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Abstract

Aims: Mycobacterium abscessus subsp. abscessus (MABS) is an emerging, opportun-
istic pathogen found globally in freshwater biofilms and soil. Typically, isolates are
treated as a uniform group of organisms and very little is known about their com-
parative survival in healthy host cells. We posit that environmentally- and clinically
derived isolates, show differential infectivity in immune cells and resistance to in-
nate defenses.

Methods and Results: Six MABS isolates were tested including three water biofilm/
soil and three sputum-derived isolates. A clinical MABS type strain and an environ-
mental isolate of Arthrobacter were also included. MABS counts were significantly
higher compared to Arthrobacter after co-culture with Acanthamoeba lenticulata,
BEAS-2B epithelial cells, alveolar macrophages and the THP-1 macrophage cell line.
A rough sputum-derived MABS isolate emerged as an isolate with higher virulence
compared to others tested, as both a pellicle and cord former, survivor in the human
cell models tested, inducer of high and prolonged production of pro-inflammatory
cytokines, and the capacity to evade LL-37.

Conclusions: Findings support intraspecies variation between MABS isolates.
Significance and Impact of the Study: These data indicate subversion of host im-
mune defenses by environmental and clinical MABS isolates is nuanced and maybe
isolate dependent, providing new information regarding the pathogenesis of NTM
infections.
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INTRODUCTION

Mycobacterium abscessus subsp. abscessus (MABS), re-
classified in 2018 as Mycobacteroides abscessus subsp.
abscessus (Gupta et al., 2018), is widely recognized to
cause opportunistic pulmonary infections in predis-
posed hosts (Cook, 2010). Infections can also arise at
surgical sites, cause cellulitis of the breast, foot infec-
tions, peritonitis related to peritoneal dialysis catheters,
parotitis and eye infections (Ciampa & Wong, 2021;
Imam et al., 2021; Kim et al., 2020; Patel et al., 2021;
Woijcik et al., 2021; Yonekawa et al., 2020). Recent stud-
ies suggest promising roles for bacteriophages and in-
haled nitric oxide in the fight against stubborn MABS
infections (Bogdanovski et al., 2020; Dedrick et al., 2019;
Lobocka et al., 2021).

Environmentally adaptable and consistently in our
surroundings (Falkinham, 2009), MABS is regarded as an
emerging and worrisome global pathogen of nightmare
proportions (Lopeman et al., 2019; Nessar et al., 2012).
This scenario is especially true for people with cystic fi-
brosis (pwCF) (Degiacomi et al., 2019; Martiniano et al.,
2019). As cases continue to rise, it's paramount to under-
stand MABS biology by elucidating their capacity to inter-
act with healthy host cells.

By the current paradigm, pulmonary MABS infections
are associated with environmental exposures, but reports
suggest the potential for person-to-person transmission
of MABS in pwCeF, fostering renewed interest in the prev-
alence of environmental MABS in healthcare systems
(Bryant et al., 2013). However, isolation and identifica-
tion of MABS from the environment remains challenging
and environmental MABS isolate collections are uncom-
mon and sought-after. This scarcity reduces our ability to
compare virulence between water biofilm and soil MABS
isolates to clinical MABS isolates, leaving a severe and

TABLE 1 Bacterial isolates
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consequential gap in the current knowledge of MABS
pathogenesis.

Within our studies of nontuberculous mycobacteria
(NTM) in the US geographic hot spot of Hawai'i, we have
demonstrated recovery of viable MABS from a variety of
built and natural environments (Honda et al., 2016; Virdi
et al., 2021). From this collection, a panel of environmen-
tal and clinical MABS was studied to fill in the current
knowledge gaps of understudied environmental MABS
isolates. Specifically, we investigate the consequence of
MABS infection using a variety of microbiological crite-
ria and assess survival in an assortment of innate immune
cells including amoebae, human airway epithelial cells,
and macrophages and interrogate the panel's resistance
to a host-protective antimicrobial peptide (AMP). As an
added comparison, the MABS type strain ATCC 19977
and a common soil commensal, Arthrobacter sp., also iso-
lated from the Hawai'i environment, were included. These
studies shed new light on the interactions between envi-
ronmental and clinical MABS isolates and the host innate
immune defenses involved in the pathogenesis of MABS
infections.

MATERIALS AND METHODS
Bacteria

Eight bacterial isolates derived from environmental or
clinical samples were tested (Table 1). Isolates 1-3 and
5-8 were identified as MABS and Isolate 4 was identified
as Arthrobacter sp. as determined by Sanger sequencing
of a partial region in the rpoB gene as we have published
(Honda et al., 2016; Virdi et al., 2021). The MABS type
strain ATCC 19977 was included as a positive control
(Isolate 7). Isolates were cultured in Middlebrook 7H9

Smooth or
Isolate no. Isolate ID Source Sample origin Location Species rough
Isolate 1 19-KPH-39 Clinical Sputum Oahu, Hawai'i MABS Smooth
Isolate 2 19-KPH-67 Clinical Sputum Oahu, Hawai'i MABS Rough
Isolate 3 18-M-SD-2- Environmental Residential showerhead biofilm  Hawai'i Island, Hawaii  MABS Smooth
A2-1-37
Isolate 4 18-KAR-4-1-22 Environmental Fresh stream water filter Oahu, Hawai'i Arthrobacter  N/A
sp.

Isolate 5 241-1-MG30  Environmental Soil Hawai'i Island, Hawai'i ~ MABS Smooth
Isolate 6 234-2MG30 Environmental Soil Hawai'i Island, Hawai'i MABS Smooth
Isolate 7 ATCC 19977  Clinical Type strain; human knee St. Louis, Missouri MABS Smooth
Isolate 8 205 Clinical Sputum Oahu, Hawai'i MABS Mixed

N/A, not applicable.
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broth supplemented with 10% albumin dextrose catalase
(ADC) enrichment, 0.2% glycerol, and 0.05% Tween 80 re-
ferred herein as “7H9 broth.” Growth of MABS isolates
and Arthrobacter were indistinguishable on Middlebrook
7H10 agar plates.

DNA isolation, PCR and sequencing

Intact genomic DNA was extracted according to Epperson
and Strong (2020) including the optional bead-beating
step. The PCR amplification and sequencing targeted an
approximately 700 bp segment of the RNA polymerase
Region Five beta subunit rpoB gene (Adekambi et al.,
2003; Telenti et al., 1993). PCR reactions with 1-10 ng of
template DNA, 2 pl each of 5 uM forward and reverse rpoB
primers and nuclease free water were combined in 96-well
plates and submitted for Sanger sequencing (Quintara
Biosciences, San Francisco, CA).

rpoB sequence analyses and phylogeny

Taxonomic identification of isolates was conducted
through rpoB sequence analysis (Adekambi et al., 2003;
Telenti et al., 1993). Sequences were trimmed for quality
by removing low-quality base calls at the beginning and
end of each sequence and then comparing the sequences
against rpoB type strain sequences using the BLAST algo-
rithm. Quality trimmed rpoB sequences from all isolates
were aligned and compared using MEGA (Stecher et al.,
2020). A phylogenetic tree based on rpoB sequence vari-
ation was constructed by the neighbour-joining method.
The phylogeny was evaluated by a bootstrap analysis
based on 1000 replicates of the observed single-nucleotide
polymorphisms (SNPs).

Data availability statement

rpoB sequences were deposited in the National Center for
Biotechnology Information (NCBI) in GenBank under ac-
cession numbers MZ401476-MZ401483.

Colony morphology assessments

Isolates were streaked for isolation onto Middlebrook
7H10 plates and incubated for 3-5 days at 37°C. We dis-
covered that Arthrobacter sp. did not grow at 37°C; there-
fore, it was primarily cultured at 22°C (as explained in
Results). Individual colony morphology was visualized
and documented under a dissecting microscope at a total

magnification of 40x (Ken-A-Vision). MABS isolates with
uniform smooth, round morphologies were classified as
“smooth.” Isolates with uniform wrinkled or textured
edges were classified as “rough” as assessed by three inde-
pendent technicians.

Pellicle formation assay

Isolates were streaked onto 7H10 plates and incubated
for 3-5 days at 37 or 22°C for Arthrobacter sp. A single
colony of each isolate was picked and inoculated into 5 ml
of 7H9 broth and stagnantly incubated at 37°C (or 22°C
for Arthrobacter sp.) for 23 days. Pellicle formation was
determined by visibly notable bacterial aggregation at the
air-liquid interface of the culture tube.

Total lipid extraction and thin-layer
chromatography

Methods for total lipid extraction and thin-layer chro-
matography (TLC) are published (Honda et al., 2019).
In brief, isolates were cultured in Proskauer-Beck (PB)
media and total lipids were extracted from bacterial pel-
lets using 1:1 CHCl;:MeOH (chloroform:methanol). Lipid
extraction was repeated three times, each time pooling
the supernatants to collect the soluble lipid fractions, and
evaporated using N,. For TLC, lipid fractions were resus-
pended in 2:1 CHCl;:MeOH and vortexed. 25 pl of each
lipid fraction was spotted onto silica plates (HPTLC Silica
gel 60 F,s,; Merck KGaA) and 65:24:4 HCCl;:MeOH:H,0
(v/v/v) was used to separate the lipid species. Total lipids
were visualized with CuSO, charring spray under heat.

7H9 broth growth assay

MABS (1 x 10°) or Arthrobacter were inoculated in 1 ml
7H9 broth in low-bind tubes and incubated on a rotary
shaker at 37°C. CFU were quantified at 1, 24, 48 and 96 h
post inoculation by plating serial dilutions on duplicate
onto 7H10 plates with incubation at 37°C until visible
growth was observed. Arthrobacter showed no growth
at 37°C; thus, identical experiments were performed but
with culture incubation on a rotary shaker at 22°C and
7H10 plate incubation at 22°C.

Acanthamoeba lenticulata co-culture

Maintenance: Acanthamoeba lenticulata ATCC 30841
trophozoites were cultured in sterile peptone-yeast-glucose
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(PYG) broth (no antibiotics/antimycotics) at 22°C for main-
tenance cultures. To prevent amoebae overgrowth and en-
cystment, maintenance cultures were centrifuged, spent
medium was removed and fresh PYG was added every fourth
passage day (Hasan et al., 2021).

Culture media growth assay: 1 x 10° MABS or
Arthrobacter sp. were inoculated in 1 ml PYG media in
6-well tissue culture plates and incubated at 22°C. CFU
was manually quantified at 1, 24, 48 and 96 h post PYG
inoculation (in the absence of amoebae) in duplicate by
plating serial dilutions of the cultures onto 7H10 plates.
Plates were incubated at 22°C for 3-5 days.

Acanthamoeba lenticulata co-culture: All amoebae
co-culture experiments were performed at 22°C. A. len-
ticulata was co-cultured with the isolate panel using
a MOI of 1:1 in 6-well tissue culture plates. After one
hour of co-culture, unphagocytosed bacteria were re-
moved by aspiration and washed with 1x PBS. Amoebae
in the 1 h wells were lysed using 0.025% SDS and 7H9
plating solution (2.35 gl~! Middlebrook 7H9 base, 0.1%
Tween 80, 10% OADC supplement). Lysates were se-
rially diluted and plated in duplicate on 7H10 plates.
Fresh PYG media was added to the remaining wells for
continued incubation at 22°C until 24, 48 and 96 h of
co-culture which were processed as described for the
1-h timepoints.

BEAS-2B airway epithelial cell co-culture

BEAS-2B cells were seeded at 2 X 10° in fibronectin-
collagen coated T-75 flasks and maintained in BronchiaLife
cell culture media (Lifeline Cell Technologies) supple-
mented with gentamycin (Lifeline Cell Technologies).
Cells were incubated at 37°C, 5% CO, with humidity with
media changes occurring every 2-3 days and passaging
every 5-7 days once cells reached ~80% confluency. Cells
were seeded at 1 x 10° cell per well in fibronectin-collagen
coated 12-well cell culture plates and expanded for 3 days
to reach approximately 5 x 10° per well. Cells were co-
incubated with the isolate panel at a MOI of 1:1 and simi-
larly processed to other cells referenced above. Culture
supernatants were filtered and saved for downstream cy-
tokine analyses.

Primary human alveolar macrophage co-
culture

Primary human alveolar macrophages (AM) were ob-
tained from fresh bronchial lavage fluid collected from
recently deceased human donor lungs. Methods used for
AM and isolate co-culture are published (Honda et al.,

Applied Microbiology

2019). Similar to BEAS-2B cells, culture supernatants
were filtered and saved for downstream analyses.

Ethics statement: AM were procured from the National
Jewish Health (NJH) Human Lung Tissue Consortium
that regularly obtains donors lungs from non-smokers
through the International Institute for the Advancement of
Medicine and the National Disease Research Interchange
and Donor Alliance. Samples are not suitable for trans-
plantation and donated for medical research. This consor-
tium has IRB exemption to allocate de-identified AM to
NJH investigators.

THP-1 macrophage co-culture and acid fast
staining staining

THP-1 media growth assay: The growth media used for
THP-1 cells is comprised of RPMI 1640 (Fisher), sup-
plemented with 10% FBS and 1% antibiotic/antimycotic
(Gibco). This antibiotic/antimycotic is comprised of
10,000 units/ml of penicillin, 10,000 pg/ml of streptomy-
cin and 25 pg/ml of Fungizone. As with 7H9 broth and
PYG culture media, the isolate panel was cultured in
THP-1 culture media (in the absence of host cells) using
the same parameters discussed above.

THP-1 co-culture and acid fast staining staining:
THP-1 macrophages were co-cultured with individual
isolates from the panel as published (Honda et al., 2019)
and culture supernatants were filtered and saved for
downstream analyses. In parallel, THP-1 macrophages
were seeded at a density of 1 x 10° cells in 4-well chamber
slides (Nunc, Lab-Tek II chamber slides) to perform acid
fast staining (AFB). Cells were fixed in ice-cold metha-
nol and placed into a —20°C freezer for 8 min (Hobro &
Smith, 2017). After 8 min, methanol was removed, cells
were washed in 1X PBS, and air-dried. Once dry, cells were
stained for AFB using the Kinyoun cold method (Hardy
Diagnostics) and visualized by light microscopy at a total
magnification of 1000X (SeBa, Laxco).

Quantification of immune mediators
from BEAS-2B, AM and THP-1 culture
supernatants

ELISA and Multiplex: BEAS-2B and AM cell culture su-
pernatants were filtered through a 0.2 um filter and as-
sayed for TNFa by ELISA following the manufacturer's
instructions (R&D Systems). THP-1 cell culture superna-
tants were filtered through a 0.2 pum filter for cytokine/
chemokine analyses on the Quanterix Simoa Multiplex
platform for TNFa, IL-6, IL-8, IL-10 and IL-1p (Children's
Hospital, Colorado).
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LL-37 kill assay

MABS LL-37 kill assay was performed as published
to test the resistance of the isolate panel to 0, 25, or
150 pg/ml of synthetic LL-37 peptide (Honda et al.,
2015, 2019). Briefly, MABS isolates were incubated on
a rotary shaker at 37°C. Arthrobacter LL-37 assays were
performed at both 37 and 22°C. Changes in CFU were
monitored 1, 24, 48 and 96 h post inoculation. To assess
whether exposure to NTM neutralized the antimicrobial
activity of LL-37, 96-h cultures were pelleted at 6000 g
and the supernatants were transferred to new sterile
low-bind tubes. 2 x 10° Escherichia coli were inoculated
into the supernatants and incubated at 37°C on a rotary
shaker (Honda et al., 2015, 2019). After 4 h, E. coli was
streaked onto Luria Britani agar plates, incubated at
37°C overnight, and inspected for E. coli viability in a
LL-37 bioassay.

Statistics

Data were analysed with GraphPad 9 using paired ¢-tests
or two-way analysis of variance (ANOVA) to determine
statistical significance for CFU assays. Data are expressed
as means + SEM for three or more independent determi-
nations for each experimental point. For some statistical

(a) (b) Isolate:

Isolate 4
Tlsolate 5
—Isolate 3

L Isolate 8

—Isolate 6
(c)

MAB ATCC Pe'2"°'e
19977 gt

Isolate 2

4 SNPs Isolate 1

FIGURE 1

Isolate:

considerations, environmental MABS isolates (i.e. Isolates
3, 5, 6) were grouped and clinical isolates (i.e. Isolates
1, 2, 7, 8) were grouped and the Arthrobacter data were
analysed separately. Two-way ANOVA with Dunnett's
or Tukey's multiple comparisons test was used for TNFa
ELISA. Values with p < 0.05 were considered statistically
significant.

RESULTS

Genetic analysis and microbiology of the
isolate panel

To measure the genetic similarity among the isolate panel,
rpoB gene sequence variation was analyzed. Phylogenetic
analyses identified the taxonomy of all isolates as MABS,
which were genetically similar to each other and to the
MABS ATCC 19977 type strain, with the exception of
Isolate 4. Isolate 4 was identified as Arthrobacter sp.
(Figure 1a).

MABS demonstrates “smooth” or “rough” colony
morphologies that are related to virulence (Byrd &
Lyons, 1999). To establish differences in colony mor-
phology, MABS isolates were streaked for isolation
onto 7H10 agar. MABS with “smooth” morphology
were Isolates 1, 3, 5, 6 and 7. Isolate 2 was classified

990
O

123456 87
8 Lo B . B

1

5

Pellicle

Lipid species (CUSO,)

Isolate panel characteristics. (a) Phylogenetic analyses of isolates used in this study. A phylogeny based on the multiple

sequence alignment of partial rpoB sequences inferred between isolate relationships was obtained using the neighbor-joining method

and observed SNPs. The scale bar represents a 4 SNP difference in nucleotide sequences. (b) Colony morphology of the isolate panel after
streaking for isolation on Middlebrook 7H10 agar plates and viewed under a dissecting scope. Total magnification = 40X. (c) Pellicle
formation was assessed after incubation for 23 days in Middlebrook 7H9 broth culture. Isolates that produced observable bacterial
aggregation at the air-liquid interface of the culture were determined to have formed a pellicle. (d) TLC of total lipid extracts from the isolate
panel. 25 pl of each sample were spotted onto 13 X 10 cm analytical TLC plates and eluted in 65:25:4 HCCl;:MeOH:H,0. Total lipids were

visualized with CuSO4. Isolate 4 = Arthrobacter sp
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as a “rough” MABS isolate and Isolate 8 was deter-
mined to be of mixed morphology (Figure 1b, Table 1).
Arthrobacter (Isolate 4) demonstrated smooth colonies
on 7H10 agar. The ability to grow at the air-liquid in-
terface in 7H9 broth was used as a read-out for pellicle
formation. Of the eight isolates, pellicles were observed
for Isolates 2 and 6 (Figure 1c). The pellicle of Isolate
2 was thick and buff-white and was firmly adherent
to the tube's inner surface. Conversely, the pellicle of
Isolate 6, while visible to the naked eye, was fragile
because it floated on the liquid surface and was easily
dislodged upon movement of the tube. Next, total lip-
ids were extracted from the isolate panel and compared
using TLC. The lipid diversity of Arthrobacter was no-
tably different than the lipid profiles of the MABS iso-
lates (Figure 1d).

@) 7H9 broth culture (No cells)
a
Isolate 7

® Isolate 1 @ Isolate 3 @ Isolate 5
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Growth of the isolate panel in culture
media, no host cells

Isolates were inoculated into 7H9 broth, incubated at
37°C and changes in CFU monitored 1, 24, 48 and 96 h
after inoculation to monitor differences, if any, in the
growth of the isolates in standard mycobacterial culture
media in the absence of host cells. All MABS isolates
showed comparable growth in culture over time, but with
some timepoint differences. The growth of both envi-
ronmental soil Isolates 5 and 6 were significantly higher
compared to clinical Isolate 8 at 24 h. By the 48- and 96-h
timepoints, clinical Isolate 2 demonstrated significantly
lower CFU counts in 7H9 broth compared to soil Isolate 5.
Arthrobacter did not grow at any of the timepoints tested
(Figure 2a). To determine whether this was due to the

Acanthamoeba lenticulata
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FIGURE 2 Growth of the isolate panel in culture media and a variety of host cells. (a) Growth curve of the isolate panel in Middlebrook
7H9 broth incubated at 37°C. CFU were quantified at 1, 24, 48 and 96 h post inoculation. n = 3 independent experiments. *p < 0.05;

*p < 0.005; #**p < 1 x 107, (b) Co-culture of the isolate panel with Acanthamoeba lenticulata. 1 x 10° A. lenticulata and a MOI 1:1

were used. CFU were quantified at 1, 24, 48 and 96 h post infection. Amoebae co-culture was performed at 22°C. At least 3 independent

experiments were performed for all isolates. *p < 0.05 (comparing Isolate 1 vs 2); ***p < 1 x 107'%. (c) The isolate panel was co-cultured
with 2 x 10° BEAS-2B airway epithelial cells using a MOI 1:1. CFU were quantified at 1, 24, 48 and 96 h post inoculation. **p < 0.005,
wrky < 1% 107, (d) 1 x 10° primary human alveolar macrophages were co-cultured ex vivo with the isolate panel using a MOI 1:1. CFU
were quantified at 1, 24, 48 and 96 h post inoculation. *p < 0.05; **p < 0.005; ****p < 1 x 107'%, Isolate 4 = Arthrobacter sp.
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viability of Arthrobacter, two 7H9 Arthrobacter cultures
were incubated at either 37 or 22°C. Arthrobacter demon-
strated robust growth only when cultured and plated at
22°C (Figure Sla).

Co-culture of isolates with Acanthamoeba
lenticulata

The relationship between NTM and environmental amoe-
bae has been reported, but is not widely studied for MABS
(Adékambi et al., 2006; Thomas & McDonnell, 2007).
When inoculated in amoebae PYG culture media in the
absence of amoebae, the majority of the MABS isolates
showed sustained viability across all the timepoints tested.
However, significantly less CFU was recovered for Isolate
8 compared to Isolate 1 at 24 h and Isolates 6 and 7 at 96 h
post inoculation. In this culture media, Arthrobacter grew
significantly better than all MABS isolates (Figure S1b).

To assess the capacity of environmental and clinical
MABS to survive in amoebae, cultures of A. lenticulata
were co-cultured with MABS or Arthrobacter at 22°C to
avoid amoebae encystment. Changes in CFU were mon-
itored at 1, 24, 48 and 96 h post co-culture. The majority
of the MABS isolates demonstrated sustained survival in
the presence of A. lenticulata with the exception of Isolate
2. Significantly less numbers of Isolate 2 were recovered
from A. lenticulata. Overall, A. lenticulata controlled
Arthrobacter replication at each timepoint tested (Figure
2b).

Co-culture of isolates with human lung
epithelial cells and macrophages

In BEAS-2B epithelial cells, all seven MABS isolates dem-
onstrated equivalent and sustained growth overtime that
was significantly higher compared to Arthrobacter at each
timepoint tested (Figure 2c) and no significant differences
in CFU were observed when the isolates were grouped
and analysed based on their stratification as environmen-
tal (n = 3) or clinical (n = 4) MABS isolates (Figure S2a).
To study the consequence of MABS infection in human
macrophages, primary human AMs were co-cultured
with the isolate panel ex vivo. Similar to BEAS-2B cells,
equivalent and sustained growth was observed among all
seven MABS isolates that was significantly higher than
the Arthrobacter isolate (Figure 2d). However, the MABS
ATCC 19977 type strain (Isolate 7) showed significantly
less CFU 24 h after co-culture with AM compared to clin-
ical MABS Isolate 1 and environmental soil Isolates 5 and
6. By 48 h, significantly less CFU were recovered from
AM infected with Isolate 3 recovered from a water biofilm

swab compared to soil-derived MABS Isolates 5 and 6. Yet,
no differences in CFU were observed when the MABS iso-
lates were categorized as clinical or environmental at any
of the timepoints tested (Figure S2b).

To assess the survival of the isolate panel in a different
macrophage model, the human monocytic cell line THP-1
was differentiated into macrophages using PMA. No dif-
ferences in CFU were observed when the MABS isolates
were categorized as clinical or environmentally derived
(Figure S2c), but MABS survival in THP-1 cells were sig-
nificantly higher than Arthrobacter (Figure 3a). Acid-fast
bacilli (AFB) staining show red-stained carbofuschin
positive MABS in the context of THP-1 cells identified by
methylene blue-stained nuclei (Figure 3b). Not surprising,
AFB positive bacilli were absent from THP-1 cells infected
with Arthrobacter, a Gram-positive bacterium. Light
microscopy studies revealed Isolate 2 as a cord former
(Figure 3c) and is consistent with Isolate 2 as a pellicle for-
mer (Figure 1c). In comparison, cording was not observed
for any of the other isolates including Arthrobacter or the
MABS representative, Isolate 5 (Figure 3c).

Data shown in Figure Sla suggest Arthrobacter is
sensitive to 37°C temperatures compared to ambient
temperature (22°C). To investigate whether the reduc-
tion in Arthrobacter was due to macrophages or incuba-
tion temperature, the isolate panel was inoculated into
THP-1 culture media alone in the absence of cells at 37°C.
Arthrobacter was not recovered from any of the timepoints
tested (Figure S1c). The number of CFU for MABS Isolates
1, 2, 3 declined with extended culture in THP-1 media by
the 48-h timepoint and Isolates 5, 6 and 8 also declined
by the 96-h timepoint. Isolate 7 demonstrated sustained
growth at all timepoints (Figure S1c). To test whether con-
trol of Arthrobacter was due to antimycotic and antibiotic
in the THP-1 culture media, Arthrobacter and the MABS
ATCC 19977 type strain Isolate 7 were incubated separately
in the presence of THP-1 culture media with and without
antibiotics/antimycotics at 22°C. Isolate 7 showed equiva-
lent CFU in either media at 22°C; whereas, viable growth
of Arthrobacter was only observed in THP-1 media with-
out antibiotics/antimycotics at this temperature (Figure
S1d).

Immune responses to
clinical or environmental MABS compared
to Arthrobacter

TNFa release by Arthrobacter-infected BEAS-2B cells
(Figure 4a) and Arthrobacter-infected AM (Figure 4b) 24 h
after infection trended higher than TNFa levels recorded for
the MABS isolates when grouped. To further understand the
host immune response to infection, multiple analyte testing
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FIGURE 3 Co-culture of the isolate panel with human THP-1 macrophages. (a) 1 x 10° THP-1 were co-cultured with the isolate
panel using a MOI 1:1. CFU were quantified at 1, 24, 48 and 96 h post inoculation. ****p < 1 x 107, n = 6 independent experiments. (b)

1 x 10° THP-1 macrophages were co-cultured with the isolate panel using a MOI 1:1 in 4-well chambers slides. At 48 h post co-culture, cells

were fixed, AFB stained, and imaged by light microscopy (total magnification 1000x). (c) Visualization of cultures was performed 96 h post

inoculation after washing the cell monolayer with 1x PBS using light microscopy. Representative images of Isolates 2, 4 and 5 are shown

(total magnification 200x). Arrow for Isolate 2 indicates examples of MABS cords. These co-culture experiments were performed at 37°C.

Isolate 4 = Arthrobacter sp

was performed on THP-1 culture supernatants collected at
the 24, 48 and 96-h timepoints that included quantification
of the chemokine IL-8, anti-inflammatory molecule IL-10,
pleotropic molecule, IL-6, and pro-inflammatory media-
tors IL-18 and TNFa. Overall, IL-8 levels remained low and
unchanged at all three timepoints tested for all MABS iso-
lates and Arthrobacter (Figure 4c—e). At the isolate level,
THP-1 cells produced higher and sustained levels of the pro-
inflammatory cytokines IL-6, IL-1p and TNFa in response to
MABS Isolate 2 compared to the other isolates tested (Figure
4c-e). When categorized together, analyte production was
higher among the clinical MABS isolates compared to the
environmental MABS isolates and more comparable to
Arthrobacter (Figure S3a-c).

Evasion against a host-protective AMP

Cathelicidin, a.k.a., LL-37, is an endogenous AMP pro-
duced by a variety of innate immune cells that potently
kills bacteria such as E. coli (Durr et al., 2006; Honda et al.,
2015; Lehrer & Ganz, 2002; Zanetti, 2004). Resistance to

and inactivation of LL-37 has been reported as a novel vir-
ulence mechanism of NTM (Honda et al., 2015, 2019). To
assess resistance to LL-37, the isolate panel was incubated
with 0, 25 or 150 pg/ml of LL-37 and changes in CFU mon-
itored at 37°C at 1, 24, 48 and 96 h after incubation as we
have published (Honda et al., 2015, 2019). Generally, LL-
37 was ineffective at killing any of the MABS isolates (1, 3,
5, 6, 7 and 8) in the presence of 25 or 150 pg/ml of LL-37
at 24 and 48 h (data not shown) or at 96 h post inoculation
(Figure 5a,b). Of interest, while CFU counts for Isolate 2
were lower than the other MABS isolates, counts trended
higher in the presence of 25 or 150 pg ml™" of LL-37 at
96 h post exposure (Figure 5a,b). As before, Arthrobacter
did not grow at this incubation temperature. To further
investigate the susceptibility of Arthrobacter to LL-37, the
LL-37 assay was repeated for Arthrobacter incubated at 37
or 22°C (Figure S4a,b), confirming growth of the isolate at
this temperature and sensitivity to LL-37.

To assess whether NTM inactivates the antimicrobial
activity of LL-37, we apply a biological read-out assay. In
these assays, surrogate bacteria like E. coli are incubated
with LL-37 in the presence or absence of NTM isolates.
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FIGURE 4 Co-culture of the isolate panel with healthy human epithelial cells or macrophages and cytokine/chemokine quantification.
(a) TNFa quantification of BEAS-2B culture supernatants 1 or 24 h post culture. **p = 0.0041. (b) TNFa quantification of alveolar
macrophage culture supernatants 1 and 24 h post culture. *p = 0.0112. For CFU, at least 3 or more independent experiments were

performed for all isolates and for each cell type. For ELISA, n = 2 was performed for each cell type. These co-culture experiments were

performed at 37°C. Multiple analyte analyses of THP-1 culture supernatants. Culture supernatants from THP-1 co-culture experiments after
24, 48 and 96 h detailed in this figure were collected and filtered through a 0.2 pum filter. IL-8, IL-10, IL-6, IL-1p and TNFa were quantified
on the Quanterix Simoa Technology platform. 24-h results are shown in (c), 48-h results are shown in (d), and 96 h results are shown in

(e). n = 3 independent experiments per timepoint. Values are represented as the pg/ml cytokine level divided by the THP-1 uninfected

cell supernatant pg/ml value at that timepoint. Median values are shown. Isolate 4 = Arthrobacter sps

By monitoring the depreciable changes in LL-37 potency
for E. coli, we can evaluate the effectiveness of NTM in
neutralizing LL-37 activity. E. coli was inoculated into the
LL-37-MABS culture supernatants remaining after 96-h.
All MABS isolates tested inactivated 25 pg/ml of LL-37
at 37°C (data not shown), but only Isolate 2 neutralized
the antimicrobial activity of both 25 and 150 pg/ml of
LL-37 as noted by the overgrowth of E. coli (Figure 5c).
For comparison, results from Isolate 2 and 8 are shown
(Figure 5c). On the other hand, despite exposure of LL-
37 to Arthrobacter for 96 h, the peptide remained potently
active against E. coli when performed at 22°C (Figure S4d)
compared to 37°C (Figure S4c).

DISCUSSION

Considering the SARS-CoV-2 (COVID-19) pandemic,
there is a consequential need to better understand the vir-
ulence of respiratory microbes. Already, co-infection with
MABS and SARS-CoV-2 has been reported in an elderly
patient with multiple myeloma (Rodriguez et al., 2021).
As a shapeshifter of the mycobacterial world, MABS dis-
plays a spectrum of morphologies and variations in their

capacity to form pellicles or cord, but it's not known
whether these morphotypes contribute to virulence and
pathogenicity (Ryan & Byrd, 2018). Moreover, recovering
MABS from the environment is difficult (Thomson et al.,
2013). As a consequence, comparative virulence studies
between environmental and clinical MABS isolates are
scant. In this study, three different environmental MABS
isolates recovered from natural sources such as freshwater
biofilms or soil were used to infect a variety of cell models
in vitro and these results were compared to three sputum-
derived clinical MABS isolates.

Modest differences in the recovery of intracellular
MABS was observed from amoebae or human epithelial
cells (Figure 2b,c). We have previously shown isolates
of slow-growing Mycobacterium chimaera demonstrate
varied survival in human AM and THP-1 macrophages
(Honda et al., 2019). In this study, similar CFU was re-
covered between the MABS isolates tested in both AM
and THP-1 macrophages (Figures 2d and 3a). However,
sputum-derived MABS Isolate 2 with rough morphology
emerged as both a pellicle and cord former (Figures 1b,c
and 3C). In addition, this isolate showed sustained CFU
in the human models tested, induced high and prolonged
production of pro-inflammatory cytokines from THP-1
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(b) LL-37 assay, 96 hours post inoculation
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FIGURE 5 Resistance and inactivation of LL-37. The isolate panel was incubated in the presence of 0, 25 or 150 pg/ml of synthetic
LL-37 peptide. Change in CFU between the 0 and 25 (a) or 0 and 150 pg/ml (b) of synthetic LL-37 at 96 h post exposure are reported.

n = 3 independent experiments. (c) Escherichia coli bioassays were used to assess the potency of LL-37 remaining in culture after 96 h of
incubation with MABS isolates or Arthrobacter. Representative images of Isolate 2 and 8 are shown. For these images, A = E. coli +25 pg/ml
LL-37. B = E. coli alone. C = E. coli+vehicle (0.1% TFA). D = E. coli incubated in MABS culture supernatants with 25 pg/ml of LL-37 after
96 h. E = E. coli incubated in MABS culture supernatants with 150 pg/ml of LL-37 after 96 h. Isolate 4 = Arthrobacter sp

cells, as well as resisted and inactivated the antimicrobial
activity of the host-protective peptide LL-37, suggesting
it is @ MABS of higher virulence compared to the other
MABS isolates tested in this study. A limitation is that the
disease status of the individuals from which sputum iso-
lates were derived was not known at the time this study
was performed.

A unique comparison was the inclusion of the MABS
type strain ATCC 19977 and an innocuous, non-NTM

bacterium, Arthrobacter. While there are a few reports
of Arthrobacter sp. in the clinical microbiology literature
(Mages et al., 2008), Arthrobacter is one of the most com-
mon indigenous, aerobic bacteria in soil ecosystems and
used in a variety of bioremediation processes (Mongodin
et al., 2006). The isolate of Arthrobacter sp. used was re-
covered from a similar environment as the non-clinical
MABS isolates and was included to contextualize MABS
virulence. In all cases, the replication of Arthrobacter
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was inconsequential due to its sensitivity to human body
temperature and antibiotics in cell culture media. Its in-
clusion, however, supports the general vigor of MABS
in causing sustained infection in relevant environmen-
tal amoebae and human cell models of the lung. We also
discovered robust production of TNFa by epithelial cells
and AM in response to Arthrobacter (Figure 4a,b). Higher
TNFa levels have also been reported by infected THP-1
cells in response to non-pathogenic bacteria including
Mycobacterium smegmatis when compared to MABS
ATCC 19977, suggesting TNFa, at minimum, is an import-
ant host defense mechanism against non-virulent bacteria
(Feng et al., 2020). A prior study by Beltan et al. (2000)
also reported non-pathogenic NTM induce greater levels
of TNFa in human monocyte-derived macrophages than
pathogenic NTM.

Multiplex analyte analyses was performed between the
three environmental and three sputum isolates of MABS
and Arthrobacter using THP-1 culture supernatants. Data
in Figure S3 show robust TNFa and IL-6 production by
Arthrobacter infected cells 24 h post infection that mir-
rored the immune response by environmental MABS in-
fected THP-1 cells. By comparison, less cytokine mediators
were produced in response to the clinical MABS isolates
across the timepoints tested. Our data indicate that IL-8
is not a chemokine of significance for MABS THP-1 in-
fected cells. However, others have used the release of IL-8
is a readout for toll-like receptor stimulation in MABS in-
fected epithelial cells (Davidson et al., 2011). A limitation
is that multiplex analyte studies could only be performed
on the culture supernatants from THP-1 infected cells and
should also be quantified using supernatants from epi-
thelial cells and AM infected with the isolate panel at the
same timepoints in future work.

AMP are potent, endogenous antibiotics produced by a
variety of organisms and are important to innate defense
against microbes. To understand the value of AMP against
mycobacteria, 12 different AMP (including AMP from
toads, wasps, and worms) were tested in a separate study,
showing modest activity against slow-growing isolates
of Mycobacterium tuberculosis (Mtb) and Mycobacterium
avium (Portell-Buj et al., 2019). A cattle-derived AMP,
indolocin, exhibited inhibitory activity at 128 pg/ml and
the remaining AMP showed minimal inhibitory concen-
trations of >128 pg/ml. Human neutrophil peptides have
been more widely studied in the context of mycobacteria
(Gutsmann, 2016) with bactericidal activity against Mtb,
M. avium, and M. intracellulare (Sharma et al., 2000).
LL-37 is a cationic AMP with potent activity against
Gram-negative and Gram-positive bacteria (Durr et al.,
2006). We previously reported that LL-37 resistance and
inactivation are dependent on the NTM isolate tested
(Honda et al., 2019). In the current study, the inclusion

of Arthrobacter strengthens the case for increased viru-
lence of MABS, both environmental and clinical isolates,
in the evasion of AMP produced by immune cells. That is,
Arthrobacter was both susceptible to LL-37 and could not
neutralize its activity (Figure S4). Comparably, all MABS
isolates tested were resistant to LL-37 and all showed in-
activation of 25 pg/ml of LL-37, the concentration suffi-
cient to kill both the Gram-negative bacteria tested (i.e.
E. coli and Arthrobacter). MABS Isolate 2 was the only
isolate that demonstrated the capacity to inactivate the
150 pg/ml concentration of LL-37 (Figure 5). While the
mechanism of LL-37 inactivation is not known, it is likely
to involve polar phospholipids from the MABS cell wall
(Honda et al., 2019).

This work has a few important implications. First, our
prior work suggested that NTM isolates show varying in-
terspecies, but also, intraspecies differences in terms of
infectivity in host macrophages, particularly in the con-
text of M. chimaera (Honda et al., 2019). The prior study
also examined two different environmental MABS iso-
lates which demonstrated relatively equivalent survival in
THP-1 macrophages compared to another clinical MABS
isolate. Important intraspecies differences among MABS,
particularly in the context of Isolate 2, were observed in
this study, urging for the consideration that NTM isolates
should not be viewed as equivalently virulent even among
clinical isolates. Second, the data presented also align with
prior reports of rough MABS variants as more infectious
than smooth isolates (Roux et al., 2016). Third, recent stud-
ies of MABS core and accessory genomes have brought to
the forefront the emergence and description of genetically
similar MABS clusters referred as “dominant circulating
clones” (Bryant et al., 2016; Davidson, 2018). In the future,
it would be useful to perform whole genome comparisons
of environmental MABS isolates to better understand the
distribution of MABS clones in environments worldwide.
Fourth, the ability to form pellicles, to cord, and to resist
and inactivate LL-37 by Isolate 2 was not sufficient to
promote enhanced survival in the single eukaryotic cell
models tested, but may prove consequential in an animal
model. Thus, to fully understand virulence and patho-
genicity differences between environmental and clinical
MABS isolates, expanded studies in animal are urged.

The novel aspect of this work was the testing of both
environmental and clinical isolates of MABS. However,
this study has limitations including the low number of
isolates tested. Examination of a larger panel should
be performed to determine whether our findings trans-
late to a larger sampling of environmental and clinical
MABS isolates. In addition, the environmental isolates
used were collected from a single geographic location
in the United States; thus, follow up studies are needed
using clinical and environmental MABS isolates from
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other global locales to fully grasp the overarching patho-
genesis of MABS.

In closing, this work begins to fill a current gap in
knowledge by studying the consequence of environmental
MABS infection using isolates recovered from a shower-
head biofilm, freshwater stream, and soil in comparison to
clinical MABS isolates and logically creates a foundation
to expand other work related to the host and MABS factors
that contribute to the progression of infection.
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