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Noninflammatory 97-amino acid High Mobility Group Box 1
derived polypeptide disrupts and prevents diverse biofilms
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Summary
Background Bacterial biofilm communities are embedded in a protective extracellular matrix comprised of various
components, with its’ integrity largely owed to a 3-dimensional lattice of extracellular DNA (eDNA) interconnected by
Holliday Junction (HJ)-like structures and stabilised by the ubiquitous eubacterial DNABII family of DNA-binding
architectural proteins. We recently showed that the host innate immune effector High Mobility Group Box 1
(HMGB1) protein possesses extracellular anti-biofilm activity by destabilising these HJ-like structures, resulting in
release of biofilm-resident bacteria into a vulnerable state. Herein, we showed that HMGB1’s anti-biofilm activity was
completely contained within a contiguous 97 amino acid region that retained DNA-binding activity, called ‘mB Box-97’.

Methods We engineered a synthetic version of this 97-mer and introduced a single amino acid change which lacked
any post-translational modifications, and tested its activity independently and in combination with a humanised
monoclonal antibody that disrupts biofilms by the distinct mechanism of DNABII protein sequestration.

Findings mB Box-97 disrupted and prevented biofilms, including those formed by the ESKAPEE pathogens, and
importantly reduced measurable proinflammatory activity normally associated with HMGB1 in a murine lung
infection model.

Interpretation Herein, we discuss the value of targeting the ubiquitous eDNA-dependent matrix of biofilms via mB
Box-97 used singly or in a dual host-augmenting/pathogen-targeted cocktail to resolve bacterial biofilm infections.
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Introduction
High Mobility Group Box 1 (HMGB1) is a versatile host
immune effector protein with multiple intra- and extra-
cellular functions and is ubiquitous among eukaryotes.
Intracellularly, HMGB1 functions as a DNA architec-
tural element facilitating all manner of DNA trans-
actions including replication, transcription, repair, and
chromatin structure.1–3 HMGB1 binds to and bends
DNA with both high specificity and a particular affinity
for bent DNA structures such as Holliday Junctions
(HJs). Extracellularly, HMGB1 functions as a
damage-associated molecular pattern (DAMP), a type of
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molecule that is released from impaired or dying cells to
alert the host of cellular damage. As such, HMGB1 re-
cruits polymorphonuclear neutrophils (PMNs), is addi-
tionally proinflammatory and both facilitates the induction
of NETosis (the process by which PMNs release neutrophil
extracellular traps or NETs) and is a component of NETs.4

NETs are released as a part of the innate immune
response to microbial infections; with the primary purpose
of facilitating the killing of trapped individual microbes,
and likely also to cordon off biofilm proliferation. During
NETosis, PMNs are induced to release their own extra-
cellular DNA (eDNA) with bound associated antimicrobial
05, USA.
205, USA.
man), Lauren.Bakaletz@nationwidechildrens.org (L.O. Bakaletz).
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Research in context

Evidence before this study
Novel strategies to resolve bacterial biofilm-mediated
infections that tip the therapeutic balance in favor of the host
are urgently needed, as these infections are notoriously
recalcitrant to existing treatment approaches. We have shown
that biofilm resistance to antibiotics and other modalities are
attributable, in part, to the stability of an underlying bacterial
extracellular DNA (eDNA) matrix, and that this matrix can be
disrupted by the host innate immune effector HMGB1.

Added value of this study
We identified a 97 amino acid region of HMGB1 that fully
retains anti-biofilm activity and engineered a synthetic
version that is void of pro-inflammatory effects called ‘mB

Box-97syn’. We demonstrated the 97-mer’s heretofore
unknown ability to disrupt biofilms and also prevent their
formation in in vitro assays, as well as in murine models of
both lung infection and endotoxemia without induction of
excessive inflammation.

Implications of all the available evidence
mB Box-97syn exhibits antibiofilm function against diverse
pathogenic bacteria including the high priority ESKAPEE
pathogens. The broad effectiveness of this peptide in the
absence of demonstrable and potentially damaging excessive
inflammation supports our continued development of a novel
strategy to more effectively treat and resolve biofilm-
mediated infections.
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molecules (e.g., histones, cathelicidins, defensins).5 These
eDNA tendrils serve two purposes: to trap microbes and to
concentrate the associated antimicrobial activity by both
limiting diffusion and targeting bound antimicrobials to
the entrapped pathogen, mechanisms by which PMN’s
sequester free living (planktonic) bacteria and thus protect
the host. The existence of bacteria within biofilms, how-
ever, presents multiple challenges to normal PMN-
mediated protective functions.

Biofilms are 3D communities of microorganisms that
are either aggregated or adhered to a surface and exhibit
differential gene expression to accommodate their
multicellular community lifestyle. Importantly, bacteria
within a biofilm produce a self-made matrix that, in part,
protects the resident bacteria from environmental haz-
ards that include host defenses and antimicrobials,
while allowing free interaction amongst the resident
bacteria. Indeed, biofilm-resident bacteria are typically
1000-fold or greater more tolerant of antibiotics than
their isogenic counterparts that grow in planktonic
form.6 Importantly, biofilms are also resistant to PMN
phagocytosis and NET-mediated clearance. Thus, when
biofilms contribute to the pathogenesis of disease, these
infections are extremely difficult to treat and resolve.

While there are species-specific substances that
maintain the structural integrity of the biofilm matrix, it
is eDNA that acts as a common infrastructural compo-
nent. In fact, bacteria that are treated with DNase fail to
form biofilms.7,8 In contrast, however, as biofilms mature,
their sensitivity to DNase wanes.9,10 We showed that this
latter resistance to the action of DNase is the result of a
common eDNA lattice-like structure that generates fibers
of DNA that are locked into the nuclease-resistant Z-form
by HJ-like structures.11 Importantly, these structures
appear to be recapitulated in all biofilms assayed to date
regardless of the constituent bacteria within the biofilm.11

The commonality of this observation is owed to the fact
that eDNA is a universal biofilm structural element.
Moreover, all eubacteria express one or both members of
the DNABII family of proteins: nucleoid-associated pro-
tein (HU) and integration host factor (IHF), which are
integral to maintenance of the structural integrity of the
eDNA-dependent biofilm matrix.12 Intracellularly, the
DNABII family, similar to eukaryotic HMGB1, acts as an
architectural DNA element and is involved in all manner
of DNA transactions within the prokaryotic cell. Previ-
ously, we and others showed that some of the intracel-
lular DNABII family functions can be complemented by
HMGB1.13,14 Extracellularly, we showed that the DNABII
family binds to and stabilises bent eDNA structures that
functionally resemble HJs, which are essential to main-
tain structural integrity of the eDNA-dependent matrix of
the biofilm15; however, sequestration of DNABII proteins
from biofilms by high affinity antibodies disrupts these
HJ-like structures.15 As a consequence, the biofilm matrix
collapses to release the resident bacteria regardless of the
constituent resident species.12,16–18

We recently showed that the DNABII family of bacte-
rial proteins and the eukaryotic HMGB1 protein, both of
which are released at sites of infection, compete for the
HJ-like structures within the eDNA lattice in the biofilm
matrix.14 However, unlike the bacterial DNABII proteins
that stabilise the eDNA-dependent matrix to protect the
resident bacteria, the host’s HMGB1 protein de-stabilises
this structure. Host prototypical endogenous levels of
released HMGB1 appear to prevent biofilm proliferation
by both interfering with biofilm structure and recruiting a
strong innate immune response.14,19 While this dual
function serves to contain the resident bacteria in the
biofilm without proliferation, it nonetheless fails to
disrupt the biofilm nidus. Indeed, excessive native
HMGB1 can cause sepsis,20 likely due to the coupling of
resident bacterial release from the biofilm and the
recruitment of additional innate immune effectors. We
showed that the uncoupling of these functions by inacti-
vation of the proinflammatory functions, via mutagenesis
of HMGB1, provides a powerful means to disrupt bio-
films without negative inflammatory consequence.14
www.thelancet.com Vol 107 September, 2024
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Antibodies directed against bacterial DNABII pro-
teins work via sequestration of DNABII, whereas
HMGB1 competitively inhibits DNABII binding to
DNA. Both aforementioned strategies mediate a com-
mon outcome that is biofilm disruption, albeit by
different mechanisms. As such, we previously showed
compelling evidence for an advantageous effect of both
approaches when used together in a cocktail. In an an-
imal model of acute middle ear infection (otitis media)
due to nontypeable Haemophilus influenzae (NTHI),
anti-DNABII or an engineered modified version of re-
combinant HMGB1 (mHMGB1; characterised by a
C45S point mutation to alleviate any undesired proin-
flammatory effects) each reduced the load of infectious
bacteria in the middle ears of chinchillas by at least 5
logs, whereas use of the combination cocktail eliminated
detectable bacteria in the middle ear by > 8 logs.14

In the new work presented here, we further charac-
terised the recombinant HMGB1 (rHMGB1) protein to
identify the antibiofilm portion of the molecule. We
showed that complete antibiofilm activity was contained
within a contiguous recombinant 97 amino acid peptide
inclusive of one of three HMGB1 domains. In addition, we
also modified this 97-mer peptide at a single amino acid
(and was thus named ‘mB Box-97’) to alleviate its proin-
flammatory activity without loss of any effective antibiofilm
activity in vitro or protective antibiofilm activity in vivo.
Importantly, use of a synthetic version of mB Box-97 (mB
Box-97syn) demonstrated that there was no loss of anti-
biofilm activity, which strongly suggested that post trans-
lational modifications of this domain variant of HMGB1
were not critical for the observed anti-biofilm function. We
also tested mB Box-97syn’s ability to prevent biofilm for-
mation by a panel of high priority bacterial pathogens.
Finally, we tested this peptide in the presence or absence
of a humanised anti-DNABII monoclonal antibody
(HuTipMab) to determine if a cocktail of the peptide
(engineered to augment host protective function) plus the
monoclonal antibody (designed to target bacterial biofilms
for disruption) were perhaps more effective at preventing
biofilm formation than when either was used alone.
Herein, we assessed whether the combination was a viable
option for use as a therapeutic approach for treating and/
or preventing biofilm-mediated infections. The potential
effectiveness of this dual approach in improving medical
management of pathogenic biofilms is discussed mecha-
nistically and practically.
Methods
Humanised monoclonal antibody against a tip
chimer peptide designed to mimic the
immunoprotective domains of the DNABII protein
integration host factor (IHF)
Humanised monoclonal antibody (of the IgG isotype)
against the tip-chimer peptide (HuTipMab) was engi-
neered from a murine monoclonal antibody and made
www.thelancet.com Vol 107 September, 2024
for us under contract to Lake Pharma, Inc. (San Carlos,
CA). Use of this antibody was validated by Western blot
analysis, ELISA, and surface plasmon resonance with a
Biacore 3000 instrument (GE Healthcare Life
Sciences).16

Recombinant and synthetic proteins (Human
rHMGB1, mHMGB1, HMGB1 A Box, B Box-87, mB
Box-97rec, A-B Boxes, 6His variants, mB Box-97syn)
N-terminal 6His-mB Box was cloned into pET-15b.
Proteins were generated using the IMPACT kit (New
England Biolabs). All constructs were confirmed by
DNA sequencing. Proteins were purified to >95% purity
using DEAE HiTrap and Heparin Sepharose columns
and quantified using the Pierce BCA Protein Assay kit
and SDS-PAGE with Coomassie Blue staining including
known protein standards. Proteins were also confirmed
by Western blot analysis (Supplementary Fig. S1). 97AA
peptide mB Box-97syn was synthesised (mB Box-97syn;
LifeTein®, LLC, Hillsborough, NJ) for ease of large-
scale production and to > 95% homogeneity by HPLC.

Bacterial species and sources
NTHI strain 86-028NP was isolated from the naso-
pharynx of a child with chronic otitis media at Nation-
wide Children’s Hospital.21 UPEC strain UTI89 is a
clinical isolate obtained from a person with cystitis.22

B. cenocepacia strain K56-2 was isolated from a person
with cystic fibrosis and obtained from Dr. Amal Amer.23

Enterobacter spp. was isolated from a wound and ob-
tained from Dr. Kelli Palmer.24 K. pneumoniae was iso-
lated from a pediatric urinary tract infection isolate.25

S. aureus strain 29213 was isolated from a wound (ob-
tained from the ATCC), A. baumanii strain 17978 was
isolated from a fatal case of meningitis in a 4-month-old
human (obtained from the ATCC) and P. aeruginosa
strain 27853 was isolated from blood culture (obtained
from the ATCC). E. faecium Com12 strain was isolated
from feces of healthy human volunteers.24 Strains not
obtained from the ATCC were maintained frozen at low
passage number in liquid nitrogen.

Disruption of bacterial biofilms
NTHI and S. aureus were cultured on chocolate agar for
18–24 h at 37 ◦C in a humidified atmosphere that
contained 5% CO2. NTHI was then resuspended in
brain heart infusion broth supplemented with heme
(2 μg/mL) and β-NAD (2 μg/mL) (sBHI) to an OD490 of
0.1. S. aureus was resuspended in brain heart infusion
broth (BHI) to an OD490 of 0.1. The cultures were then
diluted in their respective medium to contain approxi-
mately 2 × 105 CFU/mL, and 200 μL of this suspension
was inoculated into each well of an 8-well chambered
cover-glass slide (Thermo Fisher Scientific, Waltham,
MA). P. aeruginosa and E. faecium were cultured on
tryptic soy agar (TSA) as described above, then sus-
pended in tryptic soy broth (TSB) to an OD490 of 0.1.
3
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Cultures were then diluted in their respective medium
as described above with 200 μL of this suspension used
to inoculate each well of an 8-well chambered cover-
glass slide. UPEC strain UT189, B. cenocepacia, K.
pneumoniae, Enterobacter sp., and A. baumannii were
cultured on LB agar for 18–24 h at 37 ◦C in a humidified
atmosphere that contained 5% CO2. Cultures were then
resuspended in LB as described above, and 200 μl of
these suspensions were inoculated into each well of an 8-
well chambered cover-glass slide. After 16 h of incuba-
tion of each bacterial species at 37 ◦C 5% CO2, medium
was replaced with the respective fresh medium and
incubated for an additional 8 h. After a total incubation
period of 24 h, medium was replaced with the respective
fresh medium (control) or fresh medium that contained,
A Box or (200 nM), B Box-87 (200 nM), A-B Box
(200 nM), B Box-97 (200 nM), mB Box-97rec (200 nM),
mB Box-97syn (200 nM), or HuTipMab (5.0 μg) and
incubated at 37 ◦C 5% CO2 for 2 h. All biofilms were
then washed twice with 1 × Dulbecco’s phosphate-
buffered saline without calcium or magnesium (DPBS)
(Corning, Corning, NY) and stained with LIVE/DEAD®
stain (Thermo Fisher Scientific, Waltham, MA) per
manufacturer’s instructions. Biofilms were again washed
then fixed with 1.6% paraformaldehyde, 0.025% glutar-
aldehyde, and 4% acetic acid in 0.1 M phosphate buffer
at pH 7.4. Biofilms were imaged with a ×63 objective on
a Zeiss 800 confocal laser scanning microscope (CLSM;
Zeiss) wherein image selection was determined through
analysis of the distribution of biofilm growth within
chamber slide wells that best represented the entirety of
each well, with areas in the proximity of where we
introduced pipet tips and/or sides of chamber slide walls
avoided. Images were analysed with COMSTAT2.
Biomass values (μm3/μm2) were calculated by COM-
STAT2 and represent the mean of 3 biological replicates
that were repeated a minimum of three times on sepa-
rate days (n ≥ 3).

Analysis of A Box effect on NTHI and S. aureus
biofilms
NTHI and S. aureus were cultured on chocolate agar for
18–24 h at 37 ◦C in a humidified atmosphere that
contained 5% CO2. NTHI was then resuspended in
brain heart infusion broth supplemented with heme
(2 μg/mL) and β-NAD (2 μg/mL) (sBHI) broth to an
OD490 of 0.1. S. aureus was resuspended in brain heart
infusion broth (BHI) to an OD490 of 0.1. The cultures
were then diluted in their respective medium to contain
approximately 2 × 105 CFU/mL, and 200 μL of this
suspension was inoculated into each well of an 8-well
chambered cover-glass slide (Thermo Fisher Scientific,
Waltham, MA). After 24 h, biofilms were exposed to
400, 600, or 900 nM of A Box. After additional 2 h of
incubation at 37 ◦C 5% CO2, biofilms were washed once
with DPBS then fixed, imaged, and analysed as
described in previous in vitro assays.
Prevention of bacterial biofilm formation
NTHI and S. aureus were cultured and resuspended as
described above then diluted in their respective medium
to contain ∼5 × 103 CFU/mL or ∼1 × 103 CFU/mL,
respectively, and 200 μL of this suspension was inocu-
lated into each well of an 8-well chambered cover-glass
slide. UPEC strain UTI89, B. cenocepacia, K. pneumo-
niae, Enterobacter sp., and A. baumanii were cultured and
resuspended as described above then diluted in LB
broth to contain ∼1 × 103–1 × 105 CFU/mL, and 200 μL
of this suspension was inoculated into each well of an 8-
well chambered cover-glass slide. P. aeruginosa and
E. faecium were cultured and suspended as described
above then diluted to contain ∼1 × 103 CFU/mL, and
200 μL of this suspension was inoculated into each well
of an 8-well chambered cover-glass slide. Upon incu-
bation at 37 ◦C 5% CO2 for 16h, rHMGB1 (200 nM), A
Box (200 nM) mB Box-97rec (600 nM), mB Box-97syn
(600 or 900 nM) or HuTipMab (5.0 or 7.5 μg) was added
to respective wells containing each tested with the
exception of media-only controls. Following 16 h incu-
bation, all biofilms were washed once with DPBS and
fixed as described above. Biofilms were imaged and
analysed as described above. All assays represent the
mean of 3 biological replicates that were repeated a
minimum of three times on separate days (n ≥ 3).

Determination of the efficacy of an mB Box-97syn
plus HuTipMab cocktail
NTHI and S. aureus were cultured on chocolate agar as
described, then resuspended and diluted in their
respective medium to contain ∼5 × 103 or ∼1 × 103 CFU/
mL respectively, and 200 μL of this suspension was
inoculated into each well of an 8-well chambered cover-
glass slide. mB Box-97 and HuTipMab were added to
these bacterial solutions to yield 56–900 nM and
0.5–7.5 μg, respectively, either in a cocktail or separately.
After 13 h of incubation for S. aureus or 16 h of incu-
bation for NTHI 37 ◦C 5% CO2, biofilms were washed
once with DPBS and fixed, imaged, and analysed as
described in previous in vitro assays. Data represent the
mean of 3 biological replicates that were repeated a
minimum of three times on separate days (n ≥ 3).

Intratracheal infection of B. cenocepacia in C57BL/6
mice
Female and male C57BL/6 mice were acquired from
The Jackson Laboratory. Wildtype mice aged 10–14
weeks and approximately 20–25 g in body mass were
used in all animal work presented herein. Mice were
housed in BSL-2 facilities in individually ventilated
cages at temperatures ranging from 20 to 24 ◦C with
filtered air, and a 12 h light/12 h dark cycle. Absorbing
bedding, drinking water, and a standardised mouse diet
was provided, and all materials were autoclaved before
use. CFU in lungs were quantified from four to five
mice per group, and lung pathology was analysed from
www.thelancet.com Vol 107 September, 2024
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Fig. 1: Structure of HMGB1. Domain structure of HMGB1 (green).
The amino acids (AAs) for each domain are indicated (black), and
cysteine residues C23 and C45 can form a disulfide bond that results
in reduced DNA binding affinity and increased pro-inflammatory
activity. C106 mediates pro-inflammatory activity via TLR4-MD2
binding. Engineered HMGB1 domain variants are shown (gray).
Multiple AAs in mB Box-97 can be post-translationally modified
(PTM) [brown bar shows points of PTM: acetylation/methylation of
Lys (blue); oxidation of Cys (orange); glycosylation of Asn (purple);
phosphorylation of Tyr (red)].

Articles
two mice per group, which while not able to provide a
statistical comparison was nonetheless informative.
B. cenocepacia strain K56-2 was cultured in Luria–
Bertani (LB) broth (Difco, MD) at 37 ◦C overnight
with shaking. Bacterial concentration was adjusted
before each experiment based on absorbance at 600 nm.
Mice were treated with 2 μg of B Box-97 or mB Box-97syn
peptides contained within a 100 μl volume at the time of
bacterial challenge. Animals were euthanised 72 h post
infection for recovery of bronchoalveolar lavage (BAL)
fluids and lungs for homogenisation. The number of
CFU of bacteria in both BAL fluids and lung tissue
homogenates was calculated by performing serial di-
lutions and seeding aliquots onto LB agar plates. Lungs
were also fixed and embedded in paraffin; slides were
stained with Hematoxylin-Eosin (H&E) and relative ev-
idence of histopathology and/or inflammation was
assessed.

Murine model of endotoxemia
C57BL/6 mice were acquired and housed according to
the methodology described above. Male and female
mice in groups of three to five were injected IP with
either PBS, 100 μg of E. coli Lipopolysaccharides (LPS)
(Sigma), 2 μg endotoxin-free B Box-97, or 2 μg
endotoxin-free mB Box-97syn. The size per group was
not calculated based on statistic methods. Mice were
euthanised 24 h later, serum was collected and relative
concentration of TNF-α was quantified by ELISA
(Thermo Fisher). Our study examined male and female
animals, and similar findings are reported for both
sexes.

Ethics
All animal experiments were performed in compliance
with established ethical regulations and approved by the
Institutional Animal Care and Use Committee (IACUC)
at NCH (Nationwide Children’s Hospital) according to
protocol AR13-00020, in which the methodology is
described in detail.

Statistics
Graphical results were analysed, and statistical tests
were performed with GraphPad Prism 9 for all in vitro
assays. Due to the small sample sizes used throughout
the manuscript, a Shapiro–Wilk test for normality was
performed on all data as well as a nonparametric
Kruskal–Wallis test (with an uncorrected Dunn’s test for
multiple comparisons) to ensure that any stated statis-
tical significance with parametric one-way ANOVAs
(with Dunnett’s multiple comparison correction) (or
lack thereof) were retained. Results from parametric
testing are retained when data were normally distrib-
uted, and non-parametric test outcomes are reported for
data that were not normally distributed. Data are pre-
sented as mean ± SEM and significance is shown as
*P ≤ 0.05, **P < 0.01, ***P < 0.001, and
www.thelancet.com Vol 107 September, 2024
****P < 0.0001. n represents the number of biological
replicates and is defined within respective figure
legends.

Role of funders
Funders did not participate in the study design, data
collection, data analyses, interpretation, or writing of the
manuscript. The corresponding authors had full access
to all of the data and had the final responsibility to
submit for publication.
Results
Domain structure of HMGB1 and rationale for
generation of truncated constructs
HMGB1, produced exclusively by eukaryotes, is >99%
conserved amongst mammals as a chromatin compo-
nent.26 HMGB1 acts as a monomer and consists of two
structurally similar but distinct alpha helical-containing
domains that bind to and bend DNA (A and B Boxes),
plus a third C terminal domain comprised of ∼30
consecutive acidic residues that interacts with a wide
variety of protein partners in chromatin (Fig. 1). To
engineer a therapeutic version of HMGB1 that solely
functions to disrupt bacterial biofilms whilst void of pro-
inflammatory activity, we sought to identify the specific
minimum region(s) of the native protein that possess
antibiofilm ability only. To do so, we produced rHMGB1
truncated variants that included: 1) an A-B Boxes
construct (lacks the C tail; residues 1–176); 2) the A Box,
a self-contained DNA-binding domain27 (AA residues
1–89); 3) an 87 residue portion that contained the B Box
(‘B Box-87’, residues 90–176); and 4), and a 97 residue
portion that contained an extended version of the B Box
(‘B Box 97’, residues 80–176) (Fig. 1). Previous work
implied DNA binding was required for anti-biofilm
function, and regions directly adjacent to the B-Box
5
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(linkers) contain additional DNA binding activity.28 As
the B Box is reported to contain pro-inflammatory ac-
tivity, mediated primarily through interactions with
TLR4-MD2 that are dependent through residue C106,29

we created a modified recombinant B Box-97 variant
(mB Box-97rec) with a C106S mutation.

B Box-containing HMGB1-derived peptides retained
in vitro biofilm disruption activity
First, we tested disruptive abilities of rHMGB1-derived
peptides. These peptides were evaluated for their abil-
ity to disrupt established biofilms (formed for 24 h prior
to addition of an HMGB1 variant). After a 16 h exposure
to a single dose of each peptide (200 nM), biofilms
formed by a variety of high priority pathogens were
stained with LIVE/DEAD®, imaged by confocal laser
scanning microscopy (CLSM), analysed by COMSTAT,30

and compared to biofilms incubated with media only
(negative control). Addition of A Box (200 nM) to
established biofilms formed by uropathogenic Escher-
ichia coli (UPEC), Burkholderia cenocepacia (Bc), Klebsiella
pneumoniae (Kp) or nontypeable Haemophilus influenzae
(NTHI) had no significant effect on measured biofilm
thickness when analyzed by either parametric or non-
parametric one-way analysis of variance (ANOVA; cor-
rected for multiple comparisons with Dunnet’s tests or
uncorrected Dunn’s test of multiple comparisons,
respectively) and in some cases appeared to slightly
stimulate biofilm growth over that of exposure to me-
dium alone (Fig. 2A). While B Box-87 exhibited signif-
icant anti-biofilm activity against B. cenocepacia, K.
pneumoniae and NTHI (but had no measurable effect on
UPEC biofilms) when analyzed with parametric one-way
ANOVA compared to media alone, nonparametric
ANOVA results of these data suggest that significance
was not retained when B Box-87 was tested against
NTHI (although these data are normally distributed as
indicated by a Shapiro–Wilk test for normality; due to
relatively small sample size, we ran these additional
nonparametric tests to account for this limitation and
ensure a comprehensive analysis of this exploratory
study in order to confirm the effectiveness of mB Box-97
as compared to other peptides for use in future studies).
A-B Box and B Box-97 peptides retained highly signifi-
cant anti-biofilm activity against all pathogens tested
when analyzed by both parametric and non-parametric
one-way ANOVA (P = 0.004–P < 0.0001; with the
exception of A-B Box tested against NTHI, which;
although normally distributed and statistically signifi-
cant by parametric one-way ANOVA, approaches sig-
nificance (P = 0.055) when analyzed by nonparametric
one-way ANOVA)) (Fig. 2A). Modified B-Box variant mB
Box-97rec also significantly disrupted biofilms formed by
all pathogens tested (P = 0.0025–P < 0.0001) as indicated
by both parametric and nonparametric one-way ANOVA
results (Fig. 2A).
Native HMGB1 is heavily post translationally modi-
fied, which affects various HMGB1 functions.31 Indeed,
even recombinant proteins expressed by bacteria often
have post translational modifications. Thus, we syn-
thesised a 97 amino acid peptide based on the coding
sequence of mB Box-97rec, which will henceforth be
referred to as mB Box-97syn. mB Box-97syn significantly
disrupted biofilms formed by four additional high pri-
ority ESKAPEE pathogens: Pseudomonas aeruginosa (Pa),
Staphylococcus aureus (Sa), Enterococcus faecium (Ef), and
Acinetobacter baumannii (Ab) (Fig. 2B). In these assays,
we also integrated use of a humanised monoclonal
antibody directed against the binding tips of the bacte-
rial DNABII proteins (‘HuTipMab’), previously shown
to have broad biofilm disruption activity16 as a positive
control (Fig. 2B). Biofilms formed for 24 h prior to the
addition of media alone, A Box (200 nM), mB Box-97syn
(200 nM) or HuTipMab (5.0 μg; equivalent to a con-
centration of 342 nM). After a 2 h exposure to a single
dose of each treatment, biofilms were imaged and ana-
lysed as described above for Fig. 2A, and average
percent biomass remaining was reported. Each path-
ogen was significantly disrupted by mB Box-97syn or
HuTipMab (Pa–70%, 70%; Sa–88%, 75%; Ef–61%, 71%;
Ab–83%, 72%, respectively) (P = 0.03–P < 0.0001)
compared to treatment with media only (negative con-
trol). At 200 nM, A Box again appeared to stimulate
growth of both P. aeruginosa and E. faecium biofilms
over that of incubation with medium alone.

To ensure that mB Box-97syn retained its ability to act
as a biofilm disruptive agent against even larger and/or
older biofilms, we tested the ability of the peptide to
disrupt those formed by the respiratory tract pathogen
NTHI. To this end, biofilms grown for 48 or 72 h were
exposed to a single dose of mB Box-97syn (200 nM) for
an additional 2 h, then imaged and analysed as
described in aforementioned in vitro biofilm disruption
assays. As a positive control for this assay we exposed
replicate NTHI biofilms to a murine monoclonal anti-
body (MsTipMab is directed against the same protective
epitopes as is HuTipMab; used at 5.0 μg) or, as a
negative control, to a murine monoclonal antibody
directed against a non-protective domain of a bacterial
DNABII protein (MsTailMab; 5.0 μg). Whereas,
compared to incubation with media alone, neither 48
nor 72 h NTHI biofilms were disrupted by incubation
with MsTailMab, they were significantly disrupted by
both MsTipMab and mB Box-97syn (48 h: 47% and 47%;
72 h: 34% and 46%, respectively) (Supplementary
Fig. S2) (P = 0.0007–P < 0.0001). Biofilms grown for
96 h required twice the aforementioned concentrations
of MsTipMab or mB Box-97syn (10.0 μg or 400 nM,
respectively) to elicit similar disruption (e.g., 37% and
49%, respectively). The need for an increased dose of
therapeutic was expected, given that eDNA and DNABII
concentrations increase with biofilm maturity.11 These
www.thelancet.com Vol 107 September, 2024
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Fig. 2: Disruption of biofilms formed by ESKAPEE pathogens, NTHI, or B. cenocepacia. (A) Individual domains of rHMGB1 (200 nM) were
added at 24 h to the respective preformed biofilms, in vitro, for 16 h. Biofilms were stained with LIVE/DEAD®, imaged by confocal laser scanning
microscopy (CLSM), and analysed by COMSTAT to calculate average thickness and comparison to media alone control was plotted (dotted line
indicates control values). Data presented are mean ± SEM. Statistical significance compared to control was assessed with one-way ANOVA
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). (B) A Box (200 nM), mB Box-97syn (200 nM), or HuTipMab (5.0 μg) were added at
24 h to biofilms pre-formed by additional ESKAPEE pathogens, in vitro, for an additional 2 h. Biofilms were stained with LIVE/DEAD®, imaged as
described in 2A, and analysed by COMSTAT to calculate average biomass and percent biomass remaining compared to the media only control
was plotted (dotted line indicates control values). Treatment groups represent a minimum of n = 3.
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results were statistically significant (P = 0.02, P = 0.004,
respectively).

mB Box-97syn retains DNA binding function and is
stable in vitro
To further determine if post-translational modifications
played a role in biofilm disruption, mB Box-97rec, was
compared to mB Box-97syn, and used to confirm that it
indeed retained DNA binding activity. We performed an
electromobility shift assay (EMSA) using a HJ DNA
substrate that mimics the crossed strands of the eDNA
lattice of bacterial biofilms15 and is also a natural sub-
strate of HMGB114 and compared the binding ability of
mB Box-97syn to that of the various truncations of
HMGB1. Recombinant versions of all truncations that
contained complete A and or B Box domain structures
including mB Box-97rec and mB Box-97syn were simi-
larly able to bind to HJ DNA (Supplementary Figs. S3 &
S4). As an additional test of stability, mB Box-97syn was
incubated in human serum and shown to be stable for a
minimum of 24 h (Supplementary Fig. S5), consistent
with the fact that both the construct structure and a lack
of post translational modifications of mB Box-97syn
failed to affect protein stability. Collectively these data
suggested that mB Box97syn (which lacked any post-
translational modifications) maintained both the DNA-
binding and biofilm disrupting capabilities of mB
www.thelancet.com Vol 107 September, 2024
Box97rec, and further, was stable in human serum.
Lastly, we conducted a series of growth curve de-
terminations to confirm that neither B Box-97 or mB
Box-97syn (when assayed at the concentrations used for
anti-biofilm activity) exhibited any bactericidal activity
(Supplementary Fig. S6) and saw no change in the
growth rate of NTHI.

mB Box-97syn prevented biofilm formation in vitro
We hypothesised that mB Box-97syn could also prevent
the formation of bacterial biofilms, as this hypothesis is
consistent with the domain variant’s now demonstrated
ability to disrupt established biofilms in vitro. To this
end, we assayed for the ability of mB Box-97syn to pre-
vent biofilm formation by S. aureus or NTHI, a repre-
sentative Gram-positive or Gram-negative pathogen,
respectively. Negative controls included exposure to
media alone or to A Box (200 nM) given its demon-
strated lack of biofilm disruption activity and tendency
to slightly stimulate biofilm growth even when used at
up to 900 nM when incubated with either of these
bacterial pathogens. Established biofilms treated with
A Box after an initial incubation period (24 h) then
assayed for relative disruption are presented in Fig. 3.
To assay biofilm prevention capability, inocula were
exposed to either whole rHMGB1 (200 nM), mB Box-
97rec (600 nM) or two concentrations of mB Box-97syn
7
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(600 or 900 nM). We used greater concentrations of
these latter agents (e.g., 600 or 900 nM) as biofilm
prevention required an increased concentration over
that used for disruption (data not shown). Due to what is
known regarding its biofilm disruption capability, we
also tested, for the first time, HuTipMab’s ability to
prevent biofilm formation via use of two increasing
concentrations of (5.0 or 7.5 μg), for 16 h. Biofilms were
then stained with LIVE/DEAD®, imaged by CLSM then
analysed by COMSTAT. Average biofilm biomass values
compared to those when incubated with media alone
were used to report percent prevention.

Neither exposure to media alone nor A Box pre-
vented growth of S. aureus or NTHI biofilms, and as
noted earlier, exposure to 200 nM of A Box appeared to
slightly stimulate S. aureus biofilm growth over that of
exposure to medium alone. Conversely however, growth
of both S. aureus and NTHI biofilms was significantly
prevented by exposure to mB Box-97syn or HuTipMab at
each concentration tested compared to both negative
controls (Fig. 4A) (P = 0.01–P<0.0001). The highest
tested concentrations of mB Box-97syn and HuTipMab
(e.g., 900 nM and 7.5 μg, respectively) prevented growth
beyond that of a monolayer of bacteria (average biomass
<1.0 μm3/μm2, P < 0.0001), characterised by the absence
of characteristic biofilm 3D architecture. Additionally,
rHMGB1 and mB Box-97rec were similarly preventative
(P = 0.009–P = 0.0001) which indicated that the full anti-
biofilm activity of both recombinant proteins was
maintained within mB Box-97syn which lacked post-
translational modifications.

To determine the breadth of ability of mB Box-97syn
and now established positive control HuTipMab to
prevent biofilm formation by additional human patho-
gens, we used the most effective concentration of each
biological that had prevented biofilm formation by both
Fig. 3: HMGB1-derived A box peptide did not disrupt NTHI or S. aure
disrupt biofilms formed by either NTHI or S. aureus at any of the teste
incubated for an additional 2 h with one of three increasing concentration
growth of S. aureus biofilms, whereas incubation with either 600 or 900
pathogens. Data are presented as mean ± SEM. Statistical significance
comparisons were significant (*P < 0.05). Treatment groups represent n
S. aureus and NTHI to attempt to similarly prevent
biofilm formation by the remaining high priority
ESKAPEE pathogens or Burkholderia cenocepacia
(Fig. 4B). Whereas exposure to A Box or media alone
again did not prevent biofilm growth by any pathogen
tested, and at times once again appeared to slightly
stimulate growth compared to exposure to medium
alone (e.g., UPEC, B. cenocepacia), we observed signifi-
cant prevention of biofilm formation by P. aeruginosa,
Enterobacter spp., E. faecium, UPEC, A. baumannii or B.
cenocepacia after 16h exposure to either mB Box-97syn or
HuTipMab, as indicated by reported average remaining
biomass values. To provide additional evidence of the
preventative activity observed, data generated with the
pathogen K. pneumoniae (Fig. 5A) are presented along
with corresponding representative CLSM images and
average remaining biomasses are reported, with A Box
again slightly stimulating K. pneumoniae biofilm growth
over that of medium alone (Fig. 5B). Biomass differ-
ences of every pathogen tested compared to respective
media alone or to A Box exposures were statistically
significant (P = 0.04–P < 0.0001), with the exception of
K. pneumoniae, which approaches significance
(P = 0.055) when mB Box-97syn was compared to media
alone or A Box.

An mB Box-97syn and HuTipMab cocktail was more
effective at prevention of biofilm formation than
either agent when used separately
As we had demonstrated to this point that exposure to
either mB Box-97syn or HuTipMab significantly pre-
vented biofilm formation by 9 pathogens including the 7
high priority ESKAPEEs in vitro, we hypothesised that
the two modalities would yield an even greater preven-
tive effect when utilised simultaneously, given that they
function via different yet potentially complementary
us biofilms Incubation with HMGB1-derived A Box peptide did not
d concentrations. Each biofilm was allowed to grow for 24 h, then
s of A Box. Use of 400 nM A Box again appeared to slightly stimulate
nM of A Box slightly stimulated growth of biofilms formed by both
compared to control was assessed with one-way ANOVA and no
= 3.
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Fig. 4: Prevention of biofilm formation by ESKAPEE pathogens, NTHI or B. cenocepacia. (A) S. aureus or NTHI exposed to media alone or
single dose concentrations of A Box (200 nM), rHMGB1 (200 nM), mB Box-97rec (600 nM), mB Box-97syn (600 or 900 nM) or HuTipMab (5.0 or
7.5 μg), for 16 h. Biofilms were stained with LIVE/DEAD®, imaged by CLSM, analysed by COMSTAT, and average biomass remaining compared
to media alone or A Box was plotted. Data presented are mean ± SEM. Statistical significance compared to control was assessed with one-way
ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). (B) P. aeruginosa, E. species, E. faecium, UPEC, A. baumannii, or B. cenocepacia
exposed to media alone or single dose concentrations of A Box (200 nM), mB Box-97syn (900 nM) or HuTipMab (7.5 μg), for 16 h. Biofilms
were stained, imaged, analysed and data are presented as described in 4A. What appears to be identical media biomass measurements for UPEC
biofilms represent raw values of 0.96, 1.01, and 0.97 μm3/μm2 which were each rounded to 1.0 and reflect UPEC’s consistent growth at the
tested inoculum and incubation period.
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mechanisms. To establish a comparative model that
evaluated preventative effects of each agent separately
alongside that of an admixed cocktail, we exposed a
representative Gram positive or Gram negative path-
ogen (e.g., S. aureus or NTHI) to serial 1:2 dilutions of a
www.thelancet.com Vol 107 September, 2024
starting maximal dose of either mB Box-97syn or
HuTipMab (see Key portion of Table 1 below the dotted
line) used in earlier prevention assays as compared to
exposure to media alone to determine relative preven-
tative capabilities.
9
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Fig. 5: Prevention of biofilm formation by K. pneumoniae. (A) K. pneumoniae exposed to single dose concentrations of media alone, A Box
(200 nM), mB Box-97syn (900 nM), or HuTipMab (7.5 μg) for 16 h. Biofilms were stained with LIVE/DEAD®, imaged by CLSM, analysed by
COMSTAT, and average biomass remaining compared to media alone or A Box was plotted. Data presented are mean ± SEM. Statistical
significance compared to control was assessed with one-way ANOVA (P ≤ 0.05, ****P < 0.0001). (B) Representative CLSM images of LIVE/
DEAD® stained K. pneumoniae biofilms from data shown and described above.
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As shown, a 13 h exposure to decreasing concen-
trations of mB Box-97syn (top row, Table 1A) prevented
S. aureus biofilm formation from 79% to 0%, whereas a
13 h exposure to decreasing concentrations of HuTip-
Mab (second row, Table 1B) prevented S. aureus biofilm
formation from 82% to 0%. Following a 16 h exposure
to decreasing concentrations of mB Box-97syn (top row,
Table 1B), biofilm formation of NTHI was prevented
from 62% to 0% whereas following the same exposure
to and dilutions of HuTipMab (second row, Table 1B),
biofilm formation of NTHI was prevented from 67% to
0%. Exposure of S. aureus or NTHI to decreasing con-
centrations of a 1:1 cocktail of both biologicals (mB
Box-97syn plus HuTipMab) for 13–16 h was also tested
(see values within the bottommost row associated with
each pathogen in Table 1). Percent prevention of
S. aureus (Panel A, bottommost row), following expo-
sure to the admixed cocktail ranged from 92% to 0%
which exceeded that of either biological when used alone
at every concentration tested, except for the lowest tested
www.thelancet.com Vol 107 September, 2024
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A. S. aureus

mB Box-97 79 ± 5 65 ± 6 51 ± 3 38 ± 6 35 ± 7 0

HuTipMab 82 ± 5 57 ± 6 57 ± 4 46 ± 8 41 ± 2 0

1:1 cocktail 92 ± 1 79 ± 2 75 ± 3 61 ± 5 42 ± 2 0

B. NTHI

mB Box-97 62 ± 2 38 ± 11 32 ± 6 25 ± 7 15 ± 2 0

HuTipMab 67 ± 7 56 ± 3 41 ± 1 24 ± 14 13 ± 13 0

1:1 cocktail 87 ± 0 79 ± 4 69 ± 5 57 ± 8 34 ± 7 0

Key

mB Box-97 900 nM 450 nM 225 nM 113 nM 56 nM 0 nM

HuTipMab 7.5 μg 3.8 μg 2.0 μg 1.0 μg 0.5 μg 0.00 μg

The relative percentage of (A) S. aureus or (B) NTHI biofilms prevented with
exposure to 1:2 dilutions of single dose concentrations of mB Box-97syn,
HuTipMab, or a 1:1 cocktail of both agents (decreasing concentrations L→R) for
13 h for S. aureus or 16 h for NTHI. The 1:1 cocktail of each agent was more
preventative than either agent used singly in all bolded cells. Data presented are
mean percent biofilm biomass prevented compared to incubation with media
alone ± SEM.

Table 1: A cocktail of mB Box-97syn and HuTipMab prevented biofilm
formation in vitro as evaluated by CSLM with COMSTAT analysis of
biofilm biomass.
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concentration that was approximately equally preventative
to that percentage of biofilm growth prevented by
HuTipMab when used singly. Exposure of NTHI to the
same decreasing concentrations of a 1:1 cocktail (Panel B,
bottommost row) yielded similar results (87%–0%) and
notably exceeded that of either biological when used
alone at every concentration tested.

mB Box-97syn prevented aggregate biofilm
formation and failed to induce an inflammatory
response in vivo
To now determine whether mB Box-97syn could also
prevent aggregate biofilm formation in vivo and do so
without promoting an excessive and potentially
damaging inflammatory response, we used a murine
model of aggregate biofilm formation in the lungs of
mice wherein we have previously shown the ability of
full length HMGB1 to promote clearance of aggregate
B. cenocepacia biofilms from the lung.14 To do so, we
inoculated C57BL/6 mice with 107 colony forming units
(CFU) of B. cenocepacia14 and treated them with 2 μg of B
Box-97 or mB Box-97syn simultaneously at the time of
intratracheal (i.t.) bacterial challenge. Animals were
euthanised 72 h post challenge and CFU of bacteria
within bronchoalveolar lavage (BAL) and lung homoge-
nates were determined (Fig. 6A). Compared to un-
treated mice or mice treated with B Box-97, BAL of mice
treated with mB Box-97syn contained significantly fewer
bacteria (P = 0.02). Although this significant difference
was not observed in lung homogenates (Fig. 6B), there
was nonetheless a trend for reduced CFU in the ho-
mogenates of the lungs of mice that received either B
Box-97 or mB Box-97syn compared to infected mice that
received no treatment. Mouse lungs were also fixed,
www.thelancet.com Vol 107 September, 2024
embedded in paraffin, sectioned then stained with he-
matoxylin and eosin (H&E) to assess relative signs of
inflammation (Fig. 6C). Alveolar sacs and bronchial
spaces of a representative uninfected mouse is shown
(a) alongside that of an uninfected mouse treated with
either B box-97 alone (b) or mB Box-97syn alone (c), none
of which exhibited signs of inflammation. Conversely
however, the lungs of mice infected with B. cenocepaicia
showed a profuse recruitment of inflammatory cells (d),
mainly characterised by neutrophils distributed within
alveolar sacs. The infected mice treated with either B
Box-97 (e) or mB Box-97syn (f) showed reduced recruit-
ment of inflammatory cells, with very few PMNs present
within the alveoli, particularly in the mB Box-97syn
treated mice. When found, the inflammatory cells were
primarily observed surrounding the layer of airway
epithelial cells that lined the bronchial spaces in infected
mice treated with either B Box-97 or mB Box-97syn. This
outcome indicated that mB Box-97syn not only limited
the bacterial load within the lungs of challenged mice,
but also did not induce a pro-inflammatory response
compared to untreated/infected mice or those that had
been infected but had also been treated with B Box-97.

To further demonstrate that neither B Box-97 nor
mB Box-97syn was proinflammatory, we utilised a mu-
rine model of systemic inflammation (or endotoxemia)
wherein C57BL/6 mice were injected intraperitoneally
(i.p.) with either E. coli lipopolysaccharide (LPS) or PBS
as positive or negative controls, respectively or with 2 μg
of B Box-97 or mB Box-97syn. Twenty-four hours later,
serum was collected and assayed for relative concen-
tration of TNF-α (Fig. 7). Whereas LPS induced high
levels of serum TNF-α, there was no similar outcome for
mice injected with either PBS, B Box-97 or mB Box-
97syn. These differences were statistically significant
(p ≤ 0.0001).
Discussion
Previously, we demonstrated full length HMGB1’s anti-
biofilm activity via its ability to act as a disruptive agent
against a variety of Gram-negative and Gram-positive
bacterial pathogens.14 Herein we demonstrated that the
truncated HMGB1 domains: B Box, A + B Boxes, mB
Box-97, but not the A Box, disrupted biofilms formed by
additional tested pathogens in a species agnostic
manner. These data indicated that the domain variants
of HMGB1 inclusive of the B Box domain were effective
anti-biofilm agents. Furthermore, we extended our
analysis to show that a naturally occurring cysteine that
is, in part, responsible for HMGB1’s proinflammatory
activity can be mutated to a serine to be far less in-
flammatory in an animal model of a biofilm infection
while its’ DNA binding and anti-biofilm abilities were
retained, which we demonstrated through use of the 97-
mer polypeptide mB Box-97. Importantly, the afore-
mentioned functions were retained even when mB Box-
11
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Fig. 6: Prevention of B. cenocepacia aggregate biofilm formation in the murine lung without induction of excessive inflammation.
C57BL/6 mice were infected IT with 107 CFU of B. cenocepacia. Mice were treated with 2 μg of B Box-97 or mB Box-97syn peptides at the time of
infection. Animals were euthanised 72 h post infection, and (A) bronchoalveolar lavage (BAL) or (B) lung tissue were collected (*P < 0.05).
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97 was produced synthetically and devoid of post
translational modifications (an indication that this
domain is folded properly in the absence of any modi-
fication of cellular activities).

HMGB1 is among the most abundant, ubiquitous,
and multifunctional eukaryotic cell proteins with
context-dependent cellular functions.32 Originally
described as a nuclear non-histone protein whose bio-
logical roles appeared to require DNA binding,33 further
studies show that HMGB1 also functions outside of the
cell where it exerts potent proinflammatory actions that
can be considered DAMP mediators.20,34,35 Additional
studies show that HMGB1 plays a role in microbial
elimination from the host, not only through its proin-
flammatory actions but also by the modulation of
neutrophil chemotaxis and the induction of NET
formation.19,36,37

HMGB1, a 25-kDa protein comprised of 215 amino
acids, is organised into three functional domains: two
net positively charged DNA-binding domains approxi-
mately 80 amino acids long, termed the A and B boxes
that are connected by a short basic linker, and a nega-
tively charged acidic C tail at the carboxyl-terminus that
is comprised of 30 glutamic and aspartic acid residues.
While the role of the C tail is largely elusive, it has been
shown in vitro to regulate HMGB1 affinity for a variety
of DNA structures.37–40 TNF-stimulating activity of
HMGB1 is localised within the B Box domain, and its
immunogenic activity is altered when a cysteine at po-
sition 106 is mutated.41 Specifically, the B Box domain of
HMGB1 contains proinflammatory activity that relies on
the presence of the C106-containing peptide. HMGB1’s
C106 residue is notably required for TLR4 binding and
HMGB1-dependent cytokine release from macro-
phages. Through its ability to bind TLR4, HMGB1
triggers activation of a proinflammatory cascade that
mediates tissue repair and wound regeneration. In the
case of recalcitrant biofilm-mediated infections, howev-
er, the sustained activation of a proinflammatory
cascade could be detrimental to the healing process, as
excessive cytokine responses induced during infection
could cause collateral damage to the host.29 Herein, we
introduced a modified truncation of HMGB1 inclusive
of the HMGB1 B Box domain called mB Box-97, char-
acterised by a mutation of residue C106 that virtually
eliminated the proinflammatory ability of HMGB1, yet
fully retained its biofilm eDNA binding plus biofilm
disruptive and preventative capabilities.

eDNA is a crucial bacterial biofilm component which
is maintained by the bacterial DNABII proteins (HU
(C) Lungs were fixed and embedded in paraffin; slides were stained
(a) uninfected lung; (b) lung from uninfected mouse treated with B Bo
(d) lung from mouse challenged with B. cenocepacia; (e) lung from mous
from mouse challenged with B. cenocepacia and treated with mB Box-9
represents 100 μm. Insets within d, e & f are shown at a magnification
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and IHF) localised to the vertices of crossed strands of
eDNA that makes up the eDNA-dependent biofilm
extracellular matrix.12 Given that DNABII and HMGB1
proteins have similar DNA structure binding prefer-
ences in vitro that functionally can replace one
another,14,42 it was reasonable to conclude that HMGB1
could act at the same vertices of biofilm eDNA. Indeed,
we recently discovered that HMGB1 acts as a competi-
tive inhibitor of the DNABII proteins for the same
eDNA binding sites thereby causing disruption of bio-
films.14 Our previous studies demonstrate that the
vertices structure that we have shown functionally
resemble HJs and are stabilised by the bacterial DNABII
family of proteins have an essential role in the structural
integrity of bacterial biofilms.15 Indeed, both the DNA-
BII family of proteins and HMGB1 bind to HJs.43

However, there are important distinctions between
these nucleoprotein interactions that contrast each pro-
tein’s interaction with biofilm eDNA. First, HMGB1 and
the DNABII family are non-homologous and share no
known immunological epitopes. Second, HMGB1 and
DNABII proteins bend DNA differently. HMGB1 binds
to and bends via the convex side of DNA; in effect
pushing the DNA into a bend, whereas the DNABII
family binds to and bends via the concave side of DNA
effectively pulling the DNA into a bent configuration.44

Third, while both proteins bind to HJs, which is
believed to be the consequence of HJ structure resem-
bling bent DNA, the HMGB1 protein creates a square
planar conformation of HJs, whereas the DNABII pro-
teins create an X-like configuration.45–47 The former al-
lows branch migration of homologous strands of DNA,
while the latter prevents branch migration. Whereas we
do not know the exact structure of the HJ-like DNA
configurations within biofilms, we noted previously that
the DNABII proteins are found bound to the vertices
(the HJ-like structures) of eDNA in biofilms, while
HMGB1 is never found at these structures,14 consistent
with the notion that when HMGB1 encounters these
structures, they are disrupted.

Given this model for biofilm disruption, we sought
to identify which of HMGB1’s DNA binding domains
was responsible for biofilm disruption. In this work, we
show that it is the B-box domain alone that is respon-
sible for anti-biofilm activity. To validate that all of the
constructs containing the B-Box were still able to bind
DNA, we used HJ DNA as a proxy for the HJ-like
structures in biofilms. Here, we determined that
HMGB1 and its truncated variants retained their DNA-
binding capabilities, a finding that supports our
with Hematoxylin-Eosin (H&E) and histopathology was evaluated.
x-97; (c) lung from uninfected mouse treated with mB Box-97syn;
e challenged with B. cenocepacia and treated with B Box-97; (f) lung
7syn. Images are shown at a magnification of 200x, the scale bar
of 600x.
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Fig. 7: Neither B Box-97 nor mB Box-97syn induced an inflam-
matory response in a murine model of endotoxemia Mice were
injected IP with either sterile PBS, 100 μg LPS, 2 μg endotoxin-free B
Box-97, or 2 μg endotoxin-free mB Box-97syn. Serum TNF-α was
measured by ELISA after 24 h. Whereas LPS induced production of
TNF-α, neither PBS, B Box-97 nor mB Box-97syn induced formation
of this pro-inflammatory cytokine. Bars represent mean ± SD.
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hypothesis that the anti-biofilm activities of HMGB1
(and the structural variants) are mediated through DNA
binding. Supportive of this hypothesis is the higher af-
finity to HJ DNA displayed by the B Box as compared to
the A Box, where the latter consistently showed no anti-
biofilm activity. Indeed, binding to and bending with
high affinity to DNA with a preference for distorted
(bent, kinked and unwound) DNA structures is an
intrinsic feature of the HMGB1 Boxes.39,40,48 However,
the HMGB1 boxes have different preferences for four-
way (HJ) DNA.27,49 As shown in Fig. 1, the B
Box-containing truncation we used in our experiments
included an additional 8 amino acids (residues 80–176)
beyond the canonical B Box domain that contains 4
positively charged amino acids (lysine) that are believed
to facilitate DNA binding. This construction is similar to
the longer B Box domain (residues (84–184) used by Teo
et al.,49 who tested the preferences of various HMGB1
Box domains for synthetic four–way junctions, the
ability to bend DNA and found that the DNA/protein
interactions and ability to bend DNA were weaker for A
Box as compared with the B Box with the linker. They
concluded that the additional B Box region (linker)
might promote the recognition of protein/DNA com-
plexes.49,50 This finding is also in agreement with pre-
vious studies that describe the acidic C tail as lowering
the affinity of A and B Boxes for DNA substrates.38,51,52

This outcome can be a consequence of the interaction
of the positively charged A and B Boxes with the nega-
tively charged C terminal tail, as the two Boxes ‘sand-
wich’ the C tail so as the HMGB1 DNA-binding
domains are shielded from interactions with DNA.53,54

Likewise, removal of the C tail increased the affinity of
the HMGB1 A and B Boxes with DNA.54

Our previous studies demonstrate that HMGB1 (and
herein demonstrated that mB Box-97) binds the HJ-like
structures responsible for maintaining structural integ-
rity within biofilm eDNA matrices to destabilise them
and likely function to cordon off and inhibit biofilm
formation in the host. In contrast, anti-DNABII anti-
bodies bind free DNABII proteins which introduces an
equilibrium shift of DNABII proteins from the biofilm
to subsequently collapse biofilm architecture.14 Via their
mechanistic differences, both strategies herein suc-
cessfully disrupted and prevented biofilm formation. In
this new study, we showed that mB Box-97syn can be
used in a combinatorial therapeutic approach to prevent
or limit biofilm formation evidenced by use of a host-
augmenting plus pathogen-directed anti-DNABII cock-
tail (mB Box-97syn plus HuTipMab), which had biofilm
prevention activity that exceeded preventative capabil-
ities of either biological when used separately. A po-
tential limitation of this study could be owed to use of
static biofilms rather than biofilms grown under flow,
whose extracellular matrices could indeed differ
architecturally.

If this activity is maintained in vivo, we hypothesise
that its therapeutic use would likely tip the therapeutic
balance in favor of the host in both the prevention and
likely eradication of highly recalcitrant bacterial bio-
films. New work presented here shows that neither
approach dominates the other and by acting via distinct
mechanisms could constitute a complementary and
highly powerful anti-biofilm disease therapeutic.

Toward the goal of clinical use, we created a version
of HMGB1 that would retain anti-biofilm function but
without proinflammatory activity by constructing a
minimal B Box-containing peptide. Since HMGB1
functions as a proinflammatory innate immune
effector55 and when in excess can cause damaging
inflammation, even to the point of sepsis, to do so we
introduced a point mutation at C106S which is known to
reduce inflammatory function.29 Our fully functional
anti-biofilm candidate mB Box-97syn retains complete
www.thelancet.com Vol 107 September, 2024
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anti-biofilm activity, but with the C106S mutation is no
longer inflammatory. Indeed, our results indicated that
mB Box-97syn fails to elicit the production of TNF-α as
well as also facilitating a reduction of inflammatory
infiltration to the lungs, without compromising bacterial
clearance in an in vivo model of B. cenocepacia aggregate
biofilm formation in the murine lung. Moreover, since
this peptide is < 100 amino acids, it can be synthesised,
and is devoid of mitigating activities derived from post
translational modifications. Indeed, mB Box-97rec and
mB Box97syn appear to be equivalent in their ability to
act as anti-biofilm agents. Induced release of resident
bacteria from a biofilm state into a free living yet highly
antibiotic-vulnerable state56–60 gives this new formulation
clinical potential as a broad-spectrum anti-biofilm
approach, which could be even further empowered with
a co-delivered antibiotic depending on the specific dis-
ease state, site of disease and microbes within the
biofilm.
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