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Tuberculosis  (TB)  presently  accounts  for high  global  mortality  and  morbidity  rates,  despite  the  introduc-
tion  four  decades  ago  of  the  affordable  and  efficient  four-drugs  (isoniazid,  rifampicin,  pyrazinamide  and
ethambutol).  Thus,  a strong  need  exists  for new  drugs  with special  structures  and uncommon  modes  of
action  to effectively  overcome  M. tuberculosis.  Within  this  scope,  antimicrobial  peptides  (AMPs),  which
are  small,  cationic  and  amphipathic  peptides  that comprise  a section  of  the  innate  immune  system,  are
currently  the  leading  potential  agents  for  the  treatment  of  TB.  Many  studies  have  recently  illustrated  the
ntimicrobial peptides (AMPs)
uberculosis
ynergistic effect
ew anti-tuberculosis drugs

capability  of anti-mycobacterial  peptides  to disrupt  the  normal  mycobacterial  cell  wall  function  through
various  modes,  thereby  interacting  with  the  intracellular  targets,  as  well  as encompassing  nucleic  acids,
enzymes  and  organelles.  This review  presents  a wide  array  of  antimicrobial  activities,  alongside  the  asso-
ciated  properties  of the  AMPs  that  could  be utilized  as potential  agents  in therapeutic  tactics  for  TB
treatment.

©  2017  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

Human tuberculosis (TB) is the manifestation of the infection of
umans by members of the Mycobacterium tuberculosis complex,
omprising Mycobacterium tuberculosis, Mycobacterium africanum,
ycobacterium bovis, Mycobacterium microti, Mycobacterium leprae

nd Mycobacterium canetti [1]. The patients suffering from active
ulmonary TB are considered as the main source of infection, while
ost people carrying the M.  tuberculosis infection remain asymp-

omatic (latent TB infection (LTBI)). Globally, there are about two
illion LTBI cases, who are in danger of the disease being reacti-
ated [2,3]. Despite the introduction of the aforementioned four
ffordable and efficient drug treatment regimens four decades ago,
B has continued to spread to all corners of the world [4].

The World Health Organization’s (WHO) 17th report on the
lobal occurrence of TB signifies that it maintains the status of a
lobal emergency. It was estimated that in 2015, there were about
0.4 million new cases and 1.8 million deaths from TB, including
.4 million deaths among people co-infected with HIV. The great-
st rates per capita of TB are found in sub-Saharan Africa, which is
ainly challenged by the HIV epidemic in the region. Nearly 60% of

lobal TB cases are found in South Africa, China, India and the Rus-
ian Federation [5]. In the United States and Western Europe, the
ajority of TB cases are found among residents from other nations
here TB is highly endemic [6,7]. Currently, multidrug-resistant

B (MDR-TB) is widespread, with around 580,000 documented
ases for 2015. Extensively drug-resistant TB (XDR-TB) has cur-
ently been reported in about 84 countries of the world. Owing to
he financial limitations and laboratory infrastructural inadequacy,
nly about 19% of the globally approximated numbers of MDR-TB
ases were reported to the WHO  in 2011, while less than 4% of
DR-TB cases are presently diagnosed at a global level. The treat-
ent of TB is challenging, requiring a precise diagnosis, screening

or resistance to drugs and the administration of effective treatment
egimens for a minimum of six months through directly observed
herapy (DOT). Therefore, there is a need for the development of
ovel TB agents for shorter TB treatment regimens [8].

The study of AMPs commenced during World War  II when gram-
cidin, an antimicrobial agent from the soil bacterium Bacillus brevis,

as discovered by Rene J. Dubois. This antimicrobial agent was
ound to be effective against Gram-positive bacteria and used for
he treatment of soldiers’ wounds and ulcers [9]. Nonetheless, AMP
s a term was not broadly used before the 1960s when a number
f proteins with selective antimicrobial actions in polymorphonu-
lear (PMN) leukocytes were discovered [10–12]. During the 1980s,
ecropins were isolated from larva, followed by the unveiling of
againins from the skin of frogs, indicating that AMPs are made in

he higher vertebrates [13]. Two mammalian AMPs were identified
n the 1980s, comprising cathelicidins and defensins, albeit with
everal scrutinies. Defensins can be categorized into �-defensins,
-defensins and �-defensins [14]. Described as cationic peptides,
athelicidins have a common N-terminal cathelin-like domain, but
ossess a variable C-terminal region.

The defensins, as well as the cathelicidins, have a wide and
aried antimicrobial spectrum against both Gram-positive and
ram-negative bacteria, mycobacteria, viruses and fungi [15,16].
onetheless, there is currently little information on the manner in
hich antimicrobial agents influence pathogens, resulting in the
isruption of the normal cell membrane, growth inhibition and
ven cell death. Specifically, the significant activity of AMPs against
.  tuberculosis has viewed them as prototype molecules in the plan-

ing of novel anti-TB agents [17]. In this review, several natural

MPs from varying organism sources with a wide range of in vitro
nd in vivo cidal activity against M.  Tuberculosis are detailed, even
hile their overall mechanism of action is debated.
esearch 128 (2018) 288–305 289

2. Need for new anti-tuberculosis drugs and schemes

Even though the presently available treatment regimens for the
drug-sensitive tuberculosis are greatly efficient subject to patients’
adherence under ideal conditions, the results are not perfect when
the actual life realities of tuberculosis programmatic conditions
are considered [18]. The WHO’s suggested treatment regimens for
drug-susceptible and drug-resistant tuberculosis are saddled with
several inherent challenges, rendering novel antituberculosis drug
discovery a priority for clinical and public health [19–24].

The first challenge is the protracted nature of the treatment
regimen for the drug-susceptible disease, which extends over a
minimum period of six months [25]. Additionally, the first-line
oral drugs (isoniazid, ethambutol, pyrazinamide, and rifampicin)
have to be taken simultaneously in the first two months of treat-
ment, while isoniazid and rifampicin are taken over a consecutive
period of four months during the continuation stage, resulting in
the challenges linked to patients’ adherence to the regimens. These
regimens are associated with high mortality rates and patients’
non-adherence. They can lead to the development of chronic drug-
resistant tuberculosis [23,26]. Therefore, a key concern for drug
development has been for novel tuberculosis agents, which will
reduce the treatment regimen. Strong sterilizing agents, which
may  reduce the treatment period to two months and below, could
enhance adherence and decrease the cost of distribution and pro-
gramme  supervision [27]. In addition, the drugs that could decrease
the total duration of the treatment and regularity of drug intake are
always preferable. Studies on the life cycle of M.  tuberculosis have
illustrated that mycobacteria generates a dormancy phenotype
under anaerobic conditions and nutrient deprivation [28–31]. The
bacterial population of the persisters may  endure for a maximum of
100 days following the commencement of anti-tuberculosis treat-
ment, while a reviving element is needed for duplication in order
to encourage a swift reproduction of the inactive bacilli. Such dor-
mant bacteria are not susceptible to numerous anti-tuberculosis
agents and can lead to an extension of anti-tuberculosis treatment.
Therefore, novel drugs and regimens are required for a complete
denaturing of all the persisters, regardless of the developmental
stage attained by the M. tuberculosis [29,32–34].

Secondly, novel drugs are required to deal with the increas-
ing global challenge of MDR-TB and XDR-TB [35]. MDR-TB, which
results from the resistance of the M.  tuberculosis to rifampicin and
isoniazid, is currently widespread at a global level, with around
500,000 cases documented in 2015 [36]. XDR-TB (as a result of
M. tuberculosis resistance to isoniazid, rifampicin and any fluoro-
quinolone, as well as at least one of the three injectable second-line
medications: kanamycin, amikacin, or capreomycin) has been doc-
umented in many countries. Patients with MDR-TB require a
combination of second-line and third-line anti-tuberculosis agents
[37], which are considerably costlier, noxious and less efficient than
regular treatment. The WHO’s recommendations for addressing
MDR-TB and XDR-TB refer to second-line drugs and a treatment
period covering more than 18–24 months [23]. These directions
are based on low-grade evidence, experts’ viewpoint and little
observational information, and do not have the rigour of evidences
according to the data from randomized trials. The implementation
of such directions comes with a broad array of treatment regimens,
which rely on the availability of drug-susceptibility assessments,
expenses, doctors’ preference and the availability of drugs in devel-
oping countries. Therefore, there is a need for novel regimens for
MDR-TB and XDR-TB, which are less protracted, more bearable,
more efficient and have been assessed under programmatic con-

ditions [38,39].

Thirdly, anti-tuberculosis agents may  interact with antiretro-
viral therapy (ART), thereby presenting a great control challenge
in sub-Saharan Africa, where the cases of TB are mostly driven by
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ig. 1. Secondary structures of selected AMPs: A) �-helical, B) �-turn/sheet, C)
andom coil and D) mixed �/�.

he spread of HIV [40]. Fourthly, novel treatments are needed for
nhanced patient therapy, especially for those suffering from the
atent infection of tuberculosis prior to its transformation into an
ctive state. The WHO  estimated that around two billion people
ave LTBI [41], while over 100 million people with the dormant
uberculosis infection will develop active disease in their lifetime
42,43]. Even though the occurrence of tuberculosis is compar-
tively reduced in developed countries, the reactivation of the
atent tuberculosis infection in local and migrant societies con-
ributes to a great proportion of the TB burden [44]. The novel
nti-tuberculosis drugs and the alternative intervention tactics for
he enhanced treatment of latent TB infections are considered as the
est approaches towards the eradication of TB. Thus, there is a need
or an adequate safety profile of the novel anti-tuberculosis agents
o be more potent than the available agents, capable of reducing the
uration of therapy, efficient in the treatment of MDR-TB and XDR-
B and compatible with simultaneous ARTs, as well as involve no
dverse interaction with the alternative tuberculosis agents in the
reatment regimen. To treat latent TB infections, the agents have to
ompetently act against the different replications and physiological
tates of M.  tuberculosis [43,45].

. Classification and physiochemical property of
aturally-occurring AMPs

AMPs are generally considered as positively charged small
eptides, comprising about 12 −50 amino acids [46–48]. The avail-
bility of the positively-charged amino acids, such as lysine and
rginine, confers a general positive net charge to the AMPs. The
MPs have hydrophobic and hydrophilic regions, which make them
mphipathic in nature, facilitating their interaction with biological
embranes while sustaining their solubility in aqueous environ-
ents [49,50]. AMPs are classified into four categories in line with

heir secondary structure: �-helix, �-sheet, extended helix and
oop (Fig. 1). The amphipathic �-helix AMPs are the most reg-

larly and broadly researched group, comprising estimated 27%
f all AMPs with renowned secondary structures [50,51]. In the
-helix AMPs, the hydrophobic amino acid residues are isolated

rom the hydrophilic residues and gathered on one side of the
esearch 128 (2018) 288–305

helical wheel, leading to the formation of the hydrophobic side
of the helical wheel [10,48,52]. Even though the majority of the
AMPs are part of the four classes stated previously, their secondary
structures may  alter as a reaction to varying environments. Sev-
eral AMPs take on various structures when dealing with biological
membranes to facilitate the separation of the hydrophobic face
from the hydrophilic face [53]. For instance, cationic AMP  indoli-
cidin changes from a globular arrangement in aqueous solutions to
a wedge-shaped arrangement, surrounded by two dispersed and
positively charged hydrophilic regions in a membrane-mimic envi-
ronment [49,52,54].

4. Structure-activity relationship of AMPs

AMPs mainly exert their actions through immediate interaction
with microbial membranes. Thus, the specificity and discerning
noxiousness of AMPs towards the microbes over the host are very
significant. The activity of AMPs is impacted considerably by the
physiochemical features and structural arrangements, encompass-
ing the length, general charge (Q), hydrophobicity (H), charge angle
(�), conformation (�), amphipathicity and solubility [55,56].

The activity of an AMP  involves a function of its length because
the formation of amphipathic structures with hydrophobic and
hydrophilic faces on the opposite sides of a peptide molecule
requires at least seven to eight amino acids. In the barrel-stave
model, at least 22 amino acids are required for �-helical AMPs
to permeate the lipid bilayer of bacteria, while �-sheet AMPs
require eight amino acids [57]. In addition to the effect of AMP
length on its mode of action and 3D structure, it can also affect
the level of its cytotoxicity. For instance, a 300% lower toxic-
ity was  reported when rat erythrocytes and human erythrocytes
were exposed to a shortened melittin with 15 residues at its
C-terminal [58] and a shorter derivative of HP (2–20) [59], respec-
tively, compared to their unaltered forms. Therefore, it is necessary
to consider the length of an AMP  when designing new synthetic
peptides with low toxicity. Moreover, the efficacy of ATRA-1A iso-
mers has been investigated against selected Gram-negative and
Gram-positive bacteria at low and high salt conditions. The EC50
values of L-ATRA-1A and D-ATRA-1A at low salt values against
E. coli were 4.3 �g/mL and 1.4 �g/mL, respectively, but ∼9.7 �g/mL
and ∼7.1 �g/mL respectively, at high salt values. Against B. cereus
(Gram-positive bacterium), the EC50 values of L-ATRA-1A and D-
ATRA-1A, at low salt conditions were 73 �g/mL and 2.3 �g/mL,
respectively, while being completely ineffective against B. cereus
at higher salt values. The shorter D-ATRA-1A isomer, therefore,
showed more potency than the L-isomer [60].

The electrostatic interaction among cationic AMPs, as well as the
negatively charged elements of bacterial membranes, are responsi-
ble for the initiation of antimicrobial activity. Thus, the net charge
of AMPs contains one of the precursors of AMP  activity. Usually,
AMPs have abundant lysine or arginine, with a general net charge
of between +2 to +11 [10,56]. Several studies have shown the asso-
ciation between peptide charges with their antimicrobial activity
[61–65]. An increase in the activity of magainin II amide analogues
has been portrayed as improving the net charge from +3 to +5
[66,67]. Corresponding to the result involving magainin II, studies
with human defensin have additionally portrayed a direct asso-
ciation between the charge density and the antimicrobial activity
[68,69]. A change in the net charge of an AMP  can alter the antimi-
crobial and haemolytic activities of the AMP  towards achieving a
selective effect on microbes with minimal toxicity for the host cells.

A higher haemolytic activity was achieved by increasing the pos-
itive net charge of V13 K from +8 to +9, while decreasing the net
charge to lower than +4 neutralized its effect against P. aeruginosa
[70].
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Fig. 2. Diagram illustrating the

The overall hydrophobicity of the AMPs involves a further study
n their essential structures. Every amino acid has its own  rela-
ive hydrophobicity index. The general hydrophobicity of a peptide

ay  be computed through the inclusion of the hydrophobicity
ndex of the amino acids contained therein [71,72]. Hydrophobic-
ty is regarded as autonomous from the alternative parameters
10,73,74]. The studies conducted on the C3a- derived peptide
NY21 showed that the adsorption of AMPs through lipid bilay-
rs involved a driven compulsion of the membrane disturbance
mpact of the AMPs, while the hydrophobicity has been found to
etermine the degree of adsorption [75]. Generally, an increase in
he hydrophobicity of AMPs will result in increased antimicrobial
ctivity [76]. Magainin, for instance, is the only AMP  that is effective
gainst Gram-negative bacteria, although some synthetic ana-
ogues with higher hydrophobicity can be effectives on eukaryotic
ells and some Gram-positive bacteria as well [62]. Nonetheless, a
igh hydrophobicity may  additionally bring about peptide aggre-
ation or precipitation on the exterior of the membrane, thereby
estricting the active concentration of the AMPs required for mem-
rane interaction and ultimately decreasing their antimicrobial
ctivity [77]. The threshold hydrophobicity of AMPs has been noted
s being responsible for selective bacterial membrane inclusion.

 higher hydrophobicity, in contrast to the threshold hydropho-
icity, may  result in reduced antimicrobial efficacy and increased
oxiousness in mammalian cells [65,68,78].

In the case of the helical AMPs, the hydrophobic and hydrophilic
esidues separate and converge on different sides of the heli-
al wheel [79]. The charge angle (Fig. 2), which is considered
o be an essential measurement of the relative portion of the
olar/hydrophilic to non-polar/hydrophobic sides in helical AMPs,
omprises the angle subtended by the positively charged residues
80]. Several studies have reported that the charge angle affects the

embrane permeation and pore formation capability of AMPs, as
maller charge angles seem to have a greater permeability through
iological membranes [62,80,81].

AMPs may  assume different secondary structures such as �-
elix, �-sheet, loop and extended helix [47]. The conformation
ssumed by AMPs in the presence of other biological membranes
s an extended key towards the determination of their efficacy
nd selective noxiousness [82,83]. Proline residue is available in
he central region of numerous naturally occurring AMPs, such
s piscidin, gauguin and buforin II (BF2) [84,85]. The studies on
F2 have shown that the availability of a proline residue in the
equence is essential for its function, impact on membrane trans-
osition, permeabilization and possible intracellular targeting. A
eduction in activity was noted from these peptides following pro-
ine mutation [86–88]. Several studies have signified that proline
esidues may  destroy the local helical structure, thus, raising the

onformation amenability of AMPs. The availability of proline may
dditionally destabilize the self-association of AMPs, enabling their
ransposition over the interior membrane. Furthermore, the pres-
ge angle of �-helical peptides.

ence of proline residues offers some degree of selectivity to the
AMPs [82,85]. The location of the proline is additionally essential. It
was noted that transporting proline in the direction of either the N-
or the C- terminus of BF2 reduced the transposition of the peptide
over the membrane [89]. The integration of a single proline residue
at the centre of the hydrophobic countenance of AMPs conveys
flexibility and facilitates the transposition and permeabilization of
AMPs over the bacterial membranes. The activity of AMPs is not
established by a single element, but a combination of a number of
structural parameters.

Another essential property of AMPs towards ensuring their
interaction with microbial membranes is their amphipathicity,
which has been shown by Fernandes-Vidal et al. [90] to be more
important than hydrophobicity for the binding of AMPs to micro-
bial membranes. A greater priority should be accorded to the
amphipathic structure of AMPs when designing synthetic AMPs for
specific target cells, since the amphipathicity of AMPs is required
for a strong partition into the membrane interface [90].

AMPs need to be soluble in aqueous environments in order to
enter lipid membranes. AMP  molecules lose their ability to interact
with the cell membrane when they aggregate. For instance, there
is a high tendency of a hybrid synthetic AMP, made up of cecropin
and melittin, to form dimers. Deamination can be prevented on the
nonpolar surface of this hybrid AMP  by substituting a Lys residue,
leading to a reduced haemolytic activity. This AMP  is more effective
in its incorporation into microbial membranes by losing its dimer-
ization capability [91]. The importance of solubility and structural
optimization has, therefore, been demonstrated by this example.

5. Mechanisms of action of AMPs

Human cathelicidins and defensins can kill a broad range of
Gram-positive and Gram-negative bacteria [92–97]. The mecha-
nisms, which are mostly acknowledged, consist of the barrel-stave
model, the toroidal model and the carpet model for killing organ-
isms. In the barrel-stave model, the peptides arrange themselves
in order to bind to the cell membranes, which results in the amass-
ment and transformation of the peptide into a bilayer (Fig. 3A). In
this manner, the hydrophobic peptides are arranged in line with the
lipid centre, while the hydrophilic peptides create an access pore in
the internal section of the membrane. The carpet model involves a
disruption of the membrane through peptide binding to the exter-
nal surface of the cell membrane, thereby creating a prolonged layer
or carpet. In the toroidal model, the attached peptides begin to col-
lect and compel the lipid monolayer to constantly bend through
the pores [98,99]. In this manner, the core is lined not only by the
inserted peptides, but also by the lipid head groups [46,65,100].

Several authors have disclosed that the AMPs have several modes
of action. Carrol et al. [101] stated that the antibiotics nisin and
lacticin 3147 have various mechanisms of action for binding to
peptidoglycan for the subsequent prohibition of the biosynthesis of
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Fig. 3. Mode of action used by AMPs to induce the killing of M. t

eptidoglycan and creation of pores in the membrane of the target
ells [101]. It has additionally been demonstrated that uridyl pep-
ide antibiotics may  inhibit the bacterial translocase MraY included
n the bacterial cell membrane, thus showing activity against M.
uberculosis.

Each of the named models portrayed membrane disruption as
he mechanism of bacterial killing. Nonetheless, AMPs may target
ey intracellular processes, which result in bacterial death without
isturbing the membrane. Additionally, AMPs have been observed
o cross cell membranes and inhibit crucial cellular processes
ithout causing considerable membrane disturbance [46,102,103].

herefore, the human defensin analogues were illustrated to travel
cross the interior and exterior E. coli membranes without result-
ng in cell lysis, implying that the noted bactericidal action could
epend on cytoplasmic interactions [104]. The bovine cathelicidin

ndolicidin, which includes a broad spectrum of bactericidal action,
as been illustrated to not only lyse bacterial cells but also block

NA synthesis [105], as well as shown to interact with duplex DNA

n vitro [106]. The buforin AMP  analogues were additionally shown
ulosis and the mechanisms of bacterial resistance against AMPs.

to exert bactericidal action against E. coli by binding to the RNA and
DNA after breaching the cell membrane [107].

In addition to the indirect effects of killing intruding microbes,
there is a possibility that AMPs disturb regular cellular functions,
such as gene transcription, apoptosis and cytokine production, to
improve the innate and adaptive immunity of the host. This is based
on their chemokine-like and immunomodulatory features of AMPs,
including the chemotaxis of leukocytes [46,108] (Fig. 3B).

It has been suggested that bacteria decrease their susceptibility
to AMPs through a preventive peptide attachment to the exte-
rior membrane [109]. Recently, Cullen et al. [110] stated that the
steadiness of microbes could be maintained through a single gene,
which controls the dephosphorylation of LPS, thus decreasing the
net negative surface charge. This confers the resistance to AMPs on
bacteria through a reduction in their interactions with the bacterial
cell surface [110]. The unique M. tuberculosis cell wall, which func-
tions primarily to obstruct the permeability of anti-tuberculosis

agents, contributes to their resistance and pathogenicity [111]. The
peculiar mycobacterial cell wall contains a high lipid concentra-
tion, which confers hydrophobicity onto the surface of the cell. The
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Table  1
Summary of publications showing the activity of various AMPs with conventional antibiotics.

AMPs with Antibiotics Microorganisms AMPs (Minimum Inhibitory Concentration/
Fractional Inhibitory Concentration)

References

DP7 + gentamicin, vancomycin, azithromycin,
and amoxicillin

multidrug-resistant bacterial
strains S. aureus, P. aeruginosa,
A. baumannii, and E. coli

≤32 mg/L [123]

Polymyxin B + tigecycline A. baumannii 100 mg/200 mg [124]
Plectasin NZ2114 + teicoplanin, moenomycin,
and dalbavancin

E. faecalis 256 mg/L [125]

Colistin + fusidic acid multidrug-resistant A.
baumannii

512 mg/litter [126]

Oligo-acyl-lysyls (OAKs)+ rifampin K. pneumoniae >50 mg/mL [127]
Bacillomycin D + amphotericin B Candida albicans 12.5 Lg ml−1 [128]
KR-12-a5+ chloramphenicol, ciprofloxacin, and
oxacillin

multi-drug-resistant P.
aeruginosa (MDRPA)

From 0.3125–0.5 [129]

Melittin + tetracycline S. aureus 4.17 mg/mL [130]
S. epidermidis 3.75 mg/mL
E.  coli 5.00 mg/mL

Nisin Z + methicillin S. aureus 10.00 mg/mL [130]

 aureu

m
i
h
e
s
(

6
A

s
i
s
T
r
t
s
e
u
t
w
f
c
S
p
n
p
a
a
v
c

c
b
a
j
v
l
c
b
b
m
a

S. epidermidis
E.  coli 

D-IK8+ vancomycin vancomycin resistant S.

ajor constituents of the outer layer, which plays an important role
n the lipid-rich cell wall structure, are mycolic acid and long-chain
ydrocarbons [112,113]. This tightly packed array with a consid-
rably reduced fluidity causes the amassment of the cells and a
ubsequent decrease in the permeability of the cell wall [114,115]
Fig. 3C).

. The action of different microbial agents is augmented by
MPs

With conventional antibiotics, synergistic effects are noted and
uggested to be associated with the strong membrane-peptide
nteractions, which increase the permeability of the bacterial
urface and enhance the uptake of intracellular drugs [116].
he concentration of the involved antimicrobial agents could be
educed, thereby decreasing the cytotoxicity of the agent and
he onset of resistance. The IDR-1018, DJK5 and DJK6 and the
ynthetic peptides have shown a synergistic action against sev-
ral Gram-negative pathogens. These combinations are made
p of one or several of the conventional antibiotics, such as
obramycin, ciprofloxacin, imipenem and ceftazidime [117,118],
ith a decrease in their efficient concentrations by up to 64

olds. The IDR-1018 further showed a synergistic action with
hlorhexidine, an antiseptic agent, against multispecies of biofilm.
imilarly, the activity of carbapenem and imipenem against
lasma-controlled carbapenemase-generating Klebsiella pneumo-
iae was enhanced by DJK-6, outlining the manner in which
eptides may  be employed in the place of antibiotics [119,120]. In
ddition to their synergy with antimicrobial agents, peptides may
dditionally be used to widen the antibiotic range. The efficacy of
ancomycin has improved against MRSA in rat models through a
ombination with the cathelicidin peptide BMP-28 [121].

Recently, Mishra et al. [122] conjugated CRAMP (murine
athelicidin) with vancomycin and reported that the resultant com-
ination acted antagonistically against the studied Gram-positive
nd Gram-negative species. Conversely, the activity of the con-
ugate was greatly enhanced by an equimolar combination of
ancomycin and CRAMP, signifying the advantage of the covalent
inkage. The authors theorized that CRAMP assisted in the translo-
ation of vancomycin into the periplasm of the Gram-negative

acteria, showing that peptides may  assist in the repurposing and
roadening of the antibiotics range [122]. Table 1 summarizes the
ost recent studies of synergistic combinations between AMPs and

ntibiotics
9.17 mg/mL
16.67 mg/mL

s 0.75 [131]

7. The putative intracellular targets of AMPs in
mycobacteria

M. avium and M. intracellulare are sensitive to human a-
defensin-1 (hNP-1), hNP-2 and hNP-3. The agent has also led to
the killing and clumping of the organisms [132]. Killing has been
shown by Ogata et al. [132] to be independent of the strains’ colony
morphology. Ten different strains were sensitive to hNP-1 with a
killing rate ranging from 34.2% to 87.2% at an hNP-1 concentra-
tion of 50 �g/mL. They further showed that the bacteria have a
limited growth rate at pH 2 and 4; but, as the pH increases, the
rate of growth increased as well [132]. There was no evidence
of a strong reliance on the activity on the tested salt concentra-
tions (calcium and magnesium were tested at concentrations of
0.5 and 1 mM,  while NaCl was tested between 25 and 100 mM).
Mice exposed to experimental tuberculosis (1.5 × 104 CFU of Mtb
H37Rv hNP-1) also showed sensitivity to hNP-1 [133]. The hNP-1
was injected into the mice subcutaneously, which showed evidence
of M. tuberculosis in the lung, liver and spleen of the mice. It has
been reported that, under scanning electron microscopy, about
70–100 nm “warts” could be seen in hNP-1-treated mycobacte-
ria within 20 min  of exposure [134]. The authors referred to these
“warts” as lesions. Lesions usually describe membrane-spanning
pores formed from different proteins. However, the images on the
SEM cannot authoritatively confirm the formation of lesions on the
mycobacterial cell envelope. Other intracellular targets were also
discussed outside the mycobacteria cell envelope and membranes.
An induction of DNA injuries from hNP exposure was also found
to be possible [135]. It has been documented that hNP-1 appears
to bind to the M. tuberculosis plasma membrane/cell wall and, as
a secondary target, to the bacterial DNA [136]. In the DNA biosyn-
thesis, a maximum cytosolic macromolecules inhibition of 75% was
observed [136].

Sunshine and UV light are known to play a crucial part in the
management of M. tuberculosis cases. Vitamin D in the active form
of 1,25(OH)2D3 has been shown by Rook and Crowle [137,138] to
be an important element for human monocyte and macrophage
antimicrobial activity against M. tuberculosis [137,138]. It has
also been shown that a TLR-2/-1 MTB-derived 19-kDa lipopep-
tide ligand can stimulate a vitamin D-dependent pathway, which

could induce human cathelicidins [139] and killing activity against
intracellular M. tuberculosis [140]. The authors also demonstrated
that, through the use of a single siRNA against cathelicidins,
1,25(OH)2D3-induced antimicrobial activity can be inhibited and
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lternatively lead to an increased intracellular growth of M. tuber-
ulosis [141]. The addition of vitamin D to THP-1 cell cultures can
lso induce human cathelicidin production [142]. The simultane-
us addition of vitamin D and M.  marinum NJB0419 has been shown
y Sato et al. [142] to be important for the accelerated produc-
ion of hCAP18. The proliferation of M.  marinum in THP-1 cells can
e decreased by the induction of CAP18 production or through an
xternally sourced LL-37. The antimicrobial effects of 1,25(OH)2D3
nd external LL-37 against M.  marinum infection in THP-1 cells
ave been abrogated by autophagolysosome inhibitors [142]. The
hagocytic action against intracellular bacilli is mediated by NOX2
hrough the production of reactive oxygen species (ROS). NOX2 has
een shown by Yuk et al. [143] to be essential for 1,25D3-mediated
ntimycobacterial activity via cathelicidin expression [143]. Innate
mmunity and autophagy mediated by D3 have been shown by
uk et al. [143], via a regulatory function of LL-37, to be impor-
ant in the degradation of damaged cytosolic components and

isfolded proteins [143]. They further showed that the colocaliza-
ion of mycobacterial phagosomes with autophagosomes can be
nduced by 1,25-D3 in an LL-37-dependent way. It was thus con-
luded that antimycobacterial activity depend on being mediated
y 1,25-D3 and required LL-37 and autophagy [143].

Rivas-Santiago et al. [144] morphologically studied the effect of
L-37, CRAMP and related synthetic peptides on the morphology of
. tuberculosis using electron microscopy [144]. All peptides were

ound to induce the destruction or modification of cell walls and the
ondensation of cytoplasmic components. There was  a homoge-
ous increase in the electron-lucent cell wall, which is surrounded
y a thin electron-dense rim. It has been concluded that the cell
all and the membrane are the prime cathelicidin-based peptides

argets, and that osmotic activity, cell wall synthesis disruption and
aybe DNA binding can take place [144].
PR-39 is an AMP, rich in proline and arginine, and isolated from

he intestine of pigs. It was found to be active against the drug-
usceptible and MDR-TB clinical isolates, while, at a concentration
f 50 �g/mL, to possibly inhibit the growth of M.  tuberculosis H37Rv
y 80% [107]. The E1380/94 and P34/95, which are MDR-TB strains,
ere less sensitive to PR-39; a growth inhibition of 39 and 49%
as observed at a peptide concentration of 50 �g/mL, respectively.
gainst E. coli, the activity of PR-39 was not dependent on the per-
eation of the membrane, but on DNA inhibition and synthesis of

roteins [145].
Ubiquitin, which is released into the circulation upon stimu-

ation of chromaffin cells, is stored in the secretory chromaffin
ranules of the cells [146]. The lysosomal killing of M.  tuberculo-
is, mediated by ubiquitin-derived peptides, which were generated
y hydrolysis, was reported by Alonso et al. [147]. The induction
f autophagy in infected macrophages can increase the delivery of
biquitin conjugates to the lysosome. The full-length ubiquitin has
o antibacterial activity. However, bactericidal activity against M.
uberculosis has been reported in ubiquitin-derived peptides from a
athepsin digest of purified ubiquitin or a synthesized peptide Ub2
STLHLVLRLRGG) [148]. The bactericidal activity of the ubiquitin is
ependent on the interaction between the Ub2- ubiquitin-derived
eptide and the mycobacterial cell envelope. Four M. smegma-
is mutants were found by Purdy et al. [149] to be resistant to
he bactericidal action of Ub2 and other AMPs. Their susceptibil-
ty is independent of the MspA channel activity, but relies on the
educed permeability of the cell wall when compared to the wild-
ype bacteria [149]. Ub2 has a �-sheet structure in SDS micelles
nd POPC: POPG (1:1) liposomes [150]. It enters lipid membranes
nd permeates liposomes, as demonstrated by a carboxyfluorescein

eakage assay. The authors mimic  the inner membrane of mycobac-
eria using this lipid composition. The transmembrane potentials
n the fast (M.  smegmatis)  and slow (M.  bovis BCG) growing bacte-
ia can be eliminated by Ub2. The Ub-peptides are localized in the
esearch 128 (2018) 288–305

cytoplasm and membrane of mycobacteria, although intracellular
targets remain possibility [150].

Sharma et al. [151] synthesized and used AMPs (SAMPs;
MW = 45–50 kDa) consisting of biodegradable polyamide backbone
and different amounts of basic dimethylamine and imidazole pen-
dants. Probably due to the inhibition of cellular uptake by the
outer layer of the outer membrane (mainly lipopolysaccharides),
the SAMPs have no bactericidal activity against E. coli. They are
potent against the rapid growing M. smegmatis with a growth inhi-
bition rate of 85%, which is achieved for the most active peptide
at a concentration of 15 �g/mL. The binding of SAMPs to bacte-
rial DNA has been proposed by Sharma et al. [151] as the mode
of action of the SAMPs [151]. Under a fluorescent-labelled SAMP
study, peptides have been shown to penetrate the mycobacterial
cell wall, as well as epithelial cell (A549) membranes, but never the
E. coli cell envelope. There was  no cytotoxic effect as a result of the
permeation of the SAMPs into A549 cells. This neither caused cell
membrane permeation nor induced morphological changes. How-
ever, the authors speculated that the binding of the SAMPs to the
DNA hindered the DNA replication and cell death as a consequence
[151].

8. Activity of AMPs against M.  tuberculosis in vitro and
in vivo

8.1. ˛-helical peptides

Some AMPs have been found to have an �-helical structure.
The selectivity and potency of �-helical AMPs greatly rely on
their physiochemical properties, such as their charge angle, overall
hydrophobicity, net charge and amphipathic nature [152]. Further-
more, the use of the D-conformation peptides has been widely
favoured as it has been demonstrated that the L- to D-amino acid
substitution among AMPs confers resistance to the activity of pro-
teolytic enzymes and, thus, enhances the biostability of the AMPs,
without disturbing their antimicrobial activity [153,154]. The pep-
tide D-V13 K (D5) consists of a 26-residue amphipathic peptide,
made up of all D-amino acid residues, assumes an �-helical confor-
mation located in a hydrophobic environment, while comprising
hydrophilic and positively charged valine and lysine at position 16
as a “specificity determinant”. It has been described as the most
potent analogue against M. tuberculosis, with an MIC  of 15.6 �M
(49 �g/mL) against the MDR  strain, and 11.2 �M (35.2 �g/mL)
against the H37Rv strain. The peptide D1, with a positively charged
lysine residue at the core of the non-polar face, showed similar
activity in relation to D5 against the MDR  strain (57 �g/mL): a
nine-fold enhancement in the haemolytic activity, with a ther-
apeutic index that was  7.4-fold better in contrast to D5 [152].
Furthermore, D-LAK120-A and D-LAK120-HP13 showed the great-
est potency, with no detection of the mycobacteria in the wells at
a concentration of 50 �M and above. In comparison, D-LAK120-H
and D-LAK120-AP13 displayed less activity due to the great num-
ber of available bacteria in the wells, even at a concentration of
100 �M.  In the case of the MDR  strain, although none of the D-
AMPs was capable of eradicating the growth of the bacteria, even
at high concentrations, D-LAK120 and D-LAK120-HP13 were the
most potent D-AMPs against this strain, followed by D-LAK120-A
and D-LAK120-H.

Regarding the XDR strain, D-LAK120 and D-LAK120-A were the
most efficient peptides. Once again, none of the D-AMPs was  able to
inhibit the growth of the XDR strain. Overall, D-LAK120, D-LAK 120-

A and D-LAK120-HP13 were considered as the most potent D-AMPs
against M. tuberculosis strains in vitro [155]. A series of synthetic �-
helical peptides, altered with hydrophobic amino acids, has been
assessed for their antimycobacterial activity. The peptide (LLKK)2
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as altered, with two methionine residues (M(LLKK)2 M)  present-
ng the most potent peptide against susceptible M. tuberculosis and

DR-TB with an MIC  of 125 mg  L−1 and 62.5 mg  L−1, respectively
156]. Even though the exert mode of action of AMPs is vague, and

ay  vary according to the AMP, it is apparent that AMPs positively
harged residues are drawn to the negatively charged surface of the
acterial membrane.

The non-polar region of the AMP  has been integrated into the
ipid bilayer and the peptide amassment into the membrane, caus-
ng enhanced permeability, loss of barrier function, leakage of
ytoplasmic components and cell death [152]. Additionally, the D-
MPs showed the capability to cause heavily clustered bacteria in a
ulture wall to appear more sparingly. This special attribute of the
-AMPs could be clarified through their amphipathic properties.
ven though the general hydrophobicity of various D-AMPs dif-
ers, each of them is capable of generating a ‘detergent-like effect’
hrough decreasing the hydrophobic interaction between the bac-
erial cell walls and hindering cell clumping [155].

It has been established that a class of peptides from various
ram-positive bacteria (Bacteriocins (Bcns)) exert activity against

 broad range of bacteria. Bcns made from lactic acid bacteria
re classified into three categories, with the mode of action of
hose in classes I and IIa having undergone comprehensive scrutiny
157,158]. The bacteriocins Bcn1-Bcn5 have shown an enhanced
nti-mycobacterial activity against M.  tuberculosis with an MIC  of
.01–1 �g/mL [159]. The action of Bcn1-Bcn5 against M. tuberculo-
is is based on the creation of pores in the cell membranes, leading
o cell death [157,158].

Nisin A, which has been acknowledged by the Food and
rug Administration (FDA) and incorporated into a wide range
f commercial products, is the prototype lantibiotic. Like other
antibiotics, the synthesis of mature nisin peptides involves a con-
iderable post-translational alteration, causing the creation of the
nusual amino acids lanthionine and �-methyllanthionine, in addi-
ion to dehydrated amino acids. Regarding the clarification of the
ignificance of particular domains and residues contained in the
eptides, lantibiotics bio-engineering has been especially useful.
pecifically, the N-terminal region, which is responsible for the
inding of lipid II in the cell wall of targeted cells, was clarified,
s was the terminal region, which is inserted into the membrane
f the cell to form pores. The most significant aspect is the area
hat focused on the central hinge region, which permits the previ-
usly stated domains to travel relative to each other. Conversely,
he production of lantibiotics with improved structures has not
een regularly stated, although several breakthroughs have been
bserved, such as the production of nisin variants with enhanced
olubility at neutral pH or enhanced antimicrobial action against
on-pathogenic strains. The function of nisin A and the new bio-
ngineered hinge derivatives, nisin V, nisin T and nisin S, have been
ssessed. Each of the variants signified an additional antimicrobial
ctivity contrary to nisin A. Nisin S presented as the most potent
ariant against M.  tuberculosis, M.  kansasii and M. avium,  inhibit-
ng their growth by a maximum of 29% when compared to nisin A
160].

Lactoferrin, which is available in mucosal secretions and neu-
rophilic granules, is an iron-binding glycoprotein. Additionally, it
s considered as a fundamental element of the innate immunity
nd has the capacity to alter host reactions in M.  tuberculosis infec-
ion [161]. Mice administered with lactoferrin displayed a 1 log10
ecrease in bacterial load after three weeks of oral administration.
he positive effects were apparent, even when the mice received
he treatment one week after infection, signifying that lactofer-

in is a promising new agent for the treatment of TB [162]. It was
emonstrated by quantitative immunohistochemistry using mul-
ispectral imaging that lung inflammation was  greatly decreased
n the two groups of mice treated with lactoferrin. A reduced
esearch 128 (2018) 288–305 295

foamy macrophage, enhanced total lymphocytes and an increased
number of CD4þ and CD8þ cells were also reported. An ELISpot
analysis showed that mice treated with lactoferrin had increased
CD4 þ IFN-gþ and IL-17 generating cells in their lungs; these
cells have conferred protection during M. tuberculosis infection.
Lactoferrin on its own did not alter the growth of M. tuberculo-
sis in the macrophages or broth culture, but augmented the IFN-g
mediated killing of the M.  tuberculosis through the macrophages
in a nitric oxide-mediated pathway. Therefore, lactoferrin could
become a new therapeutic agent for the treatment of TB and be
beneficial for the decrease in immune-mediated tissue damage in
infectious diseases [162]. Mice infected with H37Rv and MDR-TB,
given 32 �g/mouse of LL37 three times a week for 28 days, showed
approximately 53% and 45% of M. tuberculosis and MDR-TB killing,
respectively. These findings signify that AMPs could be a new treat-
ment agent against TB [144].

Additionally, the in vivo killing of M. tuberculosis prompted by
LLKKK18 (AMP)-loaded HA nanoparticles with a 1.2-log decrease
at 100 �M of C57BL/six mice, underwent infection with M.  tuber-
culosis through the pulmonary route. After three months, five doses
of the treatment were administered intratracheally on a daily basis
[89].

A major class of mammalian AMPs, which is known to be
an important aspect of the innate immune system that provides
a non-specific, rapid response to foreign pathogens, comprises
cathelicidins. Although cathelicidins have been demonstrated to
have a direct in vitro antimycobacterial effect [163], informa-
tion on the cathelicidin-dependent immunoregulation of other
immune responses of the innate and adaptive systems is still lim-
ited; they are simply regarded as serving as chemotactic factors
for CD4 T cells, neutrophils and monocytes [164,165]. Catheli-
cidins are hereby strongly suggested as important multifunctional
host immune regulators, which have direct antimycobacte-
rial activity and an immunoregulatory influence on adaptive
immune responses against M. tuberculosis via the modulation
of pro-inflammatory cytokine responses, apoptosis and calcium
influx. This protective role of cathelicidins during TB infection,
which depends on the M.  tuberculosis-mediated cAMP burst in
macrophages, provides insight into the pathogenesis of TB and sug-
gests a further investigation into cathelicidin-mediated immune
regulation [166].

To improve the helical structure and antibacterial activity of
LL37, LLAP (which is a 15-amino acid LL37-analogous peptide with
the amino acid sequence–GRKSAKKIGKRAKRI) was designed and
compared to the native sequence [167]. The designed LLAP showed
a high basic amino acid (arginine and lysine) content, with an
improved positive charge and pore forming characteristics due to
the presence of lysine in the C-terminal [167]. The amino acid
sequence of both the native and the LLAP peptides was  predicted
to adopt an alpha helix structure due to the projection of heli-
cal wheels and secondary structures [167]. The IC50 of LLAP and
the native peptides were 11226 �g/mL and 7727 �g/mL, respec-
tively. This was  about 13.8 and 9.5-fold less, respectively, than
the kanamycin used as a positive control [167]. LLAP had a lower
haemolytic activity of less than 1.1%, while the same level of cyto-
toxic activity was observed for the two  peptides [167]. There could
be flexibility in configuring the amphipathic regions by the two
peptides, despite not showing a full helical structure. As such
it is possible that the long-side-chain positively charged amino
acids, similar to lysine, may  show positive charge repulsion, lead-
ing to helical structure distortion [167]. Based on the established
AMPs’ action mechanisms, the peptide-membrane interaction can

be enabled by the high positive charge of peptides [168]. Several
substitutive amino acids domiciled in LLAP, such as Gly, Ala, Lys and
Arg, may  increase their positivity and amphipathicity, as indicated
by the helical wheel. The Phe of the native amino acid sequence
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eplaced the N-terminal of LLAP in this study, thereby stimulating
he analogous peptide-mycobacterial cell membrane interaction
s previously observed [169,170]. The interaction between the
L-37 derived peptides and the phosphatidylglycerols of bacterial
ell membranes have been reported to be facilitated by the Phe
n positions 1 and 12 of the native peptide [170]. Approximately
0% inhibition of the basal ATPase activity of the mycobacte-
ial plasma membrane was attributed to the activity of the LLAP
eptide, which, in turn, could be associated with impaired cell via-
ility [167]. LLAP could be suggested, from the outcome of the
tudy, as potential antimycobacterial compounds against cell mem-
rane targeting ATPases [167]. A comparable IC50 was established
etween the peptides, although the haemolytic activity of LLAP
as lower than that of the LL37 native amino acid sequence. This
as significant in the inhibition of the basal ATPase activity of

he mycobacterial plasma membrane [167]. Biological processes,
uch as the transportation of ions and other substances across the
lasma membrane, were affected by this enzyme inhibition [171].
he leaching of essential substances for mycobacterial survival can
e promoted through the AMPs’ ability to create pores across the
lasma membrane of the cells. The possibility of AMPs to anchor
n the cell surface or other potentially translocated substances,
hich may  cause an imbalance in the delicate cell-ion homeostasis,

annot be overruled. However, further crystallographic and other
nalytical experiments are needed for the confirmation of these
ossibilities [167]. Meanwhile, the MIC  of LLAP (600 �g/mL) was
igh compared to 8–16, 0.025, 0.5, 2 and 25 �g/mL of rifampicin,

soniazid, ethambutol, capreomycin and cyclosporine, respectively,
nd 2 �g/mL for kanamycin (control). Therefore, there is still a need
o improve the activity of the peptides [172,173].

Various physicochemical properties such as peptide hydropho-
icity, charge, secondary structure and amphiphilicity, modulate
he interaction of peptides with bacterial membranes [174]. In this
tudy, synthetic peptides were designed with minimal sequence
odification (to maintain their charges and amphiphilicity) in

rder to elucidate the influence of hydrophobicity on their antimi-
robial activity. The peptides M(LLKK)2 M,  C(LLKK)2C, P(LLKK)2P,
(LLKK)2I and W(LLKK)2W were obtained from the five selected
methionine, cysteine, proline, isoleucine and tryptophan) amino
cids, respectively [175]. To improve the antimicrobial activity of
he peptides by conferring with an extra net positive charge, the
-terminal of the six analogues was amidated [176,177]. From the
ix analogues, LK and PP presented the lowest �-helical contents
f about 9%, while the other four peptides had an � −helicity that
as three to four folds higher [175]. From the studies, it is sug-

ested that an increase in the peptide hydrophobicity can increase
he �-helical structure of the peptide. This is consistent with pre-
ious studies that reported increasing hydrophobicity in line with
n increase in �-helical content [78,178]. The hydrophobicity of PP
id not conform to this trend when compared to that of LK, which
id not improve in propensity for �-helical folding. This means that
here are other factors than peptide hydrophobicity that can mod-
late the helical propensity of proline-substituted analogues [175].
he steric hindrance induced by the bulky pyrrolidine ring on pro-
ine residues may  be a possibility, giving rise to the distortion of
he conformation in the preceding helical turn, which in turn hin-
ers stable �-helix formation [179,180]. The presence of proline

n the centre of the helices or near the C-terminal is another pos-
ibility, which can lead to the breakage of the adjacent hydrogen
onds and premature helix termination [181,182]. This could miti-
ate the effect of increasing hydrophobicity on the �-helicity of the
eptide, giving rise to the formation of identical �-helical contents

s in the case of LK and PP. Against M.  smegmatis,  the peptide ana-
ogues showed varying levels of potency with MICs ranging from
2.5 to 250 �g mL-1 [175]. Three analogues with improved antimi-
robial activity were produced by the hydrophobic modification
esearch 128 (2018) 288–305

of LK, while the other two  analogues were less effective against
bacteria. The effectiveness of LK was  enhanced by the incorpora-
tion of tryptophan, methionine and isoleucine residues into the N-
and C- ends of the peptide, as demonstrated in the MIC decrease
from 125 to 62.5 �g mL-1 for WW,  MM and II [175]. That said,
the hydrophobicity enhancement of �-helical peptides was found
to improve its antimicrobial activity. High peptide hydrophobicity
is associated with stronger peptide self-association, which results
from the formation of dimers/oligomers formation [78,183]. Since
peptide dimers/oligomers do not readily permeate through the bac-
terial capsule and cell wall in order to reach the plasma membrane,
there is always a weaker degree of antimicrobial activity among
peptide molecules experiencing high dimers/oligomers formation.
This is why most high hydrophobic peptides, such as WW,  do not
present an improved MIC  against M. smegmatis when compared to
less hydrophobic analogues, such as MM and II. Despite increased
hydrophobicity and �-helicity, a reduced antimycobacterial activ-
ity was observed with CC, compared to LK. When compared to WW,
MM and II, PP had reduced antimicrobial activity, which was likely
due to its reduced propensity towards helical formation [175]. The
antimicrobial efficacy and activity spectrum of �-helical peptides
have been shown to be reduced when there is a decrease in the
�-helicity because of the introduction of proline residues into the
helix [184], which suggests that peptide helicity is another vital
factor that should be considered when formulating more potent
peptides. A careful substitution of proline residues into peptide
sequences has recently been shown to reduce the cytotoxicity effect
and improve antibacterial selectivity [82]. LK, PP and II were found
to be the least cytotoxic analogues with cell viabilities of more
than 85% at higher concentrations of up to 250 �g mL-1 [175]. WW
was the most hydrophobic and most cytotoxic analogue, with the
greatest cell viability reduction from 92.3 to 13.2% and a concentra-
tion increase from 3.95 to 250 �g mL-1. About 50% of WW-treated
cells remained viable at the MIC  concentration of 62.5 �g mL-1,
while MM and II with similar MICs had higher cell viabilities of
77.9% and 98.5%, respectively. As observed among haemolytic activ-
ities, peptide hydrophobicity was  found to be more significant in
relation to peptide cytotoxicity than the �-helical character [175].
This result is consistent with previous findings, which reported
that an increase in the hydrophobicity of �-helical peptides can
induce greater peptide cytotoxicity against RAW 264.7 cells [185].
The rate and extent of peptide-mediated membrane permeabiliza-
tion have been demonstrated under flow cytometry to increase
along with hydrophobicity and �-helicity enhancement [175]. This
corroborates the hypothesis that peptides and rifampicin syner-
gism are likely mediated via peptide-induced pore formation. The
membrane lytic mechanism of the peptides is supported by the
rapid concentration-dependent membrane depolarization leakage
of intracellular ATP and the calcein release from PE/PG LUVs [175].
These findings collectively suggest that the hydrophobicity and
�-helicity of peptides have a significant influence on the anti-
mycobacterial activity of peptides. There is a need to optimize these
parameters for the development of synthetic analogues with bet-
ter selectivity of indices and increased synergistic potential with
conventional agents [175].

S100A12 is small cationic protein (member of the S100 protein
family), characterized by an EF-hand calcium binding motif. They
take part in various intracellular and extracellular functions. Direct
and indirect extracellular antimicrobial activity against filarial par-
asites, fungi, Gram-negative bacteria and Gram-positive bacteria
has been attributed to S100A12 [186–189]. It has been suggested
to have pro-inflammatory activity [190]. It is rich in 10-lysines,

1-arginine, and 6-histidines (cationic residues) and hydrophobic
amino acids. Its amino acid composition has been quantitated and
shown to follow the same trend of sequence as other known �-
helical AMPs, which satisfy the criterion for negative Gaussian
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urvature generation with membrane-permeating antimicrobial
ctivity, such as LL-37 [191]. The ability of S100A12 to show
irect activity against M.  tuberculosis and M.  leprae in axenic cul-
ure was investigated. With S100A12, there was  a decrease in the

ean colony forming units (CFUs) for the virulent M. tuberculosis
H37Ra) (CFUs = 4 × 103, P = 0.003; and CFUs = 1 × 103, P = 0.0009)
t 0.1 and 1 �M of S100A12, when compared to the control
media alone, CFU = 23 × 103) [191]. The mean percent viability
elative to the media alone was also determined, which showed

 significant decrease (47% viability at 0.1 �M,  P = 0.004) in the
resence of S100A12 [191]. A decrease in the viability of M. lep-
ae was also observed for each replicate in a dose-dependent
anner. The antimicrobial activity was consistent with that of typ-

cal AMPs [191]. S100A12, as with other antimicrobial proteins,
odulates host immune responses and activates the MAP-kinase

nd NF-�B pathways through the activation of RAGE and TLR4
192,193]; as a result, it can elicit the secretion of cytokines and
ncrease molecule adhesion in activated cells [194]. It is involved
n other immunomodulatory activities, such as the chemotaxis of

onocytes and the induction of cell migration [195]. During the
nalysis, S100A12 was linked to “chemotaxis” and “inflammatory
esponse” (gene ontology terms), in addition to “defence response”
nd “killing the cells of other organisms” [191]. S100A12 pro-
ein has been implicated in several inflammatory diseases, such
s inflammatory bowel disease, rheumatoid arthritis and psoriasis
196–198]; as a consequence, its level in the system has been sug-
ested by many studies to be representative of disease states, as
ell as a clinical biomarker for inflammation. The specific role and

unction of S100A12 in these disease states are yet to be understood,
espite been detected in the system and in the inflammatory com-
artments and tissues [191]. The detection of S100A12 in patients
ith RR and the ability to restrict infection, albeit with resul-

ant nerve injury, indicate that the antimicrobial and inflammatory
ctivity of these molecules is linked, as is the case with many AMPs
199,200].

.2. ˇ-sheet peptides (two or more disulfide bonds)

Human b-defensins (HBDs) have been reported as being part
f the immune system [201], many of which have been found
sing computational approaches, applied to the human genome
equence [201], in order to demonstrate a wide range of antimicro-
ial activity [202–204]. The HBDs are cationic peptides comprising
hree antiparallel b-strands, reinforced by three conserved disulfide
ridges [205], which offer a condensed small structure [206]. Many
f them have an a-helix at the N-terminal region [207]. The main
ole of the HBDs is the management of the bacterial growth, either
hrough influencing their membrane surface (HBD2 and HBD3) [87]
r through acting in phagolysosomes (HBD1) [208]. Thus, the HBDs
re described as endogenous antibiotics with a broad spectrum of
actericidal action, which can additionally suppress the growth
nd progress of fungi [206,209], protozoa and capsulated viruses
206,208–211]. It was reported that HBD2 showed antimicrobial
ctivity against the M.  tuberculosis strain H37Rv (1.5 �M).  The
BD3-MHBD2 presented the best MIC  value (2.7 �M)  against MDR-
B, signifying the possibility of using the HBDs against pathogenic
. tuberculosis [212]. Santos et al. [213] reported that the magainin-

 analogue peptide (MIAP), at a concentration of 300 �g/mL, showed
n activity, which was two-fold higher when compared to the
ative peptide magainin-I with an MIC  of 1200 �g/mL against M.
uberculosis [213]. A short synthetic peptide derivative from hBD3-
ep4, a human beta-defensin hBD3, was tested for activity against

. smegmatis [214]. The antimicrobial activity of peptide 4 of hBD3
as also determined [215] and found to be potent against M.

megmatis with an EC50 value of 0.36 �g/mL [214]. The observed
ctivity was more than the reported values of other tested human
esearch 128 (2018) 288–305 297

beta-defensins. The activity of hBD2 of 1.5 �M against H37RV and
6.8 �M of hBD3- M-hBD2 was  reported by Corrales-Garia et al.
[212,216]. hBD-3 has been shown to offer the most potent range of
antimicrobial effectiveness [214]. The beta-defensins demonstrates
chemotactic properties in conjunction with their capability to
directly initiate antimicrobial activity against invading pathogens,
thereby forming a bridge innate between immunity and adaptive
immunity [144,217,218]. Reports on the in vivo role of hBD3 against
Mycobacterium spp. are still limited; however, many activities have
been reported in vitro [216]. Among the tested AMPs for intracellu-
lar bactericidal activity, hBD3-Pep4 showed a remarkable activity
against M.  smegmatis compared to rifampicin and polymyxin B.
However, the killing rate for hBD3-Pep4 and polymyxin B was  68%
compared to 75% for polymyxin B and LL-37, rifampicin and LL-37,
and rifampicin and CRAMP [214].

It has been proposed that MIAP intrudes with the H+ pump-
ing through the M. tuberculosis plasma membrane, F1F0-H+ATPase.
The suppression of this enzyme may  be translated as an impaired
capability to control the intracellular H+ concentration (pHi) of the
mycobacteria. The deregulation of pH is deleterious against bac-
teria. The obtained findings imply that AMPs, especially MIAP, in
line with their direction, are capable of binding to the cytosolic
and periplasmic sides of the mycobacterial plasma membrane. Fur-
thermore, AMPs can interact with the mycobacteria membranes
intruding in ATPase activity, particularly the F1F0-ATPase, which
operates when the peptides are linked to the internal membrane
side. Thus, an integrated impact on cell disturbance and inhibition
of the ATPase activity of MIAP cannot be ignored [213].

Protegrin-1 (PG-1) is available in porcine neutrophils, where
they can function in the non-oxidative activity of such cells. The
mode through which the protegrins kill bacteria is uncertain,
although their ability to disrupt microbial membranes is thought
to be essential [163]. The PG-1 seems to form selective channels
in the lipid membranes, which make up the bacterial lipopolysac-
charide. The activities of two  cysteine-rich APMs, specifically, the
18-residue beta-sheet PG-1 [219] and the 36-residue beta-sheet
epithelial beta-defensin-1 (HBD-1) [220], have been evaluated
against drug-susceptible or MDR-TB strains. The PG-1 was consid-
erably active against the H37Rv strain, with a decrease in the CFU
numbers at a concentration of 64 �g/mL (68.4%) and 128 �g/mL
(96.7%), respectively.

Additionally, the HBD-1 was active against the H37Rv strain,
with a considerable CFU decrease observed at a concentration of
128 �g/mL (49.9%). The MDR  strain showed a greater resistance to
both peptides in contrast to H37Rv, with a considerable CFU reduc-
tion only noted at a concentration of 128 �g/mL of PG-1 (45.1%)
[217]. Considered as an antibacterial peptide, rich in proline and
arginine, which is isolated from porcine leukocytes, PR-39 showed
activity against drug-susceptible and MDR  isolates of M. tubercu-
losis. The PR-39 showed an 80% growth inhibition in the H37Rv
strain at 50 mg/L. The MDR-TB strains (E1380/94 and P34/95) were
not susceptible to PR-39, with a growth inhibition of 39 and 49% at
50 mg/L of the peptide, respectively [114]. Azurophil granule pro-
teins (AZPs) have been reported to be potent against mycobacteria.
100 mg/mL  of AZPs was  observed to kill approximately 55% of M.
tuberculosis after 24 h of incubation, while a total killing of M.  smeg-
matis was noted with 50 mg/mL  of AZPs. The studies using electron
microscopes have shown that AZPs kill mycobacteria by destroying
their cell membrane [221].

The endogenous host defence peptides, as established com-
ponents of innate immunity, have been proposed to have a
significant function in TB infections. These peptides can immedi-

ately inhibit microbial growth through a range of membrane and
non-membrane targets [222]. The immunomodulatory properties
of IDR peptides include: (i) leukocyte activation; (ii) decreased pro-
inflammatory responses to microbial products; (iii) macrophage
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nd leukocyte differentiation; and (iv) modulation of the expres-
ion of chemokines, reactive oxygen species and reactive nitrogen
pecies [223]. The anti-infective operation of the three synthetic
DR (HH2, 1018 and 1002) peptides against M.  tuberculosis, using
rug-sensitive and MDR-TB strains, have been assessed. A 32 mg
ose of each peptide in liquefied form, in 100 mL  of a saline solu-
ion (1 mg/Kg), was administered intratracheally three times a
eek for a month. The HH2 (VQLRIRVAVIRA-NH2) and IDR-1018

VRLIVAVRIWRR-NH2) peptides led to an adequate suppression
f the tuberculosis bacilli growth and decreased the pneumonic
egion in an experimental model of pulmonary TB after 15 and
0 days of therapy, even though peptide 1002 did not show a con-
iderable reduction in the bacillary loads. This occurred during
he infection of the mice with the drug-resistant or drug-sensitive

ycobacteria using a model with an elevated dose of infection in
alb/c mice, administered with the given treatment regime [224].

.3. Others peptides

Peptoids (Oligo-N-replaced glycines) comprise sequence-
articular peptidomimetics, which are based on a “biomimetic”
eptide backbone comparable to a natural protein, while having
heir side chains attached to the amide nitrogen [225,226]. This
ariation in structure renders them greatly resistant to protease
ctivity [227,228]. The 1-C134mer showed a remarkable tubercu-
ocidal action against M.  tuberculosis with an MIC  of 6.6 �M.  Peptoid
-C134mer is cationic and four residues long, containing a 13-
arbonaliphatic tail as part of its N-terminus. The hydrophobic
ail of peptoid 1-C134mer confers a surfactant-like nature and is
nticipated to interact intensely and in a disruptive manner with
he hydrophobic, waxy, lipid-enriched outer layer of mycobac-
erium, thereby facilitating a better peptoid permeation into the
acterium. The cationic surfactants are generally poisonous for
ammalian cells and bacteria. In this case, however, the strong
elf-association of this oligopeptoid, imposed by its C-3 tail, has
o protect macrophages, which, unlike bacteria, are not consider-
bly anionic (or hydrophobic in the case of M.  tuberculosis) on their
uter membranes. The 1-C134mer micellization at its MIC  would be
lls’ survival in vivo and in vitro.

fully expected to enhance its anti-M. tuberculosis potency, as the
labile micelles, following binding to the anionic or hydrophobic
bacterial membrane, would detach, forming a high local concentra-
tion at the cell surface [229]. The mycobacterium cell membrane
varies considerably from that of normal Gram-positive or Gram-
negative bacteria. The exterior layer of the mycobacterium is made
up of lipid-rich, hydrophobic layers of mycolic acid, as well as the
aliphatic, hydrophobic wax barrier, which decreases the perme-
ability of the M. tuberculosis cell membrane in relation to regular
anti-tuberculosis drugs [230,231]. The ineffective permeation of
the drugs and the trapping of the drugs by the waxy envelope
layer partially accounts for the greater resistance of mycobacte-
ria to antibiotics [232]. The slow metabolism of mycobacterium is
additionally inclined to reduce the efficiency of most conventional
agents, as the compounds normally function by damaging specific
steps in the metabolic cycle of the cells.

ATRA-1A and ATRA-2, which are two synthetic 11-residue
peptides with differences in the repeated motif within the Chi-
nese cobra-derived cathelicidin NA-CATH, were tested for activity
against M. smegmatis.  As ATRA-1 has a higher potency compared to
ATRA-2, the differences in the sequence may  have influenced the
activity of the peptide. ATRA-1A had an EC50 value of 0.05 �g/mL
against M. smegmatis,  while ATRA-2 caused no significant effect
against M. smegmatis at any concentration [214]. This finding was
consistent with previous reports in which the activity of ATRA-2
against most bacteria was  found to be ineffective, due to amino
acid substitution during its production, thereby making it a less
potent AMP  [233–236]. The helical structure of this peptide was
likely tempered by the introduction of a proline at residue 11, thus
interfering with its activity against microbes [233]. ATRA-1A had an
EC50 of 0.035 �M against mycobacteria, making it the most potent
identified antimycobacterial peptide to date [214]. Mouse cathe-
licidin (mCRAMP) had an EC50 of 0.17 �g/mL (0.044 �M)  [198],
a lower value compared to EC50 value of 58.81 �M against M.

avium,  as report by Carlos et al. [237], thereby suggesting a rele-
vant physiological potency [237]. Moreover, mCRAMP showed the
best MIC  (15.6 �g/mL) among the peptides. Synergistic studies with
rifampicin have only been reported for the full-length cathelicidins
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Table  2
Examples of AMPs showing activity against M. tuberculosis in vitro/in vivo with respective modes of action.

Name Structural classes Activity Proposed mode of action Reference

D-V13 K (D5) �-Helix MIC (MDR-TB):15.6 �M Pore-formation [152]
MIC (M. tuberculosis):11.2 �M

D-LAK analogues MIC (M. tuberculosis): 50 �M -Pore-formation [155]
MIC (MDR-TB): 100 �M -Inhibition of protein synthesis

Bacteriocins
(Bcn1-Bcn5)

MIC (M. tuberculosis): 0.01–1 �g/mL Pore-formation [157,158]

Nisin A MIC (M. tuberculosis):
60 �g/mL

-Pore-formation [160]
-Inhibition of cell wall
biosynthesis

Lactoferrin MIC  (M. tuberculosis): 1 mg/mL Iron sequestration [162]
In vivo: oral administration of 0.5% lactoferrin
led  to 1 log10 reduction in bacterial load.

LL37 In vivo: approximately 53% and 45% of M.
tuberculosis and MDR-TB killing, respectively at
32  �g/mouse

Pore-formation [144]

LLKKK18 In vivo: 1.2-log reduction at 100 �M of mice
infected by M. tuberculosis

Pore formation [89]

LLAP MIC (M. tuberculosis): 600 �g/mL Inhibition of the basal ATPase
activity of the mycobacterial
plasma membrane

[167]

S100A12 MIC (M. tuberculosis): 0.1 �M Immunomodulatory activity [201]
Human Beta Defensins
(hBDs) variants

�-sheet MIC (M. tuberculosis): 1.5 �M Pore formation [212]
MIC (MDR-TB): 2.7 �M
MIC (M. smegmatis): 0.36 �g/mL

Magainin-I analogue
peptide (MIAP)

MIC (M. tuberculosis): 12–80 �g/mL Inhibition of the ATPase
activity

[213]

Protegrin-1 (PG-1) MIC (M. tuberculosis): 64 − 128 �g/mL Formation of cation-selective
channels on bacterial
membrane

[217]

PR-39 80% growth inhibition of M. tuberculosis at
50 mg/L.

Inhibition of DNA and
protein synthesis

[114]

39 and 49% growth inhibition of MDR-TB
strains (E1380/94 and P34/95, respectively) at
50 mg/L

Azurophil granule
proteins (AZP)

Approximately 55% growth inhibition of M.
tuberculosis at100 mg/mL

Destroying cell
membrane

[221]

MIC (M. smegmatis): 50 mg/mL
IDR-1018 In vivo (M. tuberculosis and MDR-infected

mice): 10–71% killing at 32 �g/mouse
Immunomodulatory activity [224]

1-C134mer Others peptides MIC (M. tuberculosis): 6.6 �M Pore formation [229]
ATRA-1A MIC (M. tuberculosis): 0.035 �M Membrane disruption [214]

EC50 value of 0.05 �g/mL against M. smegmatis
 again
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mCRAMP EC50 value of 0.17 �g/mL
Modified peptide-drug
conjugate dpMtx

IC50 (M. tuberculosis): 95
IC50 (M. smegmatis): 160

mCRAMP) and never for the short synthetic peptides (ATRA-1A and
BD3-Pep4). A fractional inhibitory concentration index (FICI) score
f 0.5 was reported when mCRAMP was conjugated with polymyxin
. A foundation for further studies may  stem from these results
oncerning the activity of two small synthetic peptides against M.
megmatis [214]. They could also stimulate further studies on the
evelopment of potent antimycobacterial drugs against M. tuber-
ulosis from these small peptides [238].

NA-CATH had an EC50 of 1.88 �g/mL, which is more than the
C50 value of ATRA-1A [214]. Previously, the haemolytic activ-
ties of ATRA-1A and NA-CATH have been reported [233]. There

as no statistical difference in the haemolytic activity of NA-CATH
nd ATRA-1A when compared to PBS at pH 7 [236]. Similarly, no
aemolytic activity was reported for mCRAMP [239].

This study deals with the synthesis and testing of a unique
eptide-drug conjugate with a high level of activity against M.
megmatis and M.  tuberculosis. It also covered the clearance of the
ntracellular mycobacteria from the cultured macrophages [240].
he unmodified drug methotrexate and the modified dpMtx were
ested against two mycobacteria species for antimycobacterial
ctivity [240]. The unmodified methotrexate at a concentration

f 10 �M showed no activity against the tested organisms, but
ith a great toxicity towards RAW264.7 murine macrophages

IC50 = 24 nM). Meanwhile, significant antimycobacterial activ-
st M.  avium Permeabilize membranes [238]
Membrane disruption [240]

ity against M. smegmatis (IC50 = 160 nM)  and M.  tuberculosis
(IC50 = 950 nM)  was observed with the modified peptide-drug con-
jugate dpMtx. It also presented significantly less toxicity towards
macrophages (IC50 = 9600 nM). The modified peptide-drug con-
jugate dpMtx cleared the intracellular M.  smegmatis from the
cultured macrophages in an untargeted manner [240]. The syner-
gistic effect of mycobacteria co-treatment with dpMtx and other
antibacterials was  investigated in order to understand the mech-
anism of dpMtx action and evaluate its possible synergism with
other antimicrobials, such as the first line M.  tuberculosis treat-
ment agents [241,242]. There was a synergistic action between
dpMtx and sulfamethoxazole (folic acid synthesis inhibitor), as
well as between cephalotaxine and ethambutol (cell wall synthe-
sis inhibitor). With nalidixic acid, dpMtx showed no synergistic
action, although an additive effect was  observed with rifampicin
(FIC = 0.625) and isoniazid (FIC = 0.75) [240]. The ability of dpMtx to
traverse the mycolic acid cell wall and interact with dihydrofolate
reductase suggests a synergistic combination with antifolates and
cell wall inhibitors. This ability to synergize with cell wall inhibitors
is interesting because the combination of antifolates and cell wall
inhibitors could be a source of great combination therapy. From

these data, it has been demonstrated that dpMtx is a potent antimy-
cobacterial agent with a reduced cellular toxicity towards cultured
macrophages [240]. Fig. 4 shows the possible mechanism of action
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f AMPs against TB in vitro and in vivo. Moreover, some examples
f AMPs displaying activity against M.  tuberculosis with respective
odes of action are listed in Table 2

. Clinical trials

Several pharmaceutical companies in their search for novel
ntimicrobial agents have tried to introduce AMPs to the market
243]. Generally, current investigations focus on small and cost-
fficient molecules, such as the biologically active core regions of
he AMP. The AMPs are at different stages of drug development,
rom the pre-clinical to stage III of clinical studies, with many com-
ounds involving various molecular sizes having been investigated.
TX-109, which is considered as a synthetic, membrane-degrading
eptide, has been developed by Lytix Biopharma and is presently
eing subjected to phase II trials for MRSA nasal infection treatment
244]. Little success has been reported regarding the AMPs exposed
o clinical trials, especially when the findings have been compared
o the conventional antibiotics [174,245]. Otherwise promising
MPs, which are subject to clinical development, include suroto-
ycin, a lipopeptide developed by Cubist Pharmaceuticals, which

s in phase III trials for Clostridium difficile infection treatment [246].
MBI-226 (Omiganan), which has recently completed two differ-

nt phase III clinical trials, has shown a considerable competence
n reducing catheter colonization and decreasing microbiologi-
ally confirmed tunnel infections [247]. Plectasin

®
, isolated from

he fungus Pseudoplecta nianigrella and the lantibiotic NAI-107,
ave presented a considerable level of competence towards MRSA
247,248]. Meanwhile, the endorsement of the AMP  pexiganan,
hich is a wide-spectrum synthetic analogue from the African frog
eptide magainin, developed for diabetic foot ulcer therapy, was
eclined for clinical use [243,249]. This compound was  unable to
how an edge over the currently available fluoroquinolone treat-
ent [174,245]. HLF1-11, obtained from human lactoferrin, has

ttained the phase II stage of clinical trials for fungal and bacte-
ial infection treatments [250]. MU1140, which has shown potency
gainst MRSA and Bacillus anthracis, is an AMP  that has completed
re-clinical trials for tuberculosis treatment following the observa-
ion of promising activity against M.  tuberculosis [251,252].

0. Delivery systems for AMPs

Microgels are sparingly cross-linked colloidal gel particles,
hich can respond to a range of stimuli, such as changes in pH,

emperature, ionic strength, redox conditions and the presence
f specific metabolites, by suddenly undergoing a swelling tran-
ition. They are sometimes referred to as nanogels. Microgels can
e formulated in order to be triggered by external fields, such
s magnetic and light fields. They have attracted much inter-
st in various areas, such as biomaterials, biosensors, advanced
aterials and drug delivery [253,254]. The loading of LLKKK18

KEFKRIVKRIKKFLRKLV) onto hyaluronic acid nanogels has been
tudied by Silva et al. [255] with a view to achieving an effi-
ient anti-tuberculosis effect. The incorporation of peptides into
yaluronic acid nanogels was found to enhance peptide stabil-

ty and minimize cytotoxicity. Interestingly, nanogels have been
ound to be internalized effectively by macrophages; meanwhile,
anogel-loaded peptides were also co-localized with mycobacteria
ithin host cells, resulting in a noticeable reduction in the number

f mycobacteria in macrophages exposed to either M.  avium or M.
uberculosis, as demonstrated by the reduced level of cytokine IL-6

nd TNF-�. The infection levels in mice exposed to M.  avium or M.
uberculosis were significantly reduced by the in vivo intra-tracheal
dministration of peptide-loaded nanogels after five to 10 days of
dministration [255].
esearch 128 (2018) 288–305

Dry inhalation powders offer more convenience for storage and
stability, compared to liquid aerosols, because of the reduced rate of
biochemical degradation in solid states [256]. With dry inhalation
powders, a rapid dose administration and high local drug deposi-
tion are possible since they are activated by patient-inspired effort,
and have been an attractive strategy for antimicrobial formulations
targeted against lung infections [257,258]. The maintenance of the
physical integrity and stability of peptides during the drying pro-
cess, while equally achieving good inhalability and aerodynamic
properties for the powder, is the major challenge in preparing
inhalable peptide-based therapeutic formulations [259].The pro-
duction of inhalable dry powders composed of D-enantiomeric
AMPs (D-LAK120-HP13 and D-LAK120-A) has been investigated by
Lip Kwok et al. [259], along with the evaluation of their solid-state
properties, structural conformation and aerosol performance. For
the first time, the study demonstrated a successful formulation of
these AMPs into dry powder formulations via spray-drying using
mannitol as a bulking agent. The particle size of the spray-dried
powder was desirable for inhalation and spherical in shape. The
good aerosol performance of the powders also demonstrated its
inhalability. Further physicochemical characterization of the spray-
dried powders showed that mannitol crystallinity was retained,
while the peptide’s secondary structures were preserved during
the process of spray-drying. There is potential to develop a new
class of anti-tuberculosis agents from these inhalable powdered
AMP  formulations [259].

11. Outlook and conclusive remarks

Currently, TB is globally endemic and endangering the gains
already made in its control. This is regardless of the introduction of
inexpensive and efficient treatments using a combination of four
drug regimens four decades ago. Novel drugs and enhanced means
of assessing novel medications and regimens are urgently needed
for shorter and less toxic TB treatment regimens. In the past 10
years, significant investments by financiers, scientists and the WHO
have led to a renewal of activity into the evaluation and develop-
ment of novel TB agents. Greater coordination and collaboration are
urgently needed among drug developers and clinical trial networks
as novel AMPs are currently undergoing clinical trials for bacterial
and antifungal infection treatments. When combined with conven-
tional anti-TB agents, AMPs could represent a potential strategy for
TB treatment.

AMPs have been identified in plants, animals and single-celled
organisms, involving a selective microbial action against a broad
spectrum of organisms, mostly due to their electronic interaction
with negatively charged membranes. Some AMPs also promote the
host defence by modulating host cellular immunity in vertebrate
species, while, in mammals, AMPs not only ward off pathogens,
they also shape the composition of the microbiome, which is sig-
nificant for the protection of many aspects of health. The growing
problems associated with the resistance and abuse of conventional
antibiotics have prompted interest in the development of AMPs as
the next generation of anti-infective agents to combat pathogens.
Regardless of the numerous limitations, the management of the
generation of endogenous AMPs could represent the key paradigm
in the treatment of a wide array of animal and human diseases.
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[118] C. de la Fuente-Núñez, F. Reffuveille, C. Mansour Sarah, et al.,
D-Enantiomeric peptides that eradicate wild-type and multidrug-resistant
biofilms and protect against lethal Pseudomonas aeruginosa infections,
Chem. Biol. 22 (2015) 196–205.
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