal biofilms
recovered from animals treated with b-tip Fabs and in one of the six
middle ears in this cohort, all NTHI had been eradicated (P � 0.01;
one-way ANOVA with multiple comparisons) [Fig. 2b]. Thus, delivery
of b-tip Fabs induced augmented eradication of NTHI from chinchilla
middle ears.

To next discern whether any of the three treatments induced
rapid resolution of the established NTHI biofilms, one day after com-
pletion of Fab fragment therapy images of each middle ear were cap-
tured, randomised and ranked by six blinded reviewers. Reviewers
used an established rubric wherein a score of 0 equated to no muco-
sal biofilm observed, and a score of 4+ indicated that �75% of the
middle ear remained filled with mucosal biofilm. Accordingly, b-tail
Fabs induced a slight but nonsignificant reduction in amount of
mucosal biofilm when compared to delivery of isotype control Fab
fragments. Importantly, �50% of the middle ears in the isotype con-
trol Fab and b-tail Fabs cohorts remained filled with mucosal biofilm
with mean biomass scores of 3.4 and 2.7, respectively [Fig. 2c]. Con-
versely, b-tip Fabs induced a significant reduction in mucosal biofilm
(P � 0.05; one-way ANOVA with multiple comparisons) and a major-
ity (4 of 6, 67%) of middle ears in this latter cohort were assigned a
score �1.0 which indicated that �25% of the middle ear contained
any residual visible biofilm. Thus, delivery of b-tip Fabs both
significantly reduced the bacterial load in the middle ears and
induced effective eradication of already established mucosal biofilms.

Representative images of a middle ear from each cohort are pre-
sented in Fig. 2d with both a healthy chinchilla middle ear and one
filled with an NTHI biofilm shown for reference. In naive animals, the
middle ear mucosa and full length of the natural bony septae are visi-
ble (score 0). In contrast, four days after NTHI challenge, neither the
thin mucosal lining of the middle ear nor the bony septae are visible
as these anatomical features are now occluded by a large mucosal
biofilm (score 4). In this study, after delivery of b-tail Fabs or isotype
control Fabs, mucosal biofilms still filled 50�100% of the middle ears,
with a representative assigned score of 4.0 or 2.4, respectively
[Fig. 2d]. However, b-tip Fabs largely eradicated these structures as
evidenced by the fact that both the middle ear mucosal lining and the
bony septae were fully visible (assigned score of 1.0). Also of note,
whereas extensive inflammation was observed in the middle ear
mucosae and tympanic membranes of animals that received b-tail
Fabs (Fig. 2d, middle image, right side), there was only limited fine
capillary dilatation within the middle ear mucosae of animals treated
with b-tip Fabs (Fig. 2d, bottom image, right side) despite the fact
that just two days earlier these ears were filled with a biofilm formed
by NTHI.

To begin to understand why the middle ears of animals that
received b-tail Fabs consistently appeared to be overtly inflamed



Fig. 2. Murine monoclonal antibody b-tip Fabs mediated eradication of biofilm-resi-
dent NTHI and resolution of mucosal biofilms from the middle ear. (a) Study timeline
and treatments given. A dose of 342 nM Fabs was delivered into each middle ear. (b)
Relative quantity of NTHI within mucosal biofilms and adherent to the middle ear
mucosa amongst treated cohorts. (c) Relative mucosal biofilm score determined by six
reviewers blinded to treatment amongst treated cohorts. Panels b & c: 6�8 middle
ears per cohort, values for individual ears and mean for cohort shown. *P � 0.05,
**P � 0.01, ***P � 0.001 [One-way ANOVA with multiple comparisons]. (d) Representa-
tive images of chinchilla middle ears from each cohort, mean mucosal biofilm score for
the ear indicated within yellow box. TM, tympanic membrane; S, bony septae; MEM,
middle ear mucosa; B, biofilm (encircled).
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(Fig. 2d, middle image, right side), whereas b-tip Fabs-treated ears
were not (Fig. 2d, bottom image, right side), we determined a focused
cytokine profile within middle ear fluids collected from animals at
the time of sacrifice. Via cytometric bead assay, a significantly greater
quantity of each of a panel of six pro-inflammatory cytokines was
detected in the middle ears of animals that received b-tail Fabs, com-
pared to animals treated with b-tip Fabs (P � 0.05) [Fig. 3a]. Con-
versely, significantly more of the anti-inflammatory cytokine IL-10
was detected in middle ear fluids of animals that received b-tip Fabs
(P � 0.05; one-way ANOVA with multiple comparisons) [Fig. 3b].
Moreover, compared to animals that received isotype control Fabs, sig-
nificantly more of the pro-inflammatory cytokines IL-1b and TNF were
detected in middle ear fluids from animals treated with b-tail Fabs
[Fig. 3b], which likely contributed to the inflammation consistently
observed within the mucosa in this cohort (see Fig. 2d, middle panel,
right side). These data suggested that in the context of active experi-
mental OM, biofilm collapse and clearance of NTHI induced by b-tip
Fabs also mediated resolution of disease-associated inflammation.

Collectively, and central to our original question, to this point our
data showed that b-tip Fabs effectively disrupted bacterial biofilms in
vivo, thus the Fc portion of the anti-DNABII-directed antibody was
not required to induce biofilm collapse. This result added support to
our model wherein biofilm structural collapse, with release of resi-
dent bacteria, is the result of an DNABII protein targeted antibody-
mediated equilibrium shift that subsequently tips the balance in
favor of the host to now effectively eradicate newly released patho-
gens via engagement of multiple host immune effectors.

3.3. Rabbit IgG Fabs against domains within both IHF subunits rapidly
disrupted biofilms in vivo

Thus far, we examined Fab fragments directed against the b-sub-
unit, one of two heterologous subunits that comprise IHFNTHI. While
this approach was effective, in previous work we demonstrate that a
cocktail of murine monoclonal antibodies against tip domains within
the a-subunit plus those against the b-subunit of IHFNTHI induces sig-
nificantly greater biofilm disruption compared to antibody against
either subunit individually, including those bacterial species that
only possess an HU allele [21]. Although 74.7% similar in amino acid
sequence, there is only 47.3% identity within each 94 amino acid sub-
unit of IHFNTHI, thus the cocktail of a-subunit- plus b-subunit-
directed antibodies afforded broader coverage of the complete diver-
sity within IHF and its orthologue, HU. With that information, we
then designed an epitope-targeted, chimeric peptide immunogen to
first induce antibody in a rabbit against both protective domains con-
currently. Designated ‘tip chimeric peptide’, slightly larger (e.g. 20-
mer) segments from within the DNA-binding tip domains of both the
a-subunit and b-subunit of IHFNTHI were incorporated and joined by
a 4-residue linker peptide to permit flexibility between these two
protective epitopes [13]. As a negative control, a ‘tail chimeric pep-
tide’ immunogen was also developed that incorporated 20-mer seg-
ments from non-protective domains within the tail region of the
a-subunit and b-subunit of IHFNTHI and joined by the same 4-residue
linker. We have previously shown that polyclonal rabbit IgG against
this tip chimeric peptide disrupts biofilms formed by multiple bacte-
rial species in vitro and resolves mucosal biofilms within the middle
ears of chinchillas during experimental NTHI-induced OM [13].

To nowmerge our chimeric peptide design strategy with determi-
nation of potential Fab fragment-mediated therapeutic biofilm dis-
ruption, herein, we tested the ability of polyclonal rabbit anti-tip
chimeric peptide Fabs to disrupt NTHI biofilms already present in the
middle ear of chinchillas with experimental OM. We also evaluated
the endurance of any resultant biofilm resolution, i.e. would NTHI
biofilms re-establish once antibody therapy ceased? Accordingly,
NTHI was allowed to establish large biofilms in the chinchilla middle
ear before we delivered treatment with either Fabs derived from
polyclonal rabbit IgG against: 1) tip chimeric peptide; 2) tail chimeric
peptide or 3) naive serum [Fig. 4a]. One day after delivery of the sec-
ond therapeutic dose, a subset of animals in each cohort was sacri-
ficed to examine the immediate effect of treatment. The remaining
animals were monitored an additional seven days, without further
treatment, to assess the durability of this therapeutic approach.

One day after receiving two doses of tip chimeric peptide Fabs,
there were >2-log fewer NTHI within mucosal biofilms and/or adher-
ent to the middle ear mucosa, compared to either of the two negative
control cohorts (P � 0.05; one-way ANOVA with multiple compari-
sons) [Fig. 4b]. After an additional week without further treatment,
there was only a slight decrease in NTHI load within middle ear
mucosal biofilms/adherent to the mucosa of animals given tail



Fig. 3. Pro-inflammatory cytokines predominated in middle ear fluids from animals treated with 342 nM murine monoclonal antibody-derived b-tail Fabs. (a) Relative quantity of
pro-inflammatory cytokines in chinchilla middle ear fluids after NTHI challenge and Fab fragment therapy as determined by cytometric bead array. *P � 0.05, **P � 0.01 vs. b-tip
Fabs [one-way ANOVA with multiple comparisons], ǂP � 0.05 vs. isotype control Fabs [unpaired t-test]. (b) Relative mean concentration of the anti-inflammatory cytokine IL-10
amongst the three Fab fragment treated cohorts. *P � 0.05 vs. b-tail Fabs, ++P � 0.01 vs. b-tail Fabs or isotype control Fabs [one-way ANOVA with multiple comparisons]. 5�7 middle
ear fluids tested per cohort. Mean cytokine concentration § SD shown.
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chimeric peptide Fabs or naive serum Fabs. Conversely, at this latter
time point, in animals given tip chimeric peptide Fabs there was an
added 10-fold decrease in bacterial load (P � 0.05; one-way ANOVA
with multiple comparisons). Notably, in 4 of 6 (67%) middle ears,
these homogenised tissues were culture-negative for NTHI. These
data suggested that NTHI released from the biofilm by tip chimeric
Fig. 4. Tip chimeric Fabs from polyclonal rabbit IgG mediated clearance of biofilm resident N
(a) Study timeline. A dose of 342 nM Fabs was delivered into each middle ear. (b) Relative qu
one or seven days after completion of antibody therapy. (c) Relative amount of remaining m
and c: 6 middle ears per cohort, values for individual ears and mean for each cohort shown. *P
resentative images of middle ear mucosal biofilms; mean mucosal biofilm score indicated wi
biofilm (encircled).
peptide Fabs were subsequently cleared by host immune effectors
without any additional intervention or treatment.

We next qualitatively evaluated whether treatment with these
chimeric peptide-directed Fabs was able to eradicate NTHI biofilms
already present in the chinchilla middle ear. To do so, blinded evalua-
tors were asked to rank the relative amount of mucosal biofilm that
THI, eradication of established mucosal biofilms and resolution of experimental disease.
antity of NTHI resident within mucosal biofilms and adherent to the middle ear mucosa
ucosal biofilm as determined by six reviewers blinded to treatment delivered. Panels b
� 0.05, **P � 0.01, ***P� 0.001 [one-way ANOVAwith multiple comparisons]. (d) Rep-

thin yellow box. TM, tympanic membrane; S, bony septae; MEM, middle ear mucosa; B,
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remained within the middle ears after treatment on a 0�4+ scale.
Receipt of tail chimeric peptide Fabs was not effective. One day after
treatment in animals that received tail chimeric peptide Fabs, the
remaining biofilms were actually slightly larger than those in the
middle ears of animals treated with naive serum Fabs, with mean bio-
mass scores of 3.2 and 2.6, respectively [Fig. 4c]. In both of these neg-
ative control cohorts, >50% of the middle ear remained filled with
mucosal biofilm. Conversely, in the cohort given tip chimeric peptide
Fabs, all six middle ears were ranked �1.0 which indicated only mini-
mal remaining mucosal biofilm was observed (P � 0.001; one-way
ANOVA with multiple comparisons), with a mean biomass score of
0.7. Thus, the immediate outcome of tip chimeric peptide Fab therapy
was significant reduction of bacterial load and significant disruption
of established NTHI biofilms.

To assay the durability of the observed treatment effect, middle ears
were evaluated in a subset of each cohort after an additional week,
without any further treatment. In the cohort given Fabs from naive rab-
bit serum, mucosal biofilms actually increased, whereas they only
slightly decreased in those given tail chimeric peptide Fabs (e.g. >50%
of the middle ears remained filled with an NTHI biofilm), with mean
biomass scores of 3.6 and 2.6, respectively [Fig. 4c]. Importantly, ani-
mals treated with tip chimeric peptide Fabs continued to clear NTHI
biofilms, as evidenced by an additional significant reduction in mucosal
biofilm (P � 0.01; one-way ANOVA with multiple comparisons) and a
mean biomass score of 0.2. Notably, there was no visible evidence of a
biofilm in 4 of 6 (67%) middle ears. These qualitative assessments corre-
lated well with bacterial load data as shown in Fig. 4b.

To demonstrate what blinded evaluators ranked in terms of
remaining mucosal biofilms observed, examples of a healthy middle
ear and one with a four-day NTHI biofilm as well as representative
images of middle ears from each cohort on day 13 are depicted in
Fig. 4d. As anticipated, one day after completion of treatment, sub-
stantial mucosal biofilm remained in animals that received naive
serum or tail chimeric peptide Fabs, as evidenced by the fact that
these biofilms occluded visibility of the middle ear mucosa and bony
septae, with representative assigned scores of 2.8 or 3.2 respectively
[Fig. 4d]. These scores did not decrease significantly by seven days
after treatment completion and in fact, that for the cohort treated
Fig. 5. A humanised tip chimeric peptide monoclonal antibody disrupted bacterial biofilms in
incubation with HuTipMab or HuTailMab. Orthogonal projections show a top-down view to
in z-plane. Scale bars, 20mm. (b) Percentage of biofilm biomass that remained after exposure
shown. Experiments were performed three times on separate days. ***P � 0.001 [unpaired t-
with naive serum Fabs increased notably, with representative
assigned scores of 4.0 and 2.8, respectively. Conversely, in the middle
ears of animals treated with tip chimeric peptide Fabs, the normal
anatomical landmarks were fully visible one day after treatment
completion and remained so, with no evidence of biofilm regrowth
in the seven days that followed. Representative assigned scores were
0.8 (day 6) and 0 (day 13) for this latter cohort. Collectively, these
data provided additional strong support for the potential to deliver
tip chimeric peptide Fabs to eradicate existing NTHI biofilms within
the middle ear, and further that this eradication was likely enduring.

3.4. Development and validation of a humanised version of the tip
chimeric peptide monoclonal antibody

With data in support of use of anti-tip chimeric peptide Fabs to dis-
rupt diverse bacterial biofilms in vitro, and to also eradicate mucosal
NTHI biofilms in vivo, we now wanted to move toward use of these
novel therapeutic agents in clinical trials. To do so, we generated a
panel of humanised tip chimeric peptide-directed monoclonal antibod-
ies (herein called ‘HuTipMab’) designed after a murine monoclonal
antibody against the tip chimeric peptide. Here, we present data in sup-
port of the functional in vitro activity of one of the HuTipMabs as evi-
dence of the effectiveness of humanisation. As a measure of
humanness, we determined the T20 score for the variable regions
within the heavy and light chains individually [37]. These values were
82 for the heavy chain variable region and 97 for the light chain vari-
able region, which indicated a high degree of humanness for each anti-
body domain. By surface plasmon resonance, the HuTipMab had a KD

of 76 nM to the tip chimeric peptide and a KD of 10 nM to native IHFN-
THI, thus strong affinity to the target peptide, and even greater affinity
to the native protein (as would be needed for disease resolution) was
shown. In vitro, HuTipMab significantly disrupted biofilms formed by
NTHI, P. aeruginosa or B. cenocepacia (P � 0.001; unpaired t-test)
[Fig. 5a] and only 13�26% biofilm biomass remained after a 16 h expo-
sure to the selected concentration of humanised Mab used, compared
to biofilms incubated with an equivalent concentration of humanised
anti-tail chimeric peptide antibody (called ‘HuTailMab’) [Fig. 5b]. Thus,
humanisation of a murine tip chimeric peptide-specific monoclonal
vitro. (a) Representative images of bacterial biofilms (pseudocoloured white) after 16 h
depict spatial distribution of biofilm in x-y plane and side view indicates biofilm height
to HuTipMab compared to HuTailMab, determined by COMSTAT2 analysis. Mean § SD

test].



Fig. 6. A humanised monoclonal antibody against the tip chimeric peptide resolved pre-existing NTHI biofilms present in the middle ears during experimental NTHI-induced OM.
(a) Study timeline and treatments. (b) Relative quantity of NTHI within the middle ear. (c) Relative amount of NTHI mucosal biofilm that remained in the middle ear after treatment
with humanised monoclonal antibodies. Panels b and c: six middle ears per cohort, values for individual ears and mean for cohort shown. ****P � 0.0001 [One-way ANOVA with
multiple comparisons]. (d) Representative images of middle ears from each cohort; mean mucosal biofilm score for the ear indicated within yellow box. S, bony septae; MEM, mid-
dle ear mucosa; B, biofilm, encircled.
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antibody yielded a therapeutic candidate with strong affinity to its pro-
tein target and proven ability to disrupt biofilms formed by three
human respiratory tract pathogens in vitro.

To next confirm that the humanised monoclonal also functioned
in vivo, we again used the chinchilla model of NTHI-induced experi-
mental OMwherein biofilms were already resident within the middle
ears prior to treatment. We delivered either HuTipMab, HuTailMab or
an equivalent volume of sterile saline (diluent used with humanised
antibodies) to both middle ears, followed 24 h later by a second iden-
tical treatment [Fig. 6a]. As before, a subset of animals from each
cohort was sacrificed one day after therapy was completed to exam-
ine the immediate outcome, and a second subset of animals were fol-
lowed for another week without additional treatment to determine if
the effect of therapy endured.

One day after therapy, HuTipMab induced a significant >3.5 log
reduction in the number of NTHI, compared to HuTailMab or saline
(P � 0.01; one-way ANOVA with multiple comparisons) [Fig. 6b]. One
week later, whereas either HuTailMab or saline induced only a slight
additional decrease in NTHI load, that in middle ears treated with
HuTipMab decreased another 7-fold. Notably, a week after treatment
with HuTipMab, homogenates of 4 of 6 middle ear mucosae (67%)
were culture-negative (P � 0.05; one-way ANOVA with multiple
comparisons). Thus, treatment with HuTipMab induced rapid eradi-
cation of NTHI within mucosal biofilms from the middle ear.

To qualitatively assess how much mucosal biofilm remained in
the middle ear after treatment, middle ears were once again blindly
evaluated on a 0�4+ scale. Animals that received saline or HuTailMab
remained filled with mucosal biofilm that occupied >50% of the mid-
dle ear, and mean biomass scores were 2.7 and 3.1, respectively
[Fig. 6c]. Conversely, in those middle ears treated with HuTipMab,
minimal remaining mucosal biofilm was observed (<25%) and the
mean biomass score for the cohort was 1.0 [Fig. 6c]. Seven days later,
whereas the mucosal biofilm actually increased in cohorts treated
with either saline (mean score, 3.0) or HuTailMab (mean score, 3.5),
in those treated with the HuTipMab minimal biofilm (mean score,
0.6) was observed. Representative images for each cohort are shown
in Fig. 6d and correlated well with data presented in Fig. 6c.

Unlike in Figs. 2d and 4d, wherein notable inflammation had been
visible in the middle ears of animals that received either Fabs derived
from a murine monoclonal antibody directed exclusively at the b-tail
of one of the IHF sub-units, or those that received Fabs derived from
a rabbit polyclonal directed at the tail chimeric peptide, we did not
observe a similar degree of inflammatory changes once we human-
ised the monoclonal directed against the tail chimeric peptide.
Whereas some inflammation was noted in animals treated with the
HuTailMab, this sign was abrogated (see Fig. 6d, images in middle
row). To begin to explain this observation, we again performed a
cytometric bead assay to determine a focused but now slightly
expanded cytokine profile within middle ear fluids collected from
these animals at the time of sacrifice. One day after completion of
antibody therapy, whereas there was a significantly reduced quantity
of each of six proinflammatory cytokines detected in middle ear flu-
ids from animals that received HuTipMab, there was now a compara-
ble quantity of pro-inflammatory cytokines in the middle ear fluids
recovered from animals that had received either saline or HuTailMab
[Fig. 7a]. Moreover, significantly more of two anti-inflammatory cyto-
kines were detected in middle ear fluids recovered from animals that
received HuTipMab, whereas these values were again comparable in
the cohorts that had been treated with either saline or HuTailMab.
These patterns were maintained and further enhanced within fluids
collected on day 13 (7 days after completion of therapy) [Fig. 7b]. As
pro-inflammatory cytokine concentrations were now comparable
between saline and HuTailMab-treated animals, we theorise that
humanisation of the tail-directed monoclonal antibody abrogated the



Fig. 7. Pro-inflammatory cytokines were significantly less abundant in middle ear fluids from animals treated with HuTipMabs. Relative quantity of pro-inflammatory and anti-
inflammatory cytokines in chinchilla middle ear fluids after NTHI challenge and treatment with humanised monoclonal antibodies (a) six days after NTHI challenge (one day after
completion of therapy) and (b) 13 days after NTHI challenge (seven days after completion of therapy) as determined by cytometric bead array. *P � 0.05 vs. saline, **P � 0.01 vs.
saline, ***P � 0.001 vs. saline, ****P � 0.0001 vs. saline, +P � 0.05 vs. HuTailMab,++P � 0.01 vs. HuTailMab, ++P � 0.001 vs. HuTailMab, ++++P � 0.0001 vs. HuTailMab [one-way ANOVA
with multiple comparisons]. 3 to 5 middle ear fluids tested per cohort. Mean cytokine concentration § SD shown.
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inflammation induced by treatment of animals with Fabs gener-
ated from either murine anti-b tail or rabbit anti-tail chimeric
peptide sera (compare Fig. 6d to Figs. 2d or 4d). Collectively,
these data demonstrated that humanisation of the murine mono-
clonal directed against the tip chimeric peptide did not diminish
its effectiveness either in vitro or in vivo. The HuTipMab induced
rapid and enduring clearance of NTHI-induced mucosal biofilms
from the middle ear during experimental OM, thus fostering reso-
lution of disease.

3.5. Pre-clinical efficacy of the tip chimeric peptide after active
transcutaneous immunisation

Thus far, we have reported development of an effective DNABII-tar-
geted therapeutic (e.g. delivery of a humanised monoclonal antibody
that targets the immunoprotective tip regions of both IHF subunits
to disrupt biofilms/resolve ongoing disease), however prevention of
biofilm formation and disease induction by active immunisation is also
an important goal. Toward this end, we now used a unique chinchilla
viral-bacterial co-infection model of experimental OM wherein prior
adenovirus infection predisposes the middle ear to invasion by NTHI
that colonise the nasopharynx which now ascend the virus-compro-
mised Eustachian tube [32]. This superinfection model is designed to
mimic “My child gets a cold, then a week later has an ear infection”. Thus,
animals were first actively immunised with the tip or tail chimeric pep-
tide to induce the appropriate immune response [31,33,35,38]. Subse-
quently, chinchillas were challenged first with adenovirus, then 7-days
later with NTHI, after which they were monitored for relative develop-
ment of ascending OM.

Three cohorts of naive chinchillas were immunised by rubbing
vaccine formulations on to the skin just behind both ears (e.g. post-
auricular region), a procedure repeated one week later [Fig. 8a]. For-
mulations used were: tip chimeric peptide admixed with the adju-
vant dmLT, a double mutant of E. coli heat labile enterotoxin [34]; tail
chimeric peptide plus dmLT; or dmLT alone. Two days after the sec-
ond immunisation, all animals were inoculated intranasally (IN) with
adenovirus, followed one week later by IN challenge with NTHI.
Nasopharyngeal lavage was performed one day after NTHI challenge
to confirm that all animals were equivalently colonised [Fig. 8b]. This
result ensured that each animal had the potential to develop



Fig. 8. Immunisation with tip chimeric peptide prevented ascending experimental OM in a viral-bacterial co-infection model. (a) Study timeline and vaccine formulations delivered.
(b) Relative quantity of NTHI within nasopharyngeal lavage fluids one day after bacterial challenge to ensure all cohorts were equivalently colonised. 8 lavage fluids per cohort, NS,
no significance [one-way ANOVA]. (c) Number of animals in each cohort with signs of experimental OM, i.e. inflammation and/or middle ear fluid, visualised by blinded video oto-
scopy. Eight animals per cohort, ****P � 0.001 vs. dmLT or tail chimeric peptide [Mantel�Cox test]. (d) Representative images of tympanic membranes from each cohort on day 11,
which was the day of maximum disease incidence in the cohort immunised with the tip chimeric peptide. TM, tympanic membrane.
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experimental OM, with the only discriminating factor being resultant
induced immunity due to immunogen received.

The primary readout for vaccine efficacy was video otoscopy,
wherein each tympanic membrane (TM) was blindly viewed to deter-
mine whether overt inflammation and middle ear fluid were visible
as signs of OM [36]. Within 8 days of NTHI challenge of virus-infected
chinchillas, there were signs of that NTHI had ascended the compro-
mised Eustachian tube and induced OM in 2 of 16 middle ears (13%)
in the adjuvant-only cohort, with a peak incidence of 100% on day 13
[Fig. 8c]. Experimental OM began to decrease after day 13 but per-
sisted in 8 of 16 middle ears (50%) on day 20. As anticipated, immuni-
sation with tail chimeric peptide did not provide a benefit. Signs of
OM were present in two middle ears (13%) four days after NTHI chal-
lenge, peaked at 100% on days 12 and 13 before beginning to decline,
however 8 of 16 middle ears (50%) maintained signs of OM at study
conclusion. In sharp contrast, there was a significant delay to onset of
signs of OM in the tip chimeric peptide-immunised cohort
(P � 0.0001; Mantel-Cox test) until day 10. Maximum incidence of
OM on days 10 to 12 occurred in only 4 of 18 middle ears (25%) in
this latter cohort with complete resolution by day 14, which was sig-
nificantly earlier than controls (P � 0.0001; Mantel-Cox test). Further,
over the 20-day observation period, the proportion of animals with
signs of experimental OM was significantly less in those immunised
with the tip chimeric peptide (4 ears; 2 animals; P � 0.0001; Mantel-
Cox test) compared to the other two cohorts (16 ears; 8 animals).

Images of the chinchilla TM shown in Fig. 8d are representative of
that observed by blinded otoscopy on day 11. Whereas a healthy chin-
chilla TM is grey in colour, those of animals immunised with dmLT or
the tail chimeric peptide were slightly bulging, erythematous and yel-
low middle ear fluid was visible behind the TM. Conversely, TMs of the
majority of animals in the tip chimeric peptide immunised cohort (12
of 16; 75%) showed minimal, if any, signs of inflammation. Overall, vac-
cine efficacy afforded by immunisation with the tip chimeric peptide
was 85%, compared to either negative control cohort. Collectively, these
data supported the design and use of the tip chimeric peptide as an
effective vaccine candidate antigen to prevent development of experi-
mental OM due to NTHI and complemented our development of a ther-
apeutic humanised monoclonal antibody.

4. Discussion

Biofilms are involved in the majority of chronic and recurrent bac-
terial diseases of the respiratory tract [39�41], oral cavity [42,43],
gastrointestinal tract[44,45] and urogenital tract [46,47]. The forma-
tion and persistence of these often polymicrobial communities con-
tributes significantly to the pathogenesis of these diseases, largely
due to a characteristic recalcitrance to clearance by host immune
effectors and antibiotics. Thus, recognition of the role of biofilms in
disease pathogenesis and persistence requires novel approaches to
either prevent their formation or eradicate those already present.

As such, many laboratories have developed a variety of approaches
for biofilm mitigation which has been the subject of many excellent
reviews[10,48�51]. A broad area of research is focused on biofilm erad-
ication via agents that induce dispersal of biofilm-resident bacteria, e.g.
treatment of biofilms with enzymes, molecules that interfere with pro-
cesses such as quorum sensing, signaling via cyclic di-GMP or delivery
of small molecule inhibitors or analogues [10,48�51]. Alternatively,
prevention of biofilm formation is an approach that could also restrict
disease-induced inflammation, which is often more damaging to the
host compared to the presence of the biofilm itself [52]. Modification of
implantable devices or incorporation of inhibitors within biomaterials,
use of antimicrobial peptides or blockade of adhesive proteins
expressed by microorganisms are shown to limit biofilm formation
[53�56].

With regard to our own approach, over the past 10+ years, since
we identified the structural eDNA+DNABII lattice within biofilms
formed by NTHI in the chinchilla middle ear [11], we and others have
expanded this observation to demonstrate the presence of this bacte-
rial-permissive, but host-restrictive lattice in biofilms formed by
many diverse bacterial species, including the high priority ESKAPE



12 L.A. Novotny et al. / EBioMedicine 59 (2020) 102867
pathogens [16�23]. Collectively, this observation initially made in
vitro, then expanded to testing in multiple pre-clinical models
[11�13,18,21] supported our development of a novel DNABII-focused
approach to mediate biofilm diseases that would target this seem-
ingly species-independent ‘Achilles heel’.

As such, we devised a two-pronged approach. First, we designed an
epitope-specific DNABII chimeric peptide vaccine candidate antigen to
induce the formation of antibodies that would prevent biofilm forma-
tion after active immunisation. Second, we humanised a murine mono-
clonal antibody against this immunogen for use, either intact or as Fab
fragments, as a broadly effective therapeutic wherein bacteria released
from biofilm residence could then be killed by host immune effectors
and/or antibiotics, although now able to be used at a greatly reduced
dose [6�8]. Here we presented promising preclinical evidence from
four studies, using two distinct models of OM, which consistently
showed how effective these approaches can be in terms of biofilm and
disease prevention and/or marked and significant reduction of existing
mucosal biofilms with rapid disease resolution.

Herein, we provide answers to several previously unanswered
questions. We found that Fab fragments were as effective as intact anti-
body to disrupt biofilms in vitro and in vivo and could thus serve as a
therapeutic when repeated dosing might be required (due to a related
concern about inducing an anti-antibody response). We also deter-
mined that the Fc portion of a DNABII-directed antibody was not
required for biofilm disruption in vitro or for biofilm resolution in vivo.
This outcome suggested that release of bacteria from the protective bio-
film would be sufficient to promote clearance and disease resolution by
innate host immune effectors and/or antibiotics. We learned that incor-
porating protective domains from both of the heterogeneous subunits
of IHFNTHI did result in the anticipated increased efficacy. Further, active
immunisation with the tip chimeric peptide induced the formation of
antibody that prevented development of experimental OM and pro-
moted rapid disease resolution. Humanisation of the tip chimeric pep-
tide monoclonal antibody yielded a highly promising lead therapeutic
with nanomolar affinity to both the immunogen and native protein,
the latter of which is required for clinical efficacy.

Collectively, these new data added to our understanding of the
eDNA+DNABII-directed strategy and were highly supportive of entry
into both preventative and therapeutic clinical trials of the tip chimeric
peptide immunogen and the humanised monoclonal antibody against
it, respectively. Given the species-independent nature of our DNABII
targeted approach, we hope to contribute a broadly effective candidate
vaccine antigen and therapeutic product for improved clinical manage-
ment of a multitude of diseases wherein pathogenesis, enduring
chronicity and/or cyclical recurrence is due to a recalcitrant biofilm.
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