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Abstract

increased MAP killing in a macrophage model.

Infection with Mycobacterium avium subspecies paratuberculosis (MAP) is complex, but little is known about the role
that natural killer (NK) cells play. In the present study, four bovine NK-lysin peptides were synthesized to evaluate their
bactericidal activity against MAP. The results demonstrated that bNK-lysin peptides were directly bactericidal against
MAP, with bNK1 and bNK2A being more potent than bNK2B and bNK2C. Mechanistically, transmission electron
microscopy revealed that the incubation of MAP with bNK2A resulted in extensive damage to cell membranes and
cytosolic content leakage. Furthermore, the addition of bNK2A linked with a cell-penetrating peptide resulted in

Keywords: Antimicrobial peptides, Amps, Bovine NK-lysins, bNK2A, Johne's disease, MAP, Mycobacterium avium
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Introduction, methods, and results

Infection with Mycobacterium avium subspecies para-
tuberculosis (MAP), an intracellular pathogen, causes
chronic enteritis in ruminants, also known as Johne’s dis-
ease [1]. Transmission is primarily faecal-oral, and in the
initial stages of infection, MAP is taken up by resident
macrophages within the small intestine. The thick, waxy
cell wall of MAP is composed of more than 60% lipids,
leading to a high level of resistance to heat, environmen-
tal conditions, chemical treatment and antibiotics [2-5].
This complex mycobacterial cell wall makes it possible
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to survive the killing mechanisms of macrophages, such
as lysosomal enzymes and reactive oxygen metabo-
lites, allowing them to survive and replicate inside mac-
rophages [6, 7].

Antimicrobial peptides (AMPs) or host defence pep-
tides are a diverse group of molecules that are produced
by all living organisms as a part of the innate immune
system [8, 9]. Unlike antibiotics, most AMPs are effec-
tive against a broad spectrum of pathogens ranging
from viruses to parasites. In general, AMPs are oligo-
peptides composed of varying numbers of amino acids
but are typically 5-50 residues long [8, 10]. Bovine NK-
lysins (bNK-lysins) are antimicrobial proteins produced
by T lymphocytes and natural killer (NK) cells [11].
bNK-lysins are structurally and functionally similar to
the well-characterized proteins human granulysin and
porcine NK-lysin [11-14]. Granulysin and NK-lysins
are found in the granules of human, porcine and bovine
cytotoxic T-cells (CTLs) and NK cells [12, 14, 15]. In
general, granulysin and NK-lysins are synthesized
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as precursor proteins (~15 kDa), and both ends are
cleaved to produce an active protein (~9 kDa). The
larger precursor protein is secreted by CTLs and NK
cells, while the mature form is stored and released from
cytotoxic granules to target bacteria and infected cells.

One of the earliest reports of the antimycobacterial
activity of granulysin demonstrated that CTLs killed
intracellular pathogens such as M. tuberculosis in a
granule-dependent manner [12]. This was followed
by the finding that active regions of porcine NK-lysin
and human granulysin peptides were effective in kill-
ing M. tuberculosis, as well as Pseudomonas aerugi-
nosa, Staphylococcus aureus, and Escherichia coli [16].
Similar studies led to the identification of antimicrobial
and antimycobacterial domains in bovine NK-lysin as
well [11, 17]. In addition, the secretion of granzymes,
granulysin, and perforin has been shown to be effec-
tive against intracellular parasites such as Trypano-
soma cruzi, Toxoplasma gondii, and Leishmania major
[18]. Although NK-lysins and granulysin can efficiently
kill extracellular bacteria, both proteins need the help
of perforin to enter cells to kill intracellular pathogens
[12, 18]. Additionally, granulysin also shows immu-
nomodulatory properties by activating monocytes to
secrete chemokines to attract other cells to the site of
inflammation, as well as proinflammatory cytokines
[19]. Mechanisms of innate and adaptive immunity
have been well defined for many mycobacterial patho-
gens, but there is a lack of information regarding the
potential bactericidal activity of NK-lysins, particularly
for cattle.

Unlike the human and pig genomes, the cattle genome
contains four different bNK-lysin genes (NKI1, NK2A,
NK2B, and NK2C) [17]. All four bNK-lysin-derived pep-
tides are functional and show strong antimicrobial activ-
ity against various bacterial pathogens involved in bovine
respiratory diseases, such as Mycobacterium bovis, Hist-
ophilus somni, and Mycoplasma bovis [11, 17, 20]. There-
fore, we hypothesize that bNK-lysin peptides are active
against MAP as well. In the present study, we describe
the antimicrobial activity of all four bNK-lysin peptides
against MAP.

All four bNK-lysin peptides (bNK1, bNK2A, bNK2B,
and bNK2C) were chemically synthesized as 30-mer
peptides corresponding to the functional region helix2-
loop-helix3 (Peptide 2.0 Inc, Chantilly, VA, USA) as tri-
fluoroacetate salt (95% purity) [20, 21]. For cell culture
experiments with a monocyte-derived macrophage infec-
tion model, the bNK2A peptide N-terminally fused to a
cell-penetrating peptide derived from transactivator of
transcription of human immunodeficiency virus type-1
(TAT; 5, TAT-bNK2A) was similarly synthesized, pro-
moting entrance of bNK2A into the cell [22].
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The direct antimicrobial killing activity of bNK-lysin
peptides was assessed by incubating with MAP in culture
medium in 3 replicate experiments. An isolate of MAP
(strain 167) from a cow with clinical disease was grown
to log phase (ODg4o,m =0.2-0.4) at 39 °C in Middlebrook
7H9 broth (M7H9; Becton Dickinson, Franklin Lakes,
NJ) as previously described [23], and aliquots were stored
at —80 °C. Briefly, 50 uL of diluted MAP (~1 x 10° CFU)
was incubated with 50 pL of bNK-lysin peptides in M7H9
to achieve final concentrations of 10, 50, or 100 pM in
96-well plates [11]. MAP incubated with M7H9 served
as a negative control. The plate was covered, sealed in a
Ziploc bag, and incubated at 39 °C for 72 h with gentle
rocking. Viable MAP was identified using a novel pro-
pidium monoazide (PMAxx", Biotium, Fremont, CA,
USA) coupled with quantitative PCR (qPCR; PMA-
qPCR) using IS900 gene-specific primers and probes
with extracted genomic DNA [24—28]. Briefly, the bacte-
ria were transferred to microfuge tubes, pelleted by cen-
trifugation (10 000 g for 10 min), and then resuspended
in 25 pM PMAxx solution. Samples were incubated at
RT for 10 min in the dark, placed in a PMA-Lite LED
Photolysis Device and exposed to LED light for 15 min,
allowing for DNA-PMAxx crosslinking. Thereafter,
genomic DNA (gDNA) was extracted from MAP pellets
using the DNeasy® Blood and Tissue Kit according to the
manufacturer’s instructions (Qiagen Inc, Valencia, CA,
USA). qPCR was performed on extracted gDNA using
MAP-specific primers (forward: 5-CCGCTAATTGAG
AGATGCGATTGG-3/; reverse: 5'-AATCAACTCCAG
CAGCGCGGCCTCG-3') and a probe (5-FAM-TCC
ACGCCCGCCCAGACAGG-TAMRA-3') to the 1S900
gene target as described previously [24]. PMA-qPCR was
conducted in an Applied Biosystems 7500 fast real-time
PCR system (Life Technologies) by using TagMan® Fast
Advanced Master Mix (Life Technologies). The PMA-
qPCR assay was performed under the following condi-
tions: 1 cycle at 95 °C for 10 min followed by 40 cycles
of denaturation at 94 °C for 25 s and annealing-extension
at 60 °C for 1 min. The total JPCR reaction volume was
25 uL, with 5 pL of sample, 12.5 pL of Master Mix (Life
Technologies), 6.88 pL of ultrapure distilled DNase- and
RNase-free water, 200 nM of each primer, and 100 nM of
probe. Each qPCR plate also contained a standard curve
ranging from 1 ng/pL to 1 fg/uL that was generated from
MAP strain 167 genomic DNA, no-template negative
controls, and a positive control of MAP strain 19,698
genomic DNA. The mean cycle threshold (Ct) values of
triplicate wells were used to calculate the frequency of
viable MAP present in each sample. The percentage of
remaining viable MAP in bNK-lysin peptide-treated sam-
ples was calculated using the following equation ([average
number of live MAP in peptide-treated sample/average
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number of live MAP in the negative control] x 100). Ct
values are inversely proportionate to the viable MAP in
the tested samples. The final percentages of live or dead
MAP in each peptide treatment are based on three inde-
pendent experiments.

The physical impacts of bNK-lysin on MAP were vis-
ualized by transmission electron microscopy (TEM).
Fifty microlitres of MAP (~5 x 10° CFU) was transferred
into a 96-well plate and incubated with either 50 uL of
bNK2A (100 uM concentration) or M7H9 at 39 °C for
72 h. Samples were fixed with 3% glutaraldehyde and
processed for TEM as described previously [29]. Bacte-
rial pellets were then rinsed in cacodylate buffer, post-
fixed in 1% osmium tetroxide, dehydrated in a graded
series of ethanol (30—100%, ~6 h), washed with 100% pro-
pylene oxide (~1.5 h), and embedded in EMbed-812 resin
(Electron Microscopy Sciences, Hatfield, PA) for~36 h.
Sections of the bacterial pellets were cut and stained with
uranyl acetate and lead citrate. Sections were examined
with an FEI Tecnai G2 Biotwin (ThermoFisher Scientific,
Carlsbad, CA, USA) TEM, and images were captured
with an Advanced Microscopy Technologies (AMT Inc.,
Danvers, MN, USA) imaging camera. TEM was repeated
twice with three replicates for each sample.

The bactericidal activity of bNK2A lysin was further
assessed in a cell culture system. Assay conditions were
initially optimized using monocyte-derived macrophages
(MDMs) prepared from two cows. For the final experi-
ments, blood was collected from four healthy cows,
and PBMCs were isolated as described previously [30].
Brieflyy, MDMs were prepared by plating PBMCs onto
ibiTreat p-slides (Ibidi USA, Inc., Fitchburg, WI, USA).
On day 6, MAP was diluted in RPMI-1640 medium with
1% foetal bovine serum (FBS) and added to MDMs at an
MOI of 10:1. After 2 h of incubation, bNK2A or TAT-
bNK2A peptides (10 pM) were added into wells with
MAP and further incubated for 24 h. Assay controls were
MDMs alone and MDMs infected with only MAP. Live
and dead intracellular MAP were identified by SYTO 9
and propidium iodide (PI) using a BacLight bacterial
viability kit (Cat# L7012, ThermoFisher Scientific, Carls-
bad, CA, USA) and 0.1% saponin as previously described
[31]. MDMs were incubated with SYTO 9 (5 uM) and
PI (30 uM) at room temperature in the dark for 15 min.
Media containing the diluted dyes were then removed
from the wells and replaced with MOPS buffer. Mac-
rophages were stained using anti-bovine CD68 (Clone
EBM11, Agilent-DAKO, Santa Clara, CA, USA) fol-
lowed by Alexa Fluor 647 (AF647)-conjugated second-
ary antibody (ThermoFisher Scientific) by incubating in
the dark at room temperature for 1 h each. Imaging was
performed with a Nikon A1R+ Confocal Laser Scanning
Microscope System (Nikon Instrument, Melville, NY,
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USA). Calibration was performed for the dyes using the
software, and sequentially collected frames of individ-
ual channels were merged and then saved as ND2 files.
Images were obtained with a plan Fluor 40 x objective
lens (oiled) at numerical aperture 1.3. At least 10 images
per treatment group were collected for analyses. Binary
layers for each channel (SYTO 9, 488 nm; PI, 561 nm;
AF647 640 nm) facilitated automated detection of live
and dead MAP within CD68™ regions of interest (ROIs)
representing independent MDMs within the images.

Two statistical analyses were performed using the
MIXED procedure from SAS (SAS Inc., Cary, North Car-
olina, USA). The first analysis included the fixed effects of
concentration (10, 50, and 100 uM), experiment (experi-
ments 1 and 2), and bNK-lysin peptides (bNK1, bNK2A,
bNK2B, and bNK2C). The second analysis included the
fixed effects of MAP (dead or alive), the bNK-lysin pep-
tides (control, bNK2A, and TAT-bNK2A), and the inter-
action between MAP and bNK-lysin peptides. Mean
comparisons were performed using the predicted differ-
ences (PDIFF) option from the MIXED procedure. The
term “significant” indicates a value of P<0.05.

MAP is a very slow-growing bacterium that takes up to
12 weeks to form visible colonies on agar growth medium
but also clumps readily, making quantification difficult.
Therefore, a newer methodology using a propidium mon-
oazide-based qPCR viability assay that has previously
been successfully used to determine viable MAP [25-29]
was used to determine the antimicrobial activity of bNK-
lysin peptides against MAP. The anti-MAP activity of all
four bNK-lysin peptides was significantly different from
that of the control (Figure 1A; P<0.0001). Concentra-
tion-dependent MAP killing activity was observed for all
four bNK-lysin peptides during a 72 h incubation period
(Figure 1B; P<0.0001). Although bNK1 and bNK2A were
highly active against MAP at the concentrations of 50 and
100 pM, with less than 6% viable MAP remaining in the
samples, approximately 30% and 35% viable MAP could
still be detected in bNK2B- and bNK2C-treated samples
(Figure 1B). Additionally, reduced antimicrobial activity,
as indicated by higher percentages of remaining viable
MAP, was detected with bNK2B- and bNK2C-treated
samples (~85% and 93% viability) compared to bNK1-
and bNK2A-treated samples (~25% and 34% viability) at
the final peptide concentration of 10 M (Figure 1B).

Since the bNK2A peptide showed the highest in vitro
MAP killing activity, this peptide was selected as a model
bNK-lysin peptide to visualize ultrastructural changes in
MAP. After 72 h of incubation, both control and bNK2A-
treated (100 M) samples were processed for TEM. Com-
pared to the control samples (Figure 2A), bNK2A-treated
samples showed fewer MAP and abundant cell debris
(black arrows) (Figure 2B). The presence of bacteria with
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Figure 1 Antimicrobial activity of bNK-lysin peptides against M. paratuberculosis. The remaining viable MAP in bNK-lysin
peptide-treated samples was assessed by PMA-gPCR assay. Mean percentages of viable MAP with standard error of means in the overall (A) and
concentration-dependent (B) MAP killing assay with bNK-lysin peptides are shown in the graphs. ®Statistically different (P < 0.002; ®Statistically

100

10 50

Peptide concentration (uM)

mbNK1 EbNK2A =bNK2B 0ObNK2C

intact membranes along with electron-dense cytoplasm
suggested that most of the MAP in the control samples
was viable (Figure 2C). Conversely, bacteria with dam-
aged inner and outer membranes (Figure 2D, E) with
reduced cytoplasmic density due to the leakage of intra-
cellular contents (white arrows, Figure 2D, E) and cell
debris were visible in bNK2A-treated samples, indicating
that the majority of MAP were dead. Several MAP devoid
of cytoplasmic contents (ghost cells) were also found in
bNK2A-treated samples (Figure 2F, white arrow).

An MDM infection model was utilized to assess the
effectiveness of bNK2A in penetrating macrophages and
attaining access to MAP. Since cell-penetrating peptides
(CPPs) are known to translocate through the plasma
membrane without causing significant damage to the
membranes [22], a chimaeric bNK2A peptide N-termi-
nally fused to a well-characterized CPP transactivator of
transcription of HIV was also synthesized (TAT-bNK2A).
Since both peptides at the concentrations of 50 and
100 uM were cytotoxic to MDMs (Additional file 1), we
only tested the 10 puM concentration of both peptides in
the intracellular MAP killing assay. MDMs infected with
MAP were treated with bNK2A or TAT-bNK2A peptides
for 24 h. Confirmation of MDMs within the slides was
performed by CD68 antibody labelling (orange colour
cells in Figure 3B—D). Approximately two-fold more dead
MAP (per cell) than live MAP (per cell) was observed
for all three treatment groups, indicating the ability of
MDMs to kill intracellular MAP (Figure 3A). Although
the number of dead MAP was not significantly different
among the three samples (P=0.6923), slightly improved
MAP killing activity was observed upon treatment of
MDMs with TAT-bNK2A (Figure 3A). Compared to

controls, TAT-bNK2A showed~25% improvement in
intracellular MAP killing.

Discussion

The sensitivity of Mycobacterium bovis to bNK2B and
bNK2C has been reported previously [11]. However,
studies with any of the four bNK-lysin peptides have
not been reported for other mycobacterial pathogens,
including MAP. Therefore, the goal of the present
study was to assess the antimicrobial activity of all four
bNK-lysin peptides against MAP. A novel PMA-qPCR
technique has been successfully used to determine the
viability of various bacterial pathogens, including MAP
[25-28]. This assay is very helpful to determine the via-
bility of the remaining MAP following incubation with
peptides since MAP can take up to 12 weeks to form
visible colonies in solid medium. PMA, a fluorescent
dye that indicates cell membrane impairment, can only
enter bacteria with damaged or compromised mem-
branes. Upon photolysis with LED light, PMA binds
covalently to DNA and prevents DNA amplification by
PCR. Thus, only live bacterial DNA can be amplified
by PMA-qPCR. The results of the PMA-qPCR viability
assay suggested that although MAP was highly sensitive
to all four bNK-lysin-mediated killing at higher peptide
concentrations, bNK1 and bNK2A were most effec-
tive, with up to 94% MAP killing. The strong bacteri-
cidal activity of bNK-lysin peptides has previously been
described for multiple extracellular gram-positive and
gram-negative bacterial species [17, 20, 21, 32]. Impor-
tantly, most of the bacteria tested were more sensitive
to bNK-lysin peptides at lower micromolar concen-
trations (<5 pM) than what was shown to be effective
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Figure 2 Membranolytic activity of the bNK2A peptide against M. paratuberculosis. (A) MAP control (x 4800, scale bar=2 pm); (B) MAP with
100 pM bNK2A (cell debris is indicated by black arrows; x 4800, scale bar=2 um); (C) MAP control (x 68 000, scale bar =200 nm); (D) MAP with

100 M bNK2A (intracellular content leakage is indicated by white arrows; x 68 000, scale bar= 200 nm); (E) MAP with 100 uM bNK2A (intracellular
content leakage is indicated by a white arrow; x 98 000, scale bar= 100 nm); (F) MAP with 100 uM bNK2A (ghost cell is indicated by a white

arrow; x 68 000, scale bar=200 nm).




Dassanayake et al. Vet Res (2021) 52:11

Page 6 of 8

Number of MAP/Cell

!

Live Dead

Control

Live

bNK2A

Figure 3 Antimicrobial activity of TAT-bNK2A and bNK2A against intracellular M. paratuberculosis. (A) Mean percentages of live and dead
intracellular MAP in MDMs with the corresponding standard error of the mean. Representative confocal laser scanning microscopy images of live
(green) and dead (red) intracellular MAP in (B) control (C) 10 uM bNK2A and (D) 10 uM TAT-bNK2A peptide-treated MDMs. Large red circles within
MDM:s are Pl-stained nuclei. The identification of MDMs in each well was confirmed by positive labelling with anti-CD68 antibody (orange colour
cells, B, Cand D). Selected MDMs (small white boxes) in each panel were digitally enlarged and are shown in the upper right corner (large white
boxes). Means and SEMs of live and dead MAP in infected MDMs were calculated from four cows. (Scale bar=2 um). P=0.6923.
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for mycobacteria, suggesting that bNK-lysin peptides
are extremely effective under in vitro assay condi-
tions. In contrast, a higher concentration (100 pM) of
two tested bNK-lysin peptides (bNK2B and bNK2C)
was required to show anti-M. bovis activity, with ~70%
killing observed at that concentration [11]. The TEM
results with the bNK2A peptide showed dead MAP
with damaged membranes, intracellular content leak-
age and ghost cells (completely devoid of intracellular
contents). Similar to other AMPs, our observations
clearly suggest that MAP killing is due to the mem-
branolytic activity of bNK-lysin peptides. Unlike many
other bacterial species, the thick cell wall of MAP is
composed of more than 60% lipids, demonstrating a
high level of resistance to heat and chemical treatment,
and can contribute to the survival of MAP within host
macrophages [2-5]. Therefore, the concentration of

bNK-lysin peptide required to kill MAP may be attrib-
uted to the difficulty of producing membrane pores due
to the higher lipid content of the MAP cell wall.
Bacterial cell membranes are negatively charged due
to the presence of lipopolysaccharides in gram-negative
bacteria or teichoic/lipoteichoic acids in gram-positive
bacteria. Although the mycobacterial membrane is dif-
ferent from other bacteria due to the presence of an
unusual amount of lipids such as mycolic acids, myco-
bacterial membranes are also negatively charged [33].
Cationic AMPs electrostatically interact with negatively
charged bacterial surfaces, resulting in the insertion of
AMPs into the membrane and the production of pores by
barrel-starve, carpet or toroidal-pore mechanisms lead-
ing to bacterial death [8]. The bNK-lysin peptides syn-
thesized for the present study are cationic peptides due
to the presence of several arginine and lysine residues.
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bNK1 has the lowest net charge of+5.0, and bNK2A
has the highest net charge of+7.9, while bNK2B and
bNK2C have net charges of +6.9 and + 5.9, respectively.
Therefore, we expected all four bNK-lysin peptides to
show strong electrostatic interactions with MAP mem-
branes followed by pore formation. It is not clear why we
observed lower anti-MAP activity of bNK2B and bNK2C
herein, despite having higher net positive charges com-
pared to bNK1.

In general, mycobacteria are facultative intracellular
pathogens that reside within macrophages in the host.
M. tuberculosis is known to avoid phagosome-lysosome
fusion pathways and resides inside unique phagosomes
[34]. MAP is also known to survive inside macrophages
of the host. Studies with the murine macrophage J774
cell line suggested that similar to M. tuberculosis, MAP
can also prevent phagosome-lysosome maturation and/
or phagosome acidification [35, 36]. Previously, we
demonstrated biphasic effects of MAP killing in the
J774 macrophage cell line, with MAP numbers increas-
ing during the first 24 h followed by rapid decreases
in MAP in the subsequent 24-72 h period [29]. Since
macrophages seemed less able to control MAP replica-
tion in the first 24 h of infection, our efforts focused on
the evaluation of bNK2A peptides in that critical time
period. Since MDMs were sensitive to bNK-lysins at
50-100 pM concentrations, resulting in cell death, only
the final peptide concentration of 10 uM was tested
with MAP-infected MDMs. Although antimicrobial
proteins such as human granulysin can efficiently kill
various extracellular bacteria [16], a previous study
reported that granulysin was unable to kill intracellu-
lar M. tuberculosis without coincubation with perforin
[12]. In this study, we selected a well-characterized
cell-penetrating TAT peptide fused with bNK2A (TAT-
bNK2A) to improve the delivery of bNK2A into MDMs
[22]. Although greater anti-M AP activity was expected
after treatment of MDMs with the TAT-bNK2A pep-
tide, it showed only a 25% improvement in intracellu-
lar MAP Kkilling compared to controls during 24 h of
incubation. In experiments with direct application of
bNK-lysins to MAP in culture, the lowest concentra-
tion (10 uM) of bNK2A was bactericidal, demonstrat-
ing ~66% MAP killing during 72 h of incubation, but
the killing was attenuated compared to higher concen-
trations. It is clear that a higher concentration of pep-
tide is probably needed to effectively kill MAP in the
macrophage model, but this is hindered by detrimental
effects on the macrophage itself. Fusion of bNK2A with
the TAT peptide improved intracellular MAP killing by
allowing lysin to gain entrance into the cell more eas-
ily; however, further optimization is needed to improve
MAP killing by macrophages without adverse effects.
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In conclusion, bNK-lysin peptides (b NK2A) enhanced
the killing of MAP, both intracellularly and extracel-
lularly. These results suggest that bNK-lysins may play
an important role in the initial defence against MAP
before and after it is taken up by resident phagocytes in
the intestine of affected animals.
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The online version contains supplementary material available at https://doi.
0rg/10.1186/513567-021-00893-2.

Additional file 1. Cytotoxic effect of the bNK2A peptide on mono-
cyte-derived macrophages (MDM:s). (A) Control, (B) 10 uM and (C)

50 uM bNK2A-treated MDMs were incubated at 39 °C for 24 h. Dead cells
were identified by staining with Pl (scale bar=20 um).
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