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ARTICLE INFO ABSTRACT

Keywords: Objectives: Structural or mucus hypersecretory pulmonary diseases such as cystic fibrosis (CF), wherein viscous
Humanized monoclonal antibody mucus accumulates and clearance functions are impaired, predispose people to lung infection by inhaled bacteria
M. abscessus that form biofilm aggregates. Nontuberculous mycobacteria (NTM), primarily Mycobacterium abscessus and
M. avium . . . . . .

DNABII proteins Mycobacterium avium, are the growing cause of these lung infections and are extremely challenging to treat due to
HupB antibiotic recalcitrance. Better therapeutic approaches are urgently needed. We developed a humanized

monoclonal antibody (HuTipMab) directed against a biofilm structural linchpin, the bacterial DNABII proteins,
that rapidly disrupts biofilms and generates highly vulnerable newly released bacteria (NRel).

Methods: HuTipMab’s ability to recognize HupB, NTM’s DNABII homologue was determined by ELISA. Relative
ability of HuTipMab to disrupt biofilms formed by lab-passaged and clinical isolates of NTM was assessed by
CLSM. Relative sensitivity of NTM NRel to antibiotic killing compared to when grown planktonically was
evaluated by plate count.

Results: HuTipMab recognized HupB and significantly disrupted NTM biofilms in a time- and dose-dependent
manner. Importantly, NTM NRel of lab-passaged and clinical isolates were now highly sensitive to killing by
amikacin and azithromycin.

Conclusions: If successful, this combinatorial treatment strategy would empower existing antibiotics to more
effectively kill NTM newly released from a biofilm by HuTipMab and thereby both improve clinical outcomes and
perhaps decrease length of antibiotic treatment for people that are NTM culture-positive.

Tip-chimer peptide

1. Introduction

Nontuberculous mycobacteria (NTM), distantly related to Mycobac-
terium tuberculosis, cause chronic infections in people with structural or
mucus hypersecretory pulmonary diseases, such as chronic obstructive
pulmonary disease (COPD), primary ciliary dyskinesia (PCD), or CF [1,
2]. In lower airway biofilm infections such as in people with CF, PCD or
COPD, mucociliary clearance is impeded by heavy sticky mucus and
reduced airway surface liquid, by immotile or dysfunctional cilia and/or
by damage to the respiratory epithelium [3]. Increased mucus

production by goblet cells is a common feature of CF, PCD and COPD
[4]. These diseases were recently characterized as “muco-obstructive
lung diseases” to better describe their clinical presentation of diffuse
mucus obstruction, dilation of airway walls, prolonged inflammation
and recurrent infection [5]. Muco-obstructive diseases in the lung
therefore arise from different pathophysiological mechanisms that can
involve defective epithelial cilia motility, ion transport and fluid ho-
meostasis, or mucus secretion that results in the accumulation and stasis
of mucus in airway compartments, which is not cleared and provides a
microenvironment for persistent airflow obstruction, inflammation and
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infection by growth of bacteria and development of biofilm aggregates
[3].

NTM are classified as slow (e.g., Mycobacterium avium, Mycobacte-
rium kansasii, Mycobacterium marinum) or rapidly growing [e.g., Myco-
bacterium abscessus complex (Mycobacterium massiliense, Mycobacterium
bollettii and Mycobacterium abscessus), Mycobacterium fortuitum, Myco-
bacterium chelonae] [6], and in addition to genotypic/phenotypic vari-
ability, NTM prevalence varies with underlying lung diseases [7,8].
People with CF (PwCF) are highly vulnerable to lung infection and NTM
are prevalent in both adults and children in the United States and
Europe, with NTM prevalence increasing by 5% annually [1,9,10]. One
in 5 PwCF are culture-positive for NTM [10] with acquisition associated
with geographic region, increasing age, and NTM species.

Established NTM infections are extremely difficult to treat and
require prolonged antibiotic therapy [1,2]. Recommended treatment for
PwCF who are culture-positive for NTM is commonly a many years-long
regimen of oral and intravenous antibiotics dependent on disease
severity [1,2]. Despite these intense regimens, failure rate is high with
up to 50%-60% of people unable to both transition from NTM-positive
to NTM-negative sputum cultures and maintain this conversion for over
12 months particularly with M. abscessus [1,2]. Critically, 30%-60% of
patients had to discontinue at least one of the prescribed antibiotics due
to considerable treatment sequelae such as drug-related toxicity (e.g.
nephrotoxicity or auditory-vestibular toxicity) [1]. In some cases, sur-
gical resection may also be recommended or, dependent on severity,
could be the only predictive curative therapy [2,8].

Reasons for treatment difficulty of NTM infections include low drug
uptake due to thick, hydrophobic mycobacterial cell walls, export of
drugs by efflux pumps, development of antibiotic resistance [7], and
biofilm formation by NTM [11-15]. Biofilms are aggregated bacterial
communities embedded in an extracellular polymeric substance (EPS) of
proteins, carbohydrates and extracellular DNA (eDNA). They are
phenotypically distinct from planktonic bacteria, and found in the lung
and/or sputum of PwCF or COPD [3,13,16,17]. Biofilm-resident bacteria
are well protected from antibiotics, chemical agents, mechanical stress
and immune effectors through diverse mechanisms [18]. Further, they
can tolerate antibiotics at many times the concentration required to kill
their planktonic counterparts [11]. Canonically, clinical isolates are
considered more virulent and more representative of disease-causative
agents than their lab-passaged counterparts [19], as clinical isolates of
M. abscessus display increased aggregation as well as intracellular sur-
vival and further, they induce greater inflammation relative to the
reference strain, M. abscessus 19977 [20,21]. Thereby, consideration of
testing clinical isolates in addition to lab-passaged strains is highly
recommended [19].

Novel and more effective approaches to combat recalcitrant NTM
infections are urgently needed [7]. We developed a targeted monoclonal
antibody-based technology to disrupt biofilms and release resident
bacteria into a transient phenotype that is more effectively killed by both
antibiotics and human PMNs [22-25]. Interestingly, bacteria newly
released from biofilm residence via a variety of mechanisms demon-
strate this phenotype [26-29], however this unique phenotype is
nonetheless not yet completely understood.

Our biofilm disruption strategy utilizes an antibody that targets an
essential structural component of the biofilm [30,31], the bacterial
DNA-binding proteins known as the DNABII family. When extracellular
and within the biofilm matrix, DNABII proteins [HU (histone-like pro-
tein) and IHF (integration host factor)] serve as structural linchpins [16,
17,32] positioned at crossed strands of eDNA [32,33]. Anti-DNABII
antibodies do not kill biofilm-resident bacteria [30,31], but instead
induce an equilibrium shift of DNABII proteins away from their
eDNA-bound state in the biofilm matrix to an unbound state in the
extracellular milieu. Upon this equilibrium shift, the biofilm is rapidly
disrupted to generate newly released (NRel) bacteria [24]. To date,
using this targeted strategy, we’ve effectively disrupted biofilms formed
by 23 bacterial genera in vitro [22,23,25,30,31,34], as well as in vivo
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using three distinct pre-clinical models of human disease [31,34,35].

Here, we investigated whether a humanized version of this DNABII-
targeted monoclonal antibody (i.e., ‘HuTipMab’) could disrupt biofilms
formed by both lab-passaged or clinical isolates of M. abscessus cultured
from PwCF, as well as M. avium, to induce the formation of NTM NRel
that were more susceptible to killing by two antibiotics commonly used
to treat those with recalcitrant NTM infections.

2. Materials and methods
2.1. Antibodies

HuTipMab (in 100 mM HEPES, 100 mM NacCl, 50 mM NaOAc) is an
IgG isotype and has been described [22]. Human IgG (HulgG) [in
phosphate buffered saline (PBS), without preservative] was used as the
negative isotype control (Thermo Fisher Scientific, Inc., Waltham, MA).

2.2. Antibiotics

Amikacin sulfate salt and azithromycin dihydrate were purchased
from Thermo Fisher Scientific, Inc. (Waltham, MA) and stored per
manufacturer’s instructions. Amikacin was suspended and diluted in
Middlebrook 7H9 broth (BD Difco™, Franklin Lakes, NJ) with 0.2%
glycerol and 10% albumin-dextrose-catalase (ADC, BD BBL™, Franklin
Lakes, NJ) immediately prior to use. Azithromycin was suspended in
dimethyl sulfoxide (Fisher Scientific International, Inc., Hampton, NH)
then further diluted 1:1000 in 7H9 with 0.2% glycerol and 10% ADC
immediately prior to use.

2.3. Bacterial strains and sources

M. abscessus 19977 (smooth morphotype) was originally isolated
from an individual with a knee infection. M. avium 25291 was originally
isolated from the infected liver of a chicken. Both isolates were procured
from the American Type Culture Collection. M. abscessus clinical isolates
1, 2 and 3 (smooth morphotypes) were recovered from the sputum of
PwCF. M. abscessus ATCC#19977 (Type strain M. abscessus sensu stricto
subsp. abscessus) was used. This is the sequenced and established
reference strain and contains both the smooth and rough morphotypes
of M. abscessus. Clinical isolates of M. abscessus were also subspecies
abscessus which has an active inducible erythromycin methylase (erm41)
gene that typically impairs binding of macrolides to ribosomes to impart
clinically significant macrolide resistance as well as other genetic fea-
tures that are thought to contribute to antibiotic resistance [8,36].
M. avium ATCC#25291 (M. avium subsp. avium) was used. This serotype
2 strain is considered an environmental bacterium and opportunistic
pathogen for humans, pigs and other species. This strain has been
sequenced and is one of the most typically used strains to study anti-
biotic susceptibility and M. avium pathogenicity [37,38].

2.4. Isolation and purification of recombinant HupB

M. tuberculosis HupB was PCR amplified using the following oligo-
nucleotides 5'-GCGTGCATATGAACAAAGCAGAGCTCATTGACGT-3'
and 5-CGTGGCTCTTCCGCACGCTTTGCGACCCCGCCGAG-3'. Recom-
binant HupB was generated via previously described protocol [35],
concentrated via centrifugal filter (3000 MWCO) and dialyzed against
storage buffer (50 mmol Tris/L pH = 7.4, 600 mmol KCI/L, 1 mmol
EDTA/L, 10% glycerol) then stored at —80 °C until used. Approximately
200 ng of recombinant HupB was separated by SDS-PAGE using a 4%-—
20% gradient gel at 5.6 V/cm for 1 h. Expected molecular mass of HupB
= 28 kDa. Relative purity of HupB was determined by silver stain
(Pierce™ Silver Stain Kit, Thermo Fisher Scientific, Inc., Waltham, MA).
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2.5. Recognition of HupB by HuTipMab by ELISA

Purified recombinant HupB, tip-chimer peptide (a chimeric peptide
which mimics protective epitopes of a DNABII protein and was used to
generate HuTipMab, positive control), and tail-chimer peptide [35] (a
chimeric peptide that mimics non-protective epitopes of a DNABII pro-
tein, negative control) were suspended in PBS (pH = 7.4). One pg of each
was added to wells of a Falcon® 96-well plate in duplicate and incubated
for 1 h at 37 °C. Fluid was removed and wells were washed twice with
PBS containing 1:2000 v/v Tween™-20 (PBS-T). Wells were blocked
with 3% dry milk in PBS-T for 1 h at 37 °C then washed twice with
PBS-T. One set of the samples received 0.1 pg HuTipMab/well, whereas
the other set received PBS-T alone (background control) after which all
were incubated at 37 °C for 1 h. Wells were washed 3 times with PBS-T,
followed by the addition of goat anti-human IgG conjugated to horse-
radish peroxidase (1:5000 dilution) (Novus Biologicals LLC, Centennial,
CO) in PBS-T incubated at 37 °C for 1 h. Wells were washed 3 times with
PBS-T and color was developed over 15 min at room temperature by
addition of 1-Step™ Ultra TMB (Pierce™). Plates were read at 650 nm
by FLUOstar Omega plate reader (BMG Labtech, Cary, NC) followed by
visualization by Fluorchem M gel reader (ProteinSimple, Inc., Santa
Clara, CA) with trans-UV light and 593 nm filter. Assays were repeated 3
times on separate days.

2.6. Biofilm formation by M. abscessus and M. avium

Stocks of M. abscessus or M. avium were maintained frozen in 7H9
broth containing 10% oleic acid-albumin-dextrose-catalase (OADC,
Hardy Diagnostics, Santa Maria, CA), 30% glycerol and 0.05% Tween™-
80 at 2 x 108 CFU/mL and stored at —80 °C. Stocks were gently thawed
on ice, and bacteria pelleted by centrifugation at 21,100xg for 5 min at
room temperature. Supernatants were discarded, pellet resuspended,
and centrifuged again. Following centrifugation, bacteria were sus-
pended to a final volume of 1 mL in 7H9 containing 10% OADC and
0.05% Tween™-80. Stocks were diluted ten-fold in 7H9/0ADC/
Tween™.-80 to yield a final concentration of 2 x 107 CFU/mL, and 200
pL was used to inoculate each well of an 8-well chambered coverglass
slide (Cellvis, Mountainview, CA). Biofilms of M. abscessus or M. avium
were allowed to form at 37 °C and 5% CO; in a humidified atmosphere
until the biofilms grew to a height of ~30 pm as determined by confocal
laser scanning microscopy (CLSM) and assessed by COMSTAT2. These
incubation times were determined to be 72 h for M. abscessus versus 2
wks for slower growing M. avium. Biofilms of M. abscessus clinical iso-
lates 1, 2 and 3 were also grown for an additional 24 h (96 h total) to
evaluate whether HuTipMab could disrupt these even more mature
biofilms.

2.7. Disruption of M. abscessus and M. avium biofilms by HuTipMab

Medium was aspirated from M. abscessus or M. avium biofilms, then
they were gently washed twice with 200 pL equilibrated 1x Dulbecco’s
phosphate-buffered saline (DPBS) without calcium or magnesium
(Corning, Corning, NY). Biofilms were then incubated with either 7H9
alone, 5 pg HulgG, or with 5, 7.5 or 10 pg HuTipMab at 37 °C with 5%
COs in a humidified atmosphere for 30 min. To assay time-dependent
disruption, additional wells were incubated with 5 pg HuTipMab for
60 min. After incubation, biofilms were gently washed once with 200 pL
equilibrated DPBS. 7H9 medium was used as the diluent for all tested
biologicals including the negative controls of human isotype IgG or
medium-alone treated biofilms, against which all relative disruption
comparisons were made. 7H9 medium used in all experiments contains
0.05% Tween™-80 and no other additives were added that disrupt
biofilm growth. None of the components of the solvents in which HulgG
(PBS, no preservative) or HuTipMab (100 mM HEPES, 100 mM Nacl, 50
mM NaOAc) are dissolved contribute to biofilm disruption and both
were further diluted in 7H9 medium prior to use.
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Residual biofilm was stained with FM 1-43FX (Invitrogen) by incu-
bation for 15 min statically in the dark. Stain was removed and biofilms
were gently washed twice with DPBS then fixed for >3 h (1.6% para-
formaldehyde, 2.5% glutaraldehyde and 4% acetic acid in 0.1 M phos-
phate buffer). Fixative was removed and replaced with DPBS then
biofilms were visualized and imaged with a ZEISS CLSM800 microscope
to select representative fields of view after review of the entire chamber
within the chamberglass slide. Images were analyzed by COMSTAT?2 to
calculate relative biomass values (um®/um?). Values represent the mean
of 3 biological replicates. Percent disruption was calculated as [mean
biomass of wells treated with HulgG - mean biomass of wells treated
with HuTipMab]/[mean biomass of wells treated with HulgG]) x 100.
Images selected are those that best represented the remaining biomass
after disruption based upon review of the entire chamberslide. These
images thereby align with the calculated average biomass value for each
respective biofilm and treatment utilized.

2.8. Antibiotic mediated killing of newly released M. abscessus or
M. avium

M. abscessus or M. avium biofilms were incubated with medium alone
(for recovery of those bacteria growing/residing planktonically in the
fluids above the biofilm) or 5 pg HuTipMab (to generate NRel) both with
and without antibiotics. The concentration of each antibiotic that we
used was a concentration that we pre-determined would limit killing of
planktonic bacteria to ~25%. This was done in order to facilitate our
ability to detect any enhanced relative killing of NRel by the same
concentration of antibiotic. For assay of relative killing of clinical
M. abscessus isolates, we elected to test isolates 1 and 3 as these were
more resistant to both amikacin and azithromycin (as reflected by their
greater MIC values and concentrations needed to induce ~25% killing)
and thereby represented a more clinically relevant situation.

To determine relative susceptibility of planktonic NTM to amikacin,
biofilms were prepared and gently washed twice with DPBS as described
above, then treated with 200 pL of either: 7H9 (planktonic growth
control); 7H9 + 0.5 pg amikacin/mL for M. abscessus 19977, + 12 pg
amikacin/mL for M. avium, +0.7 pg amikacin/mL for M. abscessus
clinical isolate 1 or +1 pg amikacin/mL for M. abscessus clinical isolate
3. To determine relative sensitivity of NTM NRel, biofilms were treated
with 200 pL 7H9 + 5 pg HuTipMab alone (NRel growth control) or 7H9
+ 5 pug HuTipMab + respective amikacin concentrations used above.
Treated biofilms were incubated statically at 37 °C in 5% CO5 and hu-
midity for 2 h, after which 150 pL was collected from each well and
dispensed into 1.5 mL Eppendorf microcentrifuge tubes, then pulse-
vortexed with two sterile 3 mm glass beads (Fisher Scientific Interna-
tional, Inc., Hampton, NH) to disrupt aggregates. Suspensions were
gently sonicated for 2 min in a waterbath sonicator (Ultrasonic Bath 2.8
L, Fisher Scientific) to further disrupt any aggregates. After sonication,
samples were diluted and plated on Middlebrook 7H10 agar and incu-
bated at 37 °C with 5% CO3 in a humidified atmosphere to assess relative
CFU.

To determine azithromycin-mediated killing, the same protocol as
above was used with one adjustment. To avoid acidification of medium
due to bacterial growth in wells to be treated with azithromycin which is
unstable at lower pH [39], these cultures were incubated for 2 h at 37 °C
without 5% CO,. Wells were treated with 200 pL of either: 7H9 (growth
control); 7H9 + 5 pg azithromycin/mL for M. abscessus 19977, +16 ug
azithromycin/mL for M. avium, +10 pg azithromycin/mL for
M. abscessus clinical isolate 1, or 48 pg azithromycin/mL for M. abscessus
clinical isolate 3. To determine relative sensitivity of NTM NRel, biofilms
were treated with 200 pL. 7H9 + 5 pg HuTipMab (NRel growth control)
or 7H9 + 5 ug HuTipMab + respective azithromycin concentrations used
above. Percent killing was then calculated as [growth control CFU/mL -
NRel or planktonic CFU/mL]/[growth control CFU/mL] x 100. All as-
says were repeated a minimum of 3 times on separate days with 2
technical replicates conducted on each of those separate days.
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2.9. Statistical analysis

Results are expressed as mean + SD of 3 biological replicates with
2-3 technical replicates each. Comparisons between groups were made
with unpaired t-tests. All statistical analyses were performed with
Graphpad (Prism) software V9.

3. Results
3.1. Validation of HuTipMab specificity

Purity of isolated recombinant HupB was confirmed via silver stain
(Fig. 1A). Recognition of HupB by HuTipMab was shown via ELISA
wherein HuTipMab recognized both HupB and the tip-chimer peptide
(positive control peptide against which HuTipMab was derived); no
color developed in the absence of HuTipMab (P < 0.001-0.0001)
(Fig. 1B and C). HuTipMab did not recognize the tail-chimer peptide as
expected as this peptide is a negative control for immune recognition by
this monoclonal antibody.

3.2. Assessment of relative HuTipMab-induced NTM biofilm disruption by
CLSM

We next determined HuTipMab’s biofilm disruption capabilities by
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incubation of 72 h M. abscessus 19977 biofilms or 2 wk M. avium biofilms
with increasing concentrations of, or an increased incubation period
with, HuTipMab. After incubation, NRel were removed and the residual
biofilms visualized by CLSM. COMSTAT2 image analysis revealed that
HuTipMab disrupted M. abscessus 19977 biofilms significantly more
than biofilms incubated with medium alone or with HulgG (P <
0.01-0.0001) (Fig. 2A and B). Additionally, M. abscessus 19977 biofilms
were disrupted in a dose- and time-dependent manner as a 30 min in-
cubation with 5, 7.5 or 10 pg HuTipMab resulted in 53%, 79% or 88%
disruption respectively, whereas disruption was 89% when incubated
with 5 pg HuTipMab for 60 min.

We also similarly conducted a preliminary evaluation of our ability
to disrupt a biofilm formed by a single isolate of M. avium and found that
these biofilms were also significantly disrupted by incubation with
HuTipMab (P < 0.01-0.0001) (Fig. 3A and B). This disruption was again
dose- and time-dependent wherein disruption by HuTipMab at 5, 7.5 or
10 pg for 30 min was 51%, 68% or 76%, respectively whereas when
incubated with 5 pg HuTipMab for 60 min, disruption was 80%.

Significant dose- and time-dependent disruption of 72 h biofilms
formed by all 3 clinical isolates of M. abscessus was also evident (P <
0.001-0.0001) (Fig. 4A-F). Disruption by HuTipMab at 5, 7.5 or 10 pg
for 30 min was 57%-62%, 77%-88% or 89%-93%, respectively whereas
when incubated with 5 pg HuTipMab for 60 min, disruption was 90%-—
92%. The more mature 96 h biofilms formed by these 3 clinical isolates

o
s &8 &
oﬁé Q@Q QQ
A. B. £ & &
2 ’(‘\& &
Wells coated q"} ~ & &£
kDa HupB with: &7 <2 & <X
250 5
150 | w——.
100 [ = NN )
i - B « ()t -HuTipMab
C.
50
37 | 0.125 —
* kK ”
25 ' s 4 i
20 . 2 0.08 o O - HuTipMab
- . 8 ® + HuTipMab
10 0.04-
0.00- P
< <
.\6\0 Q‘\)Q X g
R ™
.\00 ’\6 oo &\
«'&Q@Q 28 OQ

Fig. 1. HuTipMab recognized the isolated NTM DNA-binding protein HupB. Panel A: Silver-stained gel of SDS-PAGE-separated protein revealed pure protein
isolation with band at anticipated location based on the following expected molecular mass of protein monomer: HupB = 28 kDa. Panel B: Specificity of HuTipMab to
tail-chimer peptide (negative control; immunogen against which antibodies have no therapeutic or protective effect) [35], HupB, and tip-chimer peptide (positive
control; antigenic target of HuTipMab and against which antibodies have significant therapeutic protective effect) was determined via ELISA. Dark wells of
representative image of ELISA plate indicated reactivity of HuTipMab to HupB and tip-chimer peptide. Panel C: Color developed in wells of ELISA plates was
quantified via plate reader by measurement of optical density at 650 nm. Reactivity of HuTipMab to HupB and tip-chimer peptide was significantly greater than that

to tail-chimer peptide, which showed no reactivity. Statistically significant differences in optical density are reported as ***, P < 0.001; ****

, P < 0.0001.
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Fig. 2. HuTipMab disrupted 72 h M. abscessus 19977 biofilms in a dose- and time-dependent manner. Panel A: Representative 3-dimensional images of M. abscessus
19977 biofilms incubated with medium alone, 5 pg HulgG, or 5, 7.5, or 10 pg HuTipMab, stained with FM 1-43FX (green), fixed and visualized by CLSM. Biomass was
calculated via COMSTAT2 and mean biomass values post-incubation for each treatment are in lower right portion of each image. All treatments were incubated for
30 min unless noted otherwise (bottom right image from biofilms treated with 5 pg HuTipMab for 60 min). M. abscessus 19977 biofilms treated with HuTipMab
displayed a marked relative reduction in biomass and height as compared to biofilms incubated with medium or HulgG. Panel B: Graphed mean biomass values of
each treatment. There was no significant difference in biomass between wells incubated with medium alone or 5 pg HulgG. Relative to HulgG incubation, all wells
incubated with HuTipMab were significantly reduced in biomass from 53% to 89% biofilm disruption. Statistically significant differences in biomass are reported as
** P < 0.01; **** P < 0.0001. Images selected are those that best represent the calculated average biomass value for said biofilm and treatment.

were similarly significantly disrupted by HuTipMab with relative mean
percent disruption of 57%-59%, 76%-89% or 89%-94% when incu-
bated with 5, 7.5 or 10 pg for 30 min, respectively and 90%-93% when
incubated with 5 pg HuTipMab for 60 min (P < 0.05-0.0001) (data not
shown).

3.3. Enhanced killing of NTM NRel by antibiotics commonly used to treat
NTM infections

To determine whether NTM NRel demonstrated heightened anti-
biotic susceptibility, we assessed relative killing by amikacin and azi-
thromycin. Killing of planktonic M. abscessus 19977 by amikacin or
azithromycin was limited to 23% and 20%, respectively whereas
M. abscessus 19977 NRel were significantly more sensitive to both an-
tibiotics with killing at 61% and 42%, respectively (Fig. 5A and B) (P <
0.001 or 0.01, respectively). Notably, this enhanced killing occurred
when amikacin and azithromycin were used at 1/4 and 1/2 the reported
minimum inhibitory concentrations (MIC), respectively.

Similarly, M. avium NRel were significantly more susceptible to
antibiotic killing than their isogenic planktonic counterparts with
percent killing of planktonic M. avium limited to 17% and 19% by

amikacin and azithromycin, respectively, whereas that for M. avium
NRel was 41% and 36%, respectively (P < 0.01) (Fig. 6A and B). This
significantly enhanced susceptibility of M. avium NRel to killing by
amikacin and azithromycin was observed when used at 1/4 and 1/2 the
respective MICs.

NRel from disrupted 72 h biofilms formed by M. abscessus clinical
isolates 1 or 3 were also significantly more susceptible to killing by
amikacin and azithromycin than their isogenic planktonic counterparts
(P < 0.05-0.001) (Fig. 7A-D). Percent killing of planktonic M. abscessus
was limited to 28% and 28% for clinical isolate 1 and 21% and 25% for
clinical isolate 3 by amikacin and azithromycin, respectively, whereas
killing of NRel was 45% and 47% for clinical isolate 1 or 47% and 45%
by amikacin and azithromycin, respectively for clinical isolate 3. The
significantly greater percent killing of NRel compared to that of their
planktonic population was achieved with 1/6 and 1/3 of the MIC of
amikacin and azithromycin, respectively for clinical isolate 1 or with 1/
4 and 1/4 of the MIC of amikacin and azithromycin, respectively for
clinical isolate 3.
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Fig. 3. HuTipMab-induced disruption of 2 wk M. avium biofilms was dose- and time-dependent. Panel A: Post-incubation of M. avium biofilms with medium alone, 5
pg HulgG, or 5, 7.5, or 10 pg HuTipMab for 30 min unless noted otherwise (bottom right image from biofilms treated with 5 pg HuTipMab for 60 min), biofilms were
stained with FM 1-43FX (green), fixed and visualized via CLSM. Biomass was calculated via COMSTAT2 and mean biomass values post-incubation for each treatment
are in lower right portion of each image. Biomass and height of M. avium biofilms incubated with HuTipMab were notably reduced compared to that seen in wells
incubated with medium alone or 5 pg HulgG. Panel B: Mean biomass values of biofilms incubated with each treatment condition represented graphically. Biomass
values from wells incubated with medium alone or 5 pg HulgG were not significantly different. However, when biofilms were incubated with HuTipMab, biomass
values were significantly reduced as compared to those incubated with HulgG alone with percent biomass disruption ranging from 51% to 80%. Statistically sig-
nificant differences in biomass are reported as **, P < 0.01; ***, P < 0.001; **** P < 0.0001. Images selected are those that best represent the calculated average

biomass value for said biofilm and treatment.

4. Discussion

Antibiotic therapy for PWCF who are culture-positive for NTM in-
volves a prolonged regimen with multiple antibiotics, the potential for
multiple sequelae, and an unacceptably high rate of clinical failure
which could further necessitate lung resection for disease resolution in
other lung diseases such as COPD [1,2,8]. While modulator therapy both
reduces symptoms and frequency of NTM-positive cultures, it remains to
be determined if this latter outcome is due to reduced ability to collect
sputum, or a true decline in NTM prevalence [40]. Additionally,
modulator treatment remains inaccessible to a majority of PwCF due to
both cost and availability that is currently limited to the US, Europe,
Australia, and New Zealand [41]. New strategies to enhance the effec-
tiveness of existing antibiotic therapies are thus warranted, particularly
given that there is now rather limited investment in new antibiotic
discovery [42]. Novel approaches including those that target the biofilm
matrix to release resident bacteria for elimination by either antibiotics
or host immune effectors are a high priority [7,18].

We developed such a strategy using an epitope-targeted monoclonal
antibody against the DNABII proteins. This approach effectively disrupts

biofilms formed in vitro by 23 bacterial genera [22,23,30,31,34], as well
as biofilms formed in vivo in three distinct pre-clinical disease models
[31,34,35]. Further, we have shown that bacteria newly released from
biofilms formed by ten diverse pathogens are significantly more sensi-
tive to antibiotic-mediated killing. Typically NRel are even more sensi-
tive than when planktonically grown, the latter of which had heretofore
been considered the most vulnerable to antibiotic-mediated killing [22,
23]. While this approach appears to be species agnostic for all tested
pathogens to date, the majority of those tested were Gammaproteo-
bacteria. We therefore now wanted to determine if HuTipMab treatment
would also be effective against NTM, which belong to the class Actino-
mycetia and are distinguished by a thick, mycolic acid-rich cell wall.
Comparative genomics showed that NTM can express a DNABII ho-
mologue and in silico analysis revealed that mycobacterial HUs have two
domains. The N-terminal 106 amino acid (AA) domain has high simi-
larity to other DNABII proteins (all are ~90-105 AAs in length), whereas
the 108 amino acid C-terminal domain has a eukaryotic H1 histone-like
motif. Further, 104 out of 106 AAs within the translated sequence of the
N-terminal DNABII-like domain are identical between the HU proteins
expressed by M. tuberculosis and M. avium, whereas 99 out of 106 perfect
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Fig. 4. Disruption of 72 h biofilms formed by 3 isolates of M. abscessus cultured from PwCF by HuTipMab was also dose- and time-dependent. Panels A, B & C:
Representative 3D images of biofilms of M. abscessus clinical isolates 1, 2 and 3 respectively post-incubation with medium alone, 5 pg HulgG, or 5, 7.5, or 10 pg
HuTipMab for 30 min unless noted otherwise (bottom images were captured from biofilms treated for 60 min with 5 pg HuTipMab). Biofilms were stained with FM 1-
43FX (green), fixed and visualized via CLSM. Biomass was calculated via COMSTAT2 and mean biomass values post-incubation for each treatment are in lower right
portion of each image. Incubation with HuTipMab notably reduced biomass and height of biofilms compared to incubation with medium alone or 5 pg HulgG. Panel
D, E & F: Graphical representation of mean biomass values for biofilms formed by M. abscessus clinical isolates 1, 2 and 3 respectively post-incubation with each
treatment condition. Disruption was significant for each HuTipMab treatment relative to treatment with HuIgG, which was never significantly different from wells
treated with medium alone. Percent biomass disruption for clinical isolate 1 ranged from 58% to 91%, for clinical isolate 2 ranged from 57% to 90%, and for clinical

isolate 3 ranged from 62% to 93%. Statistically significant differences in biomass are reported as ***, P < 0.001; *

represent the calculated average biomass value for said biofilm and treatment.

matches for HU expressed by M. abscessus. All three DNABII homologues
expressed by these mycobacterial species share at least 37 consecutive
identical AAs, which comprise the tip region against which HuTipMab is
targeted and which likely accounts for its ability to recognize HupB of
M. tuberculosis by ELISA. Both M. abscessus and M. avium form biofilms
that incorporate eDNA into the EPS matrix [12,14,15], however it was
unknown whether these biofilms also incorporated DNABII proteins
within the eDNA-rich biofilm matrix nor was it known whether
HuTipMab, generated against specific protective domains of a tradi-
tional DNABII protein would both recognize the unique mycobacterial
DNABII homologue and actively disrupt NTM biofilms. We show here
that HuTipMab did indeed effectively disrupt biofilms formed by both
M. abscessus and M. avium in a dose- and time-dependent manner which
indicated that HuTipMab retained recognition and biofilm-disruptive

, P < 0.0001. Images selected are those that best

capabilities against NTM, inclusive of biofilms formed by M. abscessus
isolates recovered from PwCF, which likely better represent M. abscessus
found in the disease site.

Once disrupted, NRel of M. abscessus 19977, M. abscessus clinical
isolates 1 and 3, as well as NRel of M. avium, displayed increased sus-
ceptibility to two clinically relevant antibiotics. NTM NRel were
significantly more sensitive to amikacin and azithromycin compared
with their isogenic planktonic counterparts, two antibiotics which are
ineffective when NTM reside within a biofilm [11]. Notably, enhanced
antibiotic susceptibility of NRel occurred at fractions of the planktonic
MIC for M. abscessus and M. avium. This outcome is likely to have been
aided by the fact that amikacin and azithromycin have greater access to
their targets after release of NTM from their protective biofilms.

Given that biomass disruption ranged from 51% to 92% across all
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Fig. 6. HuTipMab-induced M. avium NRel were significantly sensitized to
amikacin and azithromycin. When tested against both amikacin and azi-
thromycin, 2 antibiotics used to treat NTM in PWCF, NRel were significantly
more sensitive to antibiotic killing than planktonic M. avium. In combination
with amikacin at 1/4 MIC, killing of planktonic M. avium was 17% while killing
of M. avium NRel was 41%. Similarly, incubation of planktonic M. avium with
1/2 MIC of azithromycin resulted in 19% killing while incubation of M. avium
NRel at the same concentration resulted in 36% killing. Statistically significant
differences in percent killing are reported as **, P < 0.01.

biofilms tested in this study, the possibility remains that any remaining
bacteria could grow to reestablish a biofilm and maintain infection.
However, the demonstrated dose- and time-dependence of HuTipMab-
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induced disruption suggests that modulation of the dose and/or treat-
ment duration could reduce the biofilm to a monolayer of cells that
could then be cleared by antibiotics and/or immune effectors as we have
shown in 3 distinct preclinical models of disease to date [30,31,34,35].
In each of these studies there was both rapid clearance of bacteria and
disease resolution. In one study, to directly test whether any residual
biomass would regrow and re-initiate infection, we continued to
monitor disease status for 1 week after cessation of treatment with no
evidence of reinfection observed [43]. Additionally, we recently showed
that bacteria within any limited biomass that remains after
HuTipMab-mediated disruption and removal of NRel are also signifi-
cantly more sensitive to the killing action of antibiotics than that of an
undisrupted biofilm [23]. Nonetheless, we are currently expanding upon
these in vitro studies into those performed with polarized human airway
epithelial cell cultures as well as a murine model of M. abscessus-induced
lung infection. Additionally, we hope to determine if the phenotype of
enhanced sensitivity to antibiotics extends to clinical isolates of
M. avium recovered from the lungs of PWCF, as well as whether the
demonstrated sensitivity extends to other antibiotics used to treat NTM
for those who may not be able to tolerate either amikacin or
azithromycin.

New data presented here provide strong support for a combinatorial
therapeutic strategy for those infected with NTM, where biofilms
contribute significantly to decline in lung function and poor quality of
life [2,13]. We envision nebulizing HuTipMab, as has been successfully
done with IgG [44], into the lungs of these individuals or delivering
HuTipMab intravenously, as is currently being tested in a clinical trial of
community-acquired pneumonia (NCT05629741), to disrupt biofilm
aggregates and release NTM from the antibiotic-tolerant biofilm into the
NRel state such that co-delivered antibiotics could rapidly kill the
induced NTM NRel. If successful, this strategy would empower existing
antibiotics, improve clinical outcomes and perhaps also decrease the
length of antibiotic treatment for PwWCF, as well as the growing popu-
lation of people with other pulmonary diseases or without any other
underlying disease, but who nonetheless have a recalcitrant NTM
infection [1,2,45].
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