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Abstract

Tuberculosis (TB) is among the greatest public health and safety concerns in the 215t century,
Mycobacterium tuberculosis, which causes TB, infects alveolar macrophages and uses these cells
as one of its primary sites of replication. The current TB treatment regimen, which consist of
chemotherapy involving a combination of 3-4 antimicrobials for a duration of 6-12 months, is
marked with significant side effects, toxicity, and poor compliance. Targeted drug delivery offers
a strategy that could overcome many of the problems of current TB treatment by specifically
targeting infected macrophages. Recent advances in nanotechnology and material science have
opened an avenue to explore drug carriers that actively and passively target macrophages.

This approach can increase the drug penetration into macrophages by using ligands on the
nanocarrier that interact with specific receptors for macrophages. This review encompasses the
recent development of drug carriers specifically targeting macrophages actively and passively.
Future directions and challenges associated with development of effective TB treatment is also
discussed.
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Targeted drug delivery systems have a potential to mitigate many of the problems associated
with current TB therapy. Macrophages, which Mib uses as a reservoir, express various classes of
surface receptors which can be actively or passively targeted. By using ligands on the nanocarrier
that interact with specific receptors on macrophages, efficiency of TB therapy can be further
enhanced.
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1. Introduction:

Tuberculosis (TB) is a major bacterial infection caused by Mycobacterium Tuberculosis
(Mrb). Until the COVID-19 pandemic, TB was the major cause of death from an infectious
disease, overtaking deaths from HIV/AIDS globally.[*] The global TB report published

by the World Health Organization (WHO) in 2020 evaluated that there were around 10
million new instances of TB infection in 2019, and 1.2 million cases resulted in deaths.[!]
Approximately 3 million TB cases, which sums up to 33% of new cases, remain unreported
to the public health system, many of which do not receive appropriate therapy.[2] TB causes
about one third of AIDS-related deaths, including 200,000 from HIV positive cases in 2019.
(1] Transmission of TB occurs between humans via respiratory route, primarily affecting

the lungs (pulmonary TB); however, it can infect any tissue and cause extrapulmonary TB
approximately 20% of the time in previously healthy individuals. TB has the ability to
transition into a dormant state (latent TB), where infected individuals display no obvious
symptoms until later in life. Approximately 10% of latent infections progress to active TB.[2]
It is predicted that about 25% of the global population is affected with TB and is at peril

of transitioning into active infection.[] Collectively, these observations demonstrate that TB
can elicit a broad range of disease severity, ranging from latent infection to a life-threatening
acute disease.[3 4]
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Despite the difficulties associated with containing a highly infectious agent like TB, there
has been substantial progress in mitigation and containment, particularly in the last two
decades. Between 2000-2019, there was a 29.4% reduction in death from TB in HIV
negative cases and a 69.32% reduction in casualties in HIV positive cases.[!] The WHO,
with support from the United Nations, is aiming to eradicate TB by 2030.[1] To achieve

this goal, the WHO put forward the milestone of a 20% reduction of incidence and 35%
reduction in mortalities by 2020, as compared to 2015 TB data. Global TB incidence has
declined, but only by 9%, which is not very close to the 2020 milestone of 20%.[1] The
most recent global target set by the WHO is to treat 40 million TB patients in the 5-year
period of 2018-2022. The inability to reach the 20% reduction may partly be due to unequal
distribution of TB in different regions of the world. In 2019, Southeast Asia had the highest
incidence, with 44% of global TB cases. In contrast, Europe and the Americas had the
lowest with 2.5% and 2.9%, respectively. India had the greatest number of TB cases of any
individual country, with 26% of global cases.[X] In order to alleviate the discrepancies in
global TB, it is imperative to understand the current treatment and prevention regimen.

Development of a vaccine for TB is likely one of the strongest strategies to combat the TB
epidemic. While vaccines have had tremendous impact on health of humans and animals
over the last two hundred years, the progress in vaccine development against TB has

been relatively modest.[>-10] The current TB vaccine, Bacille Calmette-Guérin (BCG), is
weakened Mycobacterium bovis strain and was administered to human infant for the first
time in 1921. BCG appears to be the most effective in children, displaying more than

50% protection against pulmonary TB and more than 80% against extra-pulmonary TB.[!1]
Unfortunately, BCG has exhibited highly inconsistent protection against TB in adolescents
and adults.[12]

The current treatment for TB consists of chemotherapy using first-line drugs consisting

of ethambutol (EMB), pyrazinamide (PZA), isoniazid (INH), and rifampicin (RIF). Second-
line injectable therapeutic agents (amikacin, streptomycin, viomycin, capreomycin, and
kanamycin) are used in case of multidrug resistant TB or when first line drugs fail.
Fluoroquinolones (moxifloxacin, gatifloxacin, levofloxacin, and ofloxacin ) and other oral
agents (para-amino salicylic acid , prothionamide, terizidone cycloserine, and ethionamide)
have also been used for TB treatment.[13: 141 A major problem with the current
chemotherapy is the long duration of course required, 9-12 months, which often results

in poor compliance. Current treatment can also be marred by several adverse side effects.
Exposure to antibiotics for long durations can lead to toxicity in some patients.[2] Side
effects can include hemolysis, agranulocytosis, optic neuritis, renal failure, ototoxicity,
severe hepatitis, and immune thrombocytopaenia.[16] These are some of the main reasons
that improvement of TB treatment has garnered a great deal of attention, with a goal of
developing a treatment regimen with the shortest duration and lowest toxicity possible.

2. Pathogenesis and host response

Mitb spreads via inhalation of aerosolized particles, often due to coughing or sneezing. The
bacteria in these particles travel directly to the lower respiratory tract when breathed in.
In the pulmonary alveoli, the pathogen interacts with alveolar macrophages, the first and
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most critical line of defense at the site of infection in the lung. Alveolar macrophages

are also the most significant effector cells with which Mib interacts following deep

lung deposition of pathogenic aerosols.[17] Macrophages internalize the pathogen by
phagocytosis mediated by ligand-receptor interactions utilizing numerous different receptors
expressed by the macrophages. While this is advantageous against many pathogens, the
intracellular parasitic nature of Mtb confers it the ability to avoid most innate immune
surveillance mechanisms. Mitb evades the innate immune response within macrophages by
preventing acidification of the bacterial vacuole, preventing maturation of their intracellular
compartment to a phagolysosome, and by inhibiting the apoptosis and autophagy of infected
macrophages.[18-211 Aftb also inhibits the oxidative burst and is relatively resistant to reactive
oxygen and reactive nitrogen intermediates within the macrophages.[18 22. 23] Additionally,
phagocytosis of Mtb provides a favorable site for replication, even in presence of a
belligerent adaptive cellular immune response.[17] After internalization, Mib successfully
blocks fusion of lysosome with the phagosome, increasing its chances of survival.[24] This
leads to replication of Mitbwithin the alveolar macrophages, making macrophages a safe
harbor for the pathogen. After alveolar macrophage is infected in the lower respiratory

tract, Mtb invades the lung interstitium, where the infection process progresses. Invasion of
pathogens in the lung parenchyma triggers the host immune response, resulting in additional
recruitment of T and B cells to the infection site. This recruitment generates a multicellular
host response called a granulomatous inflammation.[26] Granulomas are supposed to safely
contain the Mtb pathogen at the infection site, thus preventing its transmittance within

the host; however, dysfunctional progression of granuloma can lead to pathogen survival,
extensive tissue damage, and poor treatment responses.[17] Ab utilize granulomas as
infection sites where phagocytic cells grow in clusters, thus providing ample nutrients for
replication. To do this, Mtb uses its ESX-1 secretion system which triggers a type | IFN
response. This response elicits the recruitment of a unique CD11b+F4/80+Grlint myeloid
cells to the nascent granuloma that is highly permissive to Mib infection.[2%] Granulomas
have a maximum sustainable bacterial population.[2¢] If infection proceeds beyond the
maximal bacterial burden, it can alter the granuloma’s morphology, thereby increasing the
probability of extrapulmonary TB infection. Progression of latent infection into an active
infection is a complex process and is governed by multiple factors.[27] The manifestation of
active TB infection directly correlates with the systematic and local inflammatory response
to persistent Mtband its antigens.[28: 291 The transition from latent to active TB infection is
marked by changes in the granulomas present. This normally includes an increase in their
size and change in distribution throughout the lungs.[*7] In majority of infected hosts with
LTBI, the collection of T cells, dendritic cells, and macrophages is enough to suppress the
spread of infection. However, in a subset of TB infected patients, the infection can evolve to
an active clinical disease. The reasons behind the disease progression from latent to active
infection are not completely understood and this progression is marked with widely variable
timeframe.[16]

3. Antibiotic resistance: The crux

Propensity of Mtbto develop antibiotic resistance against various antibiotics is one of the
primary cruxes in development of an effective anti-TB treatment. The initial instance of
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antibiotic resistance was first observed in late 1940’s during the initial human trial of anti-
TB treatment.[3%] Over the following decade, researchers saw increasing cases of various
antibiotic resistances develop. Even after 70 years, rise of drug-resistant TB is creating a
bottleneck for development of effective TB treatment and management. Drug resistance is
likely one of the major hindrances to the WHQ’s goal of the TB epidemic’s cessation by
2030.31]

Like many bacteria, Mtb is known to have different types and extents of antibiotic resistance
such as multidrug resistant (MDR) and rifampicin resistant (RR) variants. RR-TB exhibits
resistance against rifampicin only, and not towards any other first line or second line drugs
such as isoniazid or levofloxacin. MDR-TB strains show resistance towards two or more

of the most potent anti-TB drugs, such as rifampicin, ethambutol and isoniazid. Global
cases of RR-TB increased from 51% in 2017 to 61% in 2019, while cases of MDR-TB
were determined to be around 16.67%.[11 In order to treat MDR-TB, second-line drugs
such as injectables and fluoroquinolones are utilized. However, extensive drug resistant
(XDR)-TB is a TB variant which has resistances like MDR-TB, but also exhibits resistance
to at least one drug from these second-line agents. This makes treating XDR-TB nearly
impossible since it does not respond to rifampicin, isoniazid, fluoroquinolones, and to

one or more second-line drugs (capreomycin, amikacin, and kanamycin).[32 331 |n some
cases, researchers have come across TB infections where the patients have shown resistance
against all anti-TB drugs which are typically used.[34] These highly drug resistant strains
were termed as totally drug resistant (TDR-TB) strains.

There are various mechanisms by which Mtb shields itself from the detrimental effects of
antibiotics. In Mtb, drug resistance evolves through various mechanisms such as epistasis,
cell envelope impermeability, efflux pumps, compensatory evolution, target mimicry,
phenotypic drug tolerance, clonal interference, and drug degradation and modification.
[35. 36] A has intrinsic resistance (natural defense against antibiotics) and can develop
extrinsic resistance, such as horizontal gene transfer. Drug resistant strains can evolve
due to several factors including perpetual exposure to sub-therapeutic levels of drug
during treatment and noncompliance to the entirety of a treatment regimen. As such, drug
concentration can be a major driving factor in mutations which result during treatment.
[37] Mtb has an inherent resistance against the B-lactam class of antibiotics, conferred by
B-lactamases produced by the bacteria.[38-40]

At sub-therapeutic drug concentrations, mutations in resistance genes appear, often at the
expense of fitness, which leads to subpar growth, virulence, and survival. But in the case

of Mtb, mutations in antibiotic resistant genes are often followed by another mutation,
known as a compensatory mutation, which minimizes the detrimental effect on fitness.[41. 42]
As a result of this compensatory evolution, Mtb is able to retain its resistant phenotype
without losing much viability and/or virulence, as was confirmed by several studies with
typical mutations seen in antibiotic resistant Mzb.[41: 42] |dentification of such compensatory
evolution mechanisms is highly desirable, as suppression of these mechanisms provide a
promising strategy for treatment of drug resistant TB.
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Presence of broad range of complex lipids confers the mycobacterial cell envelope with
extreme thickness and high hydrophobicity. This increased hydrophobicity hampers the
diffusion of even hydrophobic drug, including antibiotics such as tetracyclines, macrolides,
rifamycins, and fluoroquinolones,.[43-4] Researchers have already demonstrated the efficacy
of lipids of mycobacterial cell membrane in imparting inherent drug resistance.[38]
Consequently, increased susceptibility to antibiotics was observed in mutants which had
defective cell envelope.[45: 46]

Drug molecules which successfully cross the diffusional barriers of Mtb have to face
another hindrance. Efflux pumps present in Mtb comprises an active mechanism which
effectively removes therapeutic agents penetrating the bacterial cells to the extracellular
environment.[38. 44. 47, 48] These efflux pumps are responsible for conferring Mtb with
inherent resistance against various anti-TB drugs such as aminoglycosides, tetracycline, and
fluoroquinolones. Mtb overexpresses certain efflux pump proteins under antibiotic stress
conditions. Researchers have established that efflux pumps have a critical role in isoniazid
and rifampicin resistance, notably in a case which involves no mutations.[4°]

Drug degradation and modification is another potent tool in the toolbox of intrinsic
resistance for Mtb.137] Mib produces several enzymes which tend to break down various
classes of antibiotics, consisting of B-lactams, aminoglycosides, and macrolides.[38 45! |n
addition to degradation, modification by enzymes present in Mtb inactivate antibiotics via
the inclusion of chemical moieties on specific antibiotic sites.[38: 44. 451 For example, cyclic
peptides/aminoglycosides, which are antibiotics used for MDR-TB treatment, are rendered
ineffective by acetyltransferases and phosphotransferases present in M550 511 Along with
drug degradation and modification, Mtb has developed a novel mechanism of resistance,
target mimicry, that nullifies antibiotics targeting DNA gyrase such as fluoroquinolones.
[38. 52] Target mimicry provides an alternate innocuous site of binding for drug molecules,
thereby preventing or minimizing the binding to the actual drug target. Target mimicry in
Mitb was also found to inhibit effective binding of other antibiotics, including lincosamides,
macrolides, and streptomycin.[38. 45. 53]

Mitb is known to show phenotypic drug tolerance. Phenotypic tolerance in Mtb is
characterized by reduced physiological or metabolic activities, similar to hibernation. It is
unlike intrinsic and acquired drug tolerance since it does not involve direct chromosomal or
genetic mutations. A sub-population of Mtb survives the antibiotic regimen by becoming
dormant, transitioning into an inactive state, which is marked by minimal or absence

of metabolic activity.[3] In its dormant state, Mib exhibits suspension of physiological
functions, tolerance to antibiotics, reversible metabolic shut down, slow growth rate, and
triglyceride accumulation inside intracellular lipid bodies.[371 Once the antibiotic stress is
removed, the dormant sub-population becomes active and restores its original metabolism.
[38, 45, 54, 55] However, efficient targeting of therapeutics directly to macrophages, instead
of non-specific localization of therapeutics to all tissues and organs, could be used to
increase the local concentrations of therapeutics in the vicinity of Mtbto the point that

it is bactericidal for these dormant populations, without impacting toxicity significantly.
Higher local concentrations of therapeutics, specifically within the infected cell type,
could also prevent development of resistant mutants by ensuring therapeutic levels are
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reached efficiently. In this way, macrophage targeted therapeutics could dramatically change
the landscape of therapeutic strategies for TB, potentially even reducing the duration of
sterilizing combination antimicrobial therapy from the current 6-9 months.

4. Drug delivery to alveolar macrophages: A potential solution

Macrophages are integral components of the host defense mechanism and have a pivotal
role in engulfing and destroying pathogen through the process of phagocytosis.[®8] In
phagocytosis, the macrophage engulfs the foreign microbes, thereby leading to destruction
and elimination of microbe from the host. However, some pathogenic microorganisms, such
as Mtb, have the capability to survive and thrive within these immune cells. This reduces
the treatment efficacy for infections occurring from intracellular pathogenic microorganisms.
[56] Additionally, ingestion into the macrophage provides an extra diffusional barrier for
drug molecule to cross. Antibiotics used to treat intracellular infections often have varying
ability to cross the macrophage’s cellular membrane, hence diminishing their bactericidal
efficiency. Therefore, drug delivery platforms capable of direct targeting and modulation

of macrophages may counteract the ability of intracellular pathogens to evade antibiotic
treatments. Such delivery systems would require selectivity towards both macrophages and
pathogens and would be invaluable towards improving chemotherapeutic activity. Alveolar
macrophages are one known reservoir of Mtb where the bacterial burden is harbored.

[571 Hence, direct targeting of alveolar macrophages has good prospects to enhance the
effectiveness of current antibiotics, as well as future therapeutics to be used for anti-TB
treatment.

Nano/Micro system-based drug delivery systems present an excellent avenue for direct
targeting of alveolar macrophages. In an optimized system for drug delivery, the drug
molecule is translocated to the target site to maximize drug absorption and minimize
unwanted side effects. Moreover, drug delivery systems safeguard the therapeutic agents
from being metabolized and cleared by the host. This increases the quantity of drug
delivered to the target and decreases the therapeutic dose.[58 59 Targeted drug delivery
systems offer a methodology to improve availability of anti-TB drug within macrophages.
A well-designed drug carrier can demonstrate controlled drug release characteristics

in different metabolic and physicochemical responses. Recent progress in domain of
nanotechnology has opened new prospects in development of new drug carriers, such

as solid-lipid nanoparticles (SLNs), nanospheres, liposomes, micelles, and nano-rods. 8]
Owing to their nanoscale dimensions (50-1500 nm) and high surface areas, the nano-based
drug carriers have unique biological and chemical characteristics that make them an
attractive choice for development of drug delivery platforms.

Broadly speaking, drug delivery efficiencies can be enhanced by two major approaches.

One approach is tuning physical properties of drug carriers to improve macrophage
internalization and deep lung deposition.[5¢] The other major approach is targeted delivery
of drug. Alveolar macrophages can be targeted by utilizing two separate mechanisms:

active targeting and passive targeting. In active targeting, the bulk carrier’s surface is
functionalized with ligands which can interact with receptors on a host cell surface, resulting
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in ligand-receptor mediated phagocytosis.[89] In passive targeting, the drug carrier does not
have any host-specific ligand on its surface.

In the past few years, there were only a few publications that have reviewed drug delivery
systems for treating tuberculosis. Of these, most have focused on materials and formulations
of drug carriers (liposomes, polymeric nanoparticles, etc.); however, one review discussed
the different types of macrophage receptors which have been targeted.[56: 61-63] |n this
article, we will review primarily the recent development of targeting strategies used in

drug delivery systems for pulmonary tuberculosis treatment, focusing on the various ligands
reported in literature.

5. Tuning physical properties of drug carriers to enhance macrophage

uptake and lung deposition

Macrophage-based targeting therapies are an attractive and effective strategy towards the
treatment of infection caused by intracellular microbes. The interaction between outer
carrier surface and the cell membrane of macrophages can induce the development of
plasma membrane surrounded vesicles, subsequently leading to the internalization of

drug carriers. There are five known processes for the internalization of nanoparticles,
including phagocytosis, macro-pinocytosis, endocytosis uptake moderated by either caveolin
or clathrin, and endocytosis that is independent of both.[64]

Internalization of the drug carrier within the macrophage is moderated by variety

of factors, which includes physical characteristics and morphology, interaction with

plasma protein, physicochemical attributes (surface charge, hydrophobicity/hydrophilicity),
and biodistribution.[%5] For example, drug carrier with improved hydrophobicity has
demonstrated better interaction with the macrophage, thereby enhancing its uptake. Along
with carrier surface composition and size, the overall shape is a pivotal parameter which can
affect the nanoparticle uptake and efficiency of drug delivery.[66]

In addition to improvements in drug internalization by macrophages, deep lung deposition of
inhalable TB drug carriers is a critical process for better targeting of alveolar macrophages.
Particle size is an important characteristic that influences the deposition processes.[67]
Particle sizes greater than 5 um will be entrapped in the upper region of respiratory tract.
Particles between 1-5 um can achieve deep lung deposition but are unable to reach the
pulmonary alveoli effectively. Particles less than 1 pm in size can reach pulmonary alveoli
through diffusion.[62] Drug carriers with diameters between the range of 50 and 200 nm are
considered desirable for maximum drug accumulation after administration by inhalation.[68]
Particle diameters around 500 nm have also been reported in literature as suitable for passive
targeting of alveolar macrophages.[6°!

Apart from particle size, zeta potential also affects the identification and phagocytosis of
nanoparticles by macrophages, ultimately affecting their distribution within macrophages.
Cationic nanoparticles after internalization within the host deliver the payload more readily
than non-charged nanoparticles, through the proton sponge effect.[79] In fact, a linear
correlation between cellular uptake and zeta potential of the nanoparticles has also been
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reported in literature.[”2] Interestingly, surface charge presents a dichotomous effect on
particle internalization. It has been found that nanoparticles with negative zeta potential have
tendency to accumulate at the positively charged site because of repulsion by more surface-
abundant anions, resulting in better uptake by immune cells.[72-74] This dichotomy stems
from variation in other critical parameters, such as surface hydrophobicity or composition,
polydispersity, and the cell type variation. Zeta potential’s absolute value is one of the
critical factors that influences the nanoparticle phagocytosis. Lower values of absolute zeta
potential can actively avoid internalization of nanoparticles by macrophages.l’> 761 In the
context of drug delivery platforms for TB treatment, both anionic and cationic systems have
been developed successfully.[5¢]

Hydrophobicity of drug carriers can also influence the internalization processes. Drug
carriers with hydrophobic surfaces have shown increased cellular uptake because of higher
affinities for the lipid bilayer of macrophages.[®8: 631 Hydrophilic modifications have also
shown improved performance, mostly on carbohydrate-based drug carriers.[5¢] On the
other hand, PEGylated drug carrier can effectively suppress the macrophage uptake.[77-7°]
For example, it has been reported that macrophage internalization of PEG functionalized
polyelectrolyte nano shells at 24 hours was reduced threefold when compared to either
negatively or positively charged nano shells.[8%]

6. Passively targeted drug delivery systems

Passive targeting of alveolar macrophages utilizes receptor-independent uptake pathways.
As such, it is an alternative for simplified drug delivery systems which do not involve
structural modifications of the drug carrier. Numerous drug carriers have been developed

so far for passive targeting of alveolar macrophages (Table 1-3). Some common delivery
carriers include polymeric particles/micelles and polysaccharide-based particles. Other types
of carriers have been used as well, such as liposome, solid lipid nanoparticle (SLN), and
gold nanorods. Rifampicin and isoniazid are commonly used drugs in passive targeted

drug delivery systems.[81-85] Other therapeutic agents, including gatifloxacin, curcumin,
ethionamide, pyrazinoic acid, mycolic acid (for immunization), and siRNA have also been
reported in literature.[86-91]

Polysaccharide-based drug carriers are ubiquitously used in drug delivery platforms, owing
to their great compatibility with biological systems and safety.[5¢] Table 1 lists several
polysaccharide-based drug delivery carriers for passive targeting. Interestingly, some of
these carriers could be considered as active systems due to potential interactions between
their sugar moieties and macrophage receptors. For example, glucose moieties on inulin
could interact with dectin-1, a p-glucan receptor. Additionally, fucose moieties on fucoidan
could interact with mannose receptors. However, these papers did not specifically investigate
the interactions between the carriers and macrophage receptors; therefore, we listed these
drug delivery systems as passive.

Polysaccharides could be used to modify surface charges of drug carriers. For instance,
chitosan, a polysaccharide with positive charges, has been ubiquitously used in drug
delivery. Vieira et al. fabricated a solid lipid nanoparticle coated with chitosan(C-SLN)
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and encapsulating rifampicin as a model drug.[%4] The idea behind chitosan coating of

SLNs was to enhance the mucoadhesive properties of the drug delivery system. Improved
mucoadhesion would allow drug carriers to avoid mucociliary clearance from the airways.
[101] Decoration of SLN with chitosan resulted in a positive zeta potential of 40 mV

and a smooth spherical shape with a diameter 245-344 nm. In this study, C-SLNs
demonstrated better in vitro mucoadhesive properties and significantly enhanced penetration
in A549 (human alveolar basal epithelial cells) when compared with free rifampicin and
uncoated SLNSs. In addition to C-SLNs, chitosan has been used to decorate polymeric
micelles and encapsulate drugs.[92-93. 1011 Chitosan-based drug delivery systems have shown
improvements in drug delivery efficiency, mitigated unwanted adverse effects, enhanced
surface hydrophilicity/hydrophobicity to encapsulate different drugs, and allowed for slow
and sustained drug release profiles. The chitosan drug conjugates have showed significant
potential for further investigation in clinical applications.[91-94. 98, 101]

Ideally, a drug carrier should not release drug before the desired target site is reached. The
lysosomal compartment of the macrophage has an acidic environment (pH ~5), granting it
great potential for unique targeting for drug delivery. Few studies have successfully designed
a drug carrier which exploits the acidic environment within the macrophage.[81] Afinjuomo
et al. developed a hydrazone linked inulin-isoniazid conjugate which targeted Mib infected
murine macrophage cells RAW264.7.78 This conjugate was pH sensitive, which rendered
it capable of releasing INH selectively under acidic conditions. After 5 hours, 65%, 77%
and 95% of the drug was released at pH 6.0, 5.2 and 4.5 respectively; minimal release

of the drug occurred at pH 7.4. The drug carrier also had much higher internalization by
RAW264.7 cells when compared with free drug (p<0.0001 across all time points). The
inulin-INH conjugate system exhibited dose-dependent killing of intracellular Mtb H37Rv.
Despite much higher uptake, the antibacterial activity of inulin-isoniazid conjugate was
consistent compared to free isoniazid. In fact, in vitro studies showed that the inulin-INH
conjugate was less effective at lower concentrations than free INH. Afinjuomo et al.
hypothesized the different diffusion rates of inulin-INH and free INH into cells might be
the reason behind low killing activity at low concentrations.[87] The authors suggested that
comparing soluble drug against the inulin-INH conjugate made it difficult to evaluate the
effectiveness of this targeted delivery system , and thus, /n vivo studies would be necessary
for further insight. In another interesting study, researchers fabricated an inulin carrier
functionalized with vitamin E to enhance the encapsulation of a hydrophobic drug (e.g.,
rifampicin). The delivery system had a slow and sustained drug release profile, with an MIC
similar to that of free rifampicin against M. smegmatis.[97]

Polymers are some of the prominent materials used in drug delivery platforms as they

can provide controlled and tunable drug release, and can be utilized for encapsulating
hydrophilic and hydrophobic drugs (Table 2). Poly (lactic-co-glycolic acid) (PLGA)

is the widely used polymer used for fabrication of anti-TB drug delivery systems.

[59, 90,105, 110, 112, 115] p| GA is an FDA approved biocompatible polymer with very

low toxicity. Overall physical properties of the PLGA system can be easily tuned to
achieve a desired dosage and release profile by altering parameters such as ratio of lactide
to glycolide, molecular weight of the base polymers, and drug concentration.[116] These
properties make PLGA an excellent option for fabricating controlled drug delivery carriers.
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Use of PLGA microspheres to deliver subunit TB vaccine has also been reported in the
literature.[117] In a study conducted by Lawlor et al., blank PLGA microparticles were able
to activate the innate immunity pathway by increasing the NFxB (nuclear factor kappa-light-
chain-enhancer of activated B cells) activity in uninfected macrophages in a size dependent
manner.[112] However, treatment with PLGA did not activate the cytokine secretion in
uninfected macrophages or change the cytokine profile of macrophages infected with Mib.
This is in contrast with previous studies where the authors observed the stimulation of

anti- or pro-inflammatory cytokine secretion after PLGA treatment.[115 118-121] Even in the
absence of any encapsulating drug, PLGA microparticles were able to reduce intracellular
pathogen load within infected macrophages, suggesting PLGA may have antimicrobial
activity.[112] PLGA treatment also triggered autophagic flux in macrophages infected with
Mitb and led to induction of autophagy. Autophagy is a process in which cells recycle
cellular components by enveloping them in autophagosomes and fusing them with acidic
lysosomal compartments to degrade them.

Researchers have also developed drug delivery systems with non-traditional anti-TB
therapeutic agents.[102. 103] Recently, a PLGA microparticle-based drug delivery system
was reported with multimeric silver and zinc oxide nanoparticles as the therapeutic agent.
[102] |n this study, researchers developed 1.5 um PLGA carriers which targeted the THP-1
cell line. Silver and zinc oxide multimeric nanoparticles (MMP) improved the efficacy of
the model drug rifampicin by disrupting the cellular envelope of Mtb. MMPs increased

the efficacy of rifampicin by 76% when subjected to THP-1 macrophages infected with
Mtb. Dosing of 60 ug mL~2 MMP (Ag+Zn), MMP(Zn), MMP(Ag), and led to 16.4%,
15.9%, and 4.5% reduction in colony forming units (CFU), respectively.%* The authors also
found that co-incubation of subpar therapeutic concentration of rifampicin (1 pg/ml) with
MMPs (60 pg/ml), when administered in tandem with Mt (Multiplicity of infection 1) to
THP-1 macrophages, boosted the efficiency of rifampicin. Presence of MMP enhanced the
disorderliness of intracellular Mtb membrane, potentially mediating increased penetration of
rifampicin.?4

In another recent study, Choi et al. explored the anti-tubular potency of gallium (111)
meso-tetrapheny! porphyrin chloride (GaTP) using different types of drug carrier.[203] The
rationale behind the study was that gallium hinders iron acquisition, which is critical for
pathogen proliferation and survival, in various microorganisms including Mib. [122-125] Eyen
though gallium has chemical properties akin to iron, Ga (l11) is unable to gain an electron

to become Ga (1), unlike iron which can become Fe (I1). Therefore, iron replacement with
gallium in biologically important proteins leads to inhibition of critical metabolic pathways.
The antimicrobial properties of Ga compounds have already been examined and exhibited
against Mtb as well as against various pathogenic bacterias.[122-125] Efficacy of gallium
nanoparticle formulations against non-virulent strains of Mtb (Mycobacterium smegmatis
and Mtb H37Ra) has already been reported in the literature.[126] Choi et al. developed
gallium (111) loaded NP, consisting of commercial F-127 polymeric NP and dendrimers
(GaD), to target the virulent Mtb H37Rv residing in THP-1 cells. GaD was internalized
faster when compared with other nanoparticle by the THP-1 macrophages. All nanoparticles
exhibited significant inhibition in growth of Mib for up to 15 days after drug delivery to the
THP-1 cells, thereby demonstrating extended release and retention of drug from the delivery
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system within macrophages. Whereas GaTP in form of free drug, did not inhibit the Mtb
growth in 5 days within macrophages after incubation with the drug. Interestingly, despite of
its relative larger size, the dendrimer nanoparticle loaded with GaTP demonstrated the most
promising anti-TB activity. The authors found that gallium nanoparticles were as potent

as rifampicin loaded nanoparticles in inhibiting intracellular Mtbin THP-1 macrophages.
GaNP resulted in 50 % more co-localization of Mtb in acidic compartments. Authors
attributed this to either slowdown of phagosome (endosome) maturation inhibition by the
mycobacteria or enhancement of the maturation process.[126]

Other types of drug carriers have been developed as well (Table 3). For instance, Maeda

et al. fabricated a dried emulsion of surfactant drug conjugate coated with mannitol (SDC/
MAN), loaded with the sugar-based drug OCT313.1127] The SDC was coated with mannitol
to make the drug delivery system hydrophilic. The authors found that the SDC/MAN
composite had 7.5-fold higher uptake within RAW264.7 cells 4 hours post-treatment when
compared against free drug. Maeda et al. also tested the /n vivo efficiency of the drug
delivery system in wistar rats by administering formulation intratracheally. The in vivo
study revealed that SDC/MAN had 9.1-times higher uptake 4 hours post-treatment than that
of drug alone in rat alveolar macrophages. SDC/MAN was not tested for its anti-tubular
efficacy against Mtb harbored within macrophages.

Apart from using drug delivery systems to transport antibiotics against Mtb, researchers
have also utilized nanocarriers to deliver antigen, eliciting a host immune response against
Mitb infection.[86] Recently, Shang et al. explored the application of polymeric micelle
nanocarriers loaded with mycolic acid as a prospective vaccine candidate for TB. The
rationale behind this study is that several of the lipids obtained from the Mtb cell membrane
can be identified by CD1-restricted T cells.[135-140] Mycolic acid (MA) is one of the

lipids derived from the mycobacterial cell membrane and is a major component of its
outer membrane. The CD1 family of antigen presenting molecules is known to present
glycolipid/lipid antigens to T cells.[135 136, 141] These mycolic specific CD1b-restricted T
cells are toxic to cells and produce proinflammatory cytokines TNF-a and IFN-vy, crucial
cytokines for anti- Mt immunity.[142. 1431 |n vitro studies demonstrated higher efficacy of
MA loaded polymeric micelles when compared with free MA in activation of MA-specific
TCR transgenic T cells. Furthermore, subsequent to intranasal administration during the

in vivo study, MA-micelles were majorly internalized up by dendritic cells and alveolar
macrophages. In vivo/vitro data collected by Shang et al. demonstrated the efficacy of
pulmonary delivery for MA-micelles in order to elicit a potent CD1b-restricted T cell
response. The authors championed further exploration of MA-micelles as a potential subunit
vaccine against Mtb infection. Another potential positive of this study is that MA-micelles
have the potential to treat HIV-TB co-infected patients. Co-infection of HIV and TB often
leads to reduction of CD4+ T cells;[144] however, group 1 CD1-restricted T cells are not
modulated by HIV infection.[145. 146] Hence, targeting group 1 CD1-restricted T cells by
mycolic acid-based subunit vaccines could be specifically instrumental for HIV positive
patients co-infected with Mib.
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7. Actively targeted delivery systems

Active targeting of macrophages for delivery of anti-tubular therapeutic agents involves
surface modification of the drug carrier with a host-specific ligand. In actively targeted drug
delivery systems, therapeutic agents are internalized by macrophage-based ligand receptor
mediation. Due to this added layer of interaction, enhancement of macrophage targeting
can be attained by functionalization of the drug carrier’s surface with ligands that can

be identified by corresponding receptors on macrophages.[6% Various types of phagocytic
receptors have been reported in the literature, consisting of mannosyl receptor (CD206),
fucosyl receptor, scavenger receptor, Fc (fragment, crystallizable) receptors, folate receptor,
hyaluronic acid receptor (CD44), tuftsin receptor, formyl peptide receptor, and other lectin-
like receptors.[61. 147-150] \/arjous ligands have been used to target these macrophage
receptors.

7.1 Saccharide-based ligand targeting

A commonly adopted methodology for active macrophage targeting is modification of
drug carriers with sugars (e.g., polysaccharides or glycoproteins) to target lectin-like
receptors (Table 4). Mannose or fucose functional group are commonly used for the
binding to mannose receptors, CD206.[15] Apart from utilizing mannose-based ligands,
hyaluronic acid (D-glucuronic acid and N-acetyl-D-glucosamine) and curdlan (glucose) have
also been reported as targeting ligands in the literature.[152-156] The macrophage-based
mannose receptor has the potential to facilitate the pinocytosis of soluble glycoconjugates
and the phagocytosis of sugar coated nanoparticles.[*57] Researchers have exploited this
phenomenon in the fabrication of macrophage-mediated therapies to promote cellular
uptake of nanocarrier-based drug delivery systems.[151] Jiang et al. exploited the mannose
receptors on antigen presenting cells to increase the cellular uptake by fabricating mannose
functionalized chitosan-graft-polyethyleneimine copolymer.[158] Similarly, Ratner et al.
reported increased cellular uptake of mannose decorated glycopolymers, when compared
to galactose decorated glycopolymers, by the macrophage .[15]

Saraogi et al. fabricated mannose functionalized gelatin nanoparticles for actively targeted
delivery of the isoniazid into macrophages.[160] The authors prepared nanoparticles ranging
between 260-380 nm with a maximum drug encapsulation of 40-55%. The efficiency of the
delivery system to target macrophages was demonstrated against J774.[160] The same group
previously studied the effect of mannosylation on solid lipid nanoparticles encapsulated with
rifabutin, and published encouraging data for hematological studies, alveolar macrophage
internalization, and drug release.[161]

In the literature, mannose-modified drug carriers are the most common drug delivery
platform actively targeting macrophages.[162-1691 Mannose can be added to various carriers,
including liposomes, SLNs, and polymer micelles. For instance, Pi et al. developed a
mannose decorated graphene oxide-based drug delivery system targeting Mtb H37v infected
THP-1 macrophages.[164] In this study, mannose was conjugated to graphene oxide by
poly-ethylene glycol (GO-PEG-MAN). The /n vitro uptake study of GO-PEG and GO-PEG-
MAN revealed that mannosylation of GO lead to statistically significant higher uptake in
macrophages derived from rhesus monkey infected with Mtb.[164] Macrophages had much
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higher concentration of rifampicin than that of B and T cells which expressed no or minimal
level of mannose receptor. As expected, after encapsulating rifampicin onto mannosylated
graphene oxide, the targeted delivery system demonstrated significantly higher inhibition
efficacy against intracellular Mtb H37Rvwhen compared to free rifampicin. These

studies show the importance of continued research and effort into the effectiveness of
mannosylation of drug delivery systems for enhanced targeting of alveolar macrophages.

Mannose derivatives have also been used for surface functionalization of nanocarriers in the
effort to target macrophages better. In a recent study, Hamed et al. decorated the surface

of liposomes with 4-aminophenyl a-D-mannopyranoside (PAM) and fabricated a drug
delivery system encapsulating moxifloxacin.[17%] The authors fabricated multiple liposomes
with varying compositions of phospholipids (e.g. PC, PE, DOTAP) and cholesterol. The
liposomes were then spray dried to obtain an inhalable powder (SD-PAM-NL). The
rationale behind spray drying was to enhance the stability of the liposomes and to make
them favorable for direct deep lung deposition. The authors found that mannosylation of
liposomes lead to higher uptake of drug carriers in J774A.1 murine macrophages, when
compared with non-mannosylated liposomes.[170]

Hyaluronic acid (HA) is another sugar-based ligand for host-cell directed targeting of
macrophages. CD44, a hyaluronic acid receptor, is highly expressed on macrophages. HA is
also known to interact with toll-like receptors (TLR2 and TLR4), which are abundantly
present on macrophages.[171: 1721 This makes hyaluronic acid an enticing choice for
macrophage targeting. HA has been added to common drug carriers, such as micelles

and nanogels. Additionally, the hyaluronic acid polymer could serve as a drug carrier. For
example, sodium hyaluronate-based respirable microparticles were reported in the literature
to treat drug resistant TB.[15%] The authors developed a spray-dried formulation encapsulated
with isoniazid, rifampicin, and verapamil. Verapamil is a known efflux pump inhibitor and
was added to further enhance the drug concentration inside the macrophages. The spray-
dried formulation had a mean volume diameter of 1 um, which is sufficient for deep lung
accumulation and had a slow and sustained /n vitro drug release profile. The formulation
was able to kill intracellular H37Rv, Mtb1-MDR, and Mtb2-XDR strains, resulting in 80%
reduction in bacterial viability.

Similarly, Silva et al. fabricated nanogel which exploited hyaluronic acid’s affinity for
macrophages.[154] The nanogel was loaded with antimicrobial peptide (AMP) LLKKK18.
Authors were successfully able to reduce the cytotoxicity of AMP against murine bone
marrow derived macrophages by encapsulating it into self-assembling hyaluronic acid
nanogels. The formulation was effectively internalized by macrophages and co-localized
with mycobacteria. Significant reduction in intracellular bacterial load was achieved against
M. avium or the pathogenic Mtb H37Rv. In addition, the hyaluronic acid nanogel curtailed
the pro-inflammatory cytokine levels of IL-6 and TNF-a.. The authors also showed the in
vivo efficiency of the hyaluronic acid nanogels using a mouse model. The intratracheal
administration of AMP loaded hyaluronic acid nanogels resulted in reduced level of
mycobacterium burden in lungs of mice.[154]
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B-glucan is another sugar-based ligand which is used for targeting the dectin-1 receptor on
macrophages. In a recent study, Basha et al. fabricated a B-cyclodextrin system for actively
transporting rifampicin and levofloxacin to a RAW264.7 macrophage cell line infected
with M. smegmatis.[152] In this study, B-cyclodextrin (CD), which has a hydrophilic outer
surface and hydrophobic inner cavity, was utilized to increase the drug loading. Curdlan,
the polymer of B-(1,3)-glucan, was used to achieve active targeting of the dectin-1 receptor.
The authors demonstrated that both curdlan-CD nanoparticles and curdlan were internalized
by the macrophage via dectin-1-receptor-moderated endocytosis.[152] The results of the
intercellular killing study showed that within 4 hours, all drug based nanoparticles led to
the reduction of CFU by more than 90%, while on the contrary same concentration of free
rifampicin (12 ug/mL) exhibited reduction of only 53% in CFU.[152]

In another interesting study, transferrin was tested as a targeting ligand. Transferrin is

a blood-plasma glycoprotein present on macrophages and is responsible for ferric-ion
delivery and iron metabolism. Macrophages have an important role in systemic iron
trafficking, which is additional to their essential role in immune surveillance and induction
of inflammatory response.[185] Macrophages express transferrin receptor 1 (TfR1), which
moderates transferrin-bound iron uptake.[185] Pati et al. fabricated a silver quantum dot
conjugated with transferrin to test the possibility of active transport of the zinc-rifampicin
complex to RAW264.7 cells infected with M. smegmatis and BCG.[184] The authors
performed a cytotoxic study and reported that Zn-rifampicin exhibited low cytotoxicity
against RAW264.7 macrophages, and had no cytotoxicity at bactericidal levels. The authors
also demonstrated that transferrin conjugated quantum dots were efficiently internalized by
dendritic cells and peritoneal macrophages, but not by epithelial cells (A549). In addition,
they studied the efficacy of the antibacterial efficacy of Zn-rifampicin against BCG and

M. smegmatis, and compared it with that of rifampicin and Zn individually. Anti-bacterial
studies confirmed that Zn-rifampicin had more potency against both mycobacterial strains
than free Zn or rifampicin by themselves. The authors suggested that Zn-rifampicin complex
had higher penetration through the bacterial membrane because it had higher lipophilicity
than free rifampicin. An in vitro study targeting mycobacteria-infected RAW264.7 cells
demonstrated that treatment with Zn-rifampicin encapsulated into transferrin-conjugated
quantum dots exhibited at least 10 times more /n vitro and intracellular killing efficacy
when compared with Zn-rifampicin and free rifampicin, demonstrating that the formation of
conjugate led to enhanced antimicrobial activity. The authors attributed this to the targeted
delivery of the conjugated quantum dots to the infected phagosomes, accompanied by the
sustained and slow release of zinc and rifampicin from the conjugate. Further studies are
needed with these complexes, to determine if they can be used for a variety of different
diseases and in different tissue types.

Other types of sugar-based ligands have been reported in the literature, but the lectin-like
receptors responsible for targeting were not identified.[182: 1831 Mubin et.al, decorated
chitosan nanoparticles individually with 450,4- V-Acetyl-Galactosamine (4-SO4-GalNAc)
and Acr-1, a protein of Mib (Mtb protein).[182] The authors did not encapsulate any

drug agent within the chitosan; however, chitosan functionalized with 4-SO4-GalNAc
exhibited higher binding affinity for macrophages than the bare chitosan particle. Even

in the absence of drug, all carriers showed some level of antimicrobial activity. Chitosan
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functionalized with 4-SO,4-GalNAc had better antimicrobial activity against intracellular

M. smegmatis than both bare chitosan and chitosan functionalized with Acr-1. In another
study, the authors fabricated chitosan nanoparticles and polymeric micelles, and decorated
them with hydrolyzed galactomannan to target lectin-like receptors.[182. 183] The hydrolyzed
galactomannan formulation was internalized effectively by mouse macrophages and resulted
in enhanced intracellular concentration of drug within the macrophages.

7.2 Peptide-based ligand targeting

Peptide-based ligands have also been utilized for targeting macrophages to deliver anti-TB
therapeutic agents (Table 5).[186-189] Tyftsin is a natural occurring tetrapeptide created by
enzymatic breakdown of the Fc domain of the heavy chain of 1gG. It is known to elicit
immune response by activating macrophages and other elements of the immune system.[190]
Macrophages and monocytes also express tuftsin-specific receptors, and tuftsin is known

to stimulate phagocytosis, pinocytosis, and chemotaxis.[190: 1911 Synthesis of tuftsin derived
carriers has already been reported in literature, where they were found to have chemotactic
effect on J774 monocytes.[192]

In a recent study, Carneiro et al. fabricated a rifampicin-encapsulated carrier whose surface
was functionalized with tuftsin-modified peptide.[187] The peptide-based carrier was shown
to have no cytotoxicity on J774 A.1 macrophages and had a slow, sustained in vitro release
profile. The surface modification of these nanoparticles resulted in higher internalization
within the macrophages when compared with nhon-modified nanoparticles. The carrier was
stable for at least 60 days with little fluctuation in particle size and zeta potential. The carrier
also had good bactericidal activity and was found to be 2-fold more effective against Mtb
H37Rvwhen compared with free rifampicin.[187]

In pursuit to increase the efficacy of isoniazid, Hovarti et al. fabricated a novel lipo-peptide
carrier where isoniazid was conjugated with palmitoylated tuftsin derived peptide.[18%] The
drug conjugate was then encapsulated within Pluronic F127 stabilized PLGA. The PLGA
complex exhibited good /n vitro activity against Mtb H37Rvand had low cytotoxicity

on human cells. In addition, the complex successfully killed intracellular pathogen and

had better antibacterial potency when compared to free isoniazid. The authors further
demonstrated the efficacy of the complex by testing it on a guinea pig model. In this model,
the complex exhibited a good chemotherapeutic effect when orally administered and resulted
in decreased bacterial level with no toxicity. The untreated control group showed disease
progression, including severe lesions, parenchymal involvement, necrosis, and intralesional
mineralization.

A similar concept was adopted to develop a peptide-Pluronic F127 PLGA complex, where
tuftsin derived peptide was conjugated with TB515, a TB drug candidate.[188] Compared to
the bare PLGA complex, this peptide complex had significantly higher uptake in MonoMac
6 human monocytes. In vitro inhibition studies of intracellular Mtb H37Rv showed the
prowess of the peptide complex over the non-peptide complex and the free drug at all
concentration levels.[188]
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Ligands targeting the formyl peptide receptor (FPR) provide another good avenue to develop
actively targeted therapy against tuberculosis. FPRs are part of a family of chemoattractant
receptors primarily expressed on phagocytic immune cells, including neutrophils and
macrophages, and have a vital role to play in host defense and inflammation.[193, 194]
Peptides containing N-formylated methionine are known to interact with FPR. Several
different ligands targeting FPR, apart from N-formyl peptides, have also been reported

in literature.[193. 194] Studies exploring the therapeutic use of N-formylmethionyl-leucyl-
phenylalanine (fMLF), an FPR agonist, against Mb infected cells have been reported

in literature.[195. 1961 Considerable higher amount of reactive oxygen species in murine
neutrophils was observed when fMLF was administered alone. Administration of fMLF
along with anti-TB drug resulted in higher therapeutic efficacy over anti-TB drug alone

by reducing more bacterial load in mice lungs and spleen.[19%] The macrophage targeting
prowess of fMLF has also been tested with fMLF decorated liposome.[197] N-formyl
peptide decoration led to higher internalization of liposome by macrophages and resulted
in better targeting of the site of inflammation in a mouse model.[197] Nanocarriers modified
with fMLF have also been developed to target the macrophage in order to enhance the
potency of HIV therapy.[198] Even though FPR agonists have great potential for targeting
of macrophages, they have not yet garnered traction in the field of macrophage targeting
against intracellular infections. This presents a fantastic opportunity to explore this option
further.

7.3 Phospholipid-based targeting ligand

Along with sugar- and peptide-based ligands, researchers have also explored phospholipids
for targeting macrophages.[292] Phospholipids are amphiphilic lipids present in all

animal and plant cell membranes, and organized in lipid bilayer arrangement. The
phospholipids present in most cell membranes consist of a phosphate group conjugated

with glycerol backbone esterified to fatty acids, and a hydrophilic residue (e.g., choline).
Phosphatidylserine (PS) is a negatively charged phospholipid that is created and harbored on
the inner membrane of healthy cells.[203-206] The onset of apoptosis induces PS transition
from the inner layer to the outer layer of the cell membrane.[207] PS transition to the

outer layer attracts macrophages, which engulf the presenting cells (phagocytosis) through
proteins that have affinity for PS, and are expressed by phagocytes.[203. 206, 208] Although PS
is necessary for phagocytosis signaling, it is still debatable if PS exposure alone is enough to
mediate the /7 vitro internalization of apoptotic cells by macrophages.[203. 206, 207] However,
in nanocarrier functionalized with PS, specifically 1,2-dipalmitoyl-sn-glycero-3-phospho-L-
serine (DPPS), the sole presence of PS enhanced macrophage uptake.[26] Recently, Shah et
al. fabricated acetylated dextran nanoparticles coated with DPPS as the targeting ligand.[202]
Nanoparticles had zeta potential of —40.6 mV and size of 350.5 nm, and encapsulating
curcumin as therapeutic agent. Targeting efficacy was tested on RAW264.7 macrophages
with the A549 cell line as a control. The macrophage uptake study revealed that DPPS
coated nanoparticles had much higher intracellular presence in RAW264.7 cells when
compared with A549 cell line.[202] To verify the role of PS in phagocytosis, DPPC coated
nanoparticles were included in the uptake study. It was observed that DPPC coated particles
had significantly lower uptake within the RAW?264.7 macrophages, affirming the role of PS
in active targeting of macrophages.[202]
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7.4 Other types of ligands

Folate receptors govern the internalization of folic acid derivatives into the cell by
endocytosis. Folate receptor f is expressed by active macrophages and tumor-associated
macrophages. This makes folic acid a potential ligand for targeting Mtb infected
macrophages. Folic acid-based delivery systems have already proven effective against
Pseudomonas aeruginosa infection, where folic acid-based nanoparticles showed better
bactericidal properties than free drug or non-folic acid-based carriers.[2091 Similarly,

folic acid-based carriers have been exploited to deliver therapeutic agents to target viral
reservoirs.[210. 211] Folic acid improved the overall efficacy of HIV treatment by improving
drug bioavailability, biodistribution, and pharmacodynamics in a murine model of HIV-1
infection.[?11] Folate grafted chitosan coating on SLN has also been exploited to improve the
bioavailability of therapeutic agents for lung tumor therapy.[212]

Despite utilizing folic acid for active targeting against viral infections, 2. aeruginosa, and
lung tumors, its use for treating intracellular infections has not been explored much. In

a recent study, rifampicin-loaded nanoemulsion coated with chitosan folate was fabricated
to develop a respirable formulation for deep lung deposition.[290 The formulation had no
cytotoxic effects against alveolar macrophages and resulted in better internalization than
formulations without folate modification. The folate formulation also lowered the plasma
drug concentration and increased the lung drug content. However, the authors did not

test the bactericidal property of this formulation against intra- or extracellular Mtb. In
another interesting study focused on TB therapy, Parmar et al. developed a liquid crystalline
folate nanoparticle which encapsulated rifampicin.[201] Rather than using folate solely for a
targeting purpose, it was used as the building block itself, using calcium or zinc salts for
cross linking. The resulting nanoparticles, with size ranging from 100 to 350 nm, showed

a slow, sustained /n vitro release profile. The folate nanoparticles showed low cytotoxicity
to alveolar macrophages and were effectively up taken by NR8383 macrophages. This
formulation was not tested against macrophages infected with Mib; therefore, while folate-
based carriers look promising, /n vivoand in vitro studies against Mtb infection are
necessary.

The thioaptamer that binds to the CD14 moiety has been used to enhance drug accumulation
in the infected macrophages.[?13] Leonard et al. decorated the thioaptamer on discoidal
silicon mesoporous microparticles (SMP) and observed an increase of particle uptake in
murine and human Mib infected macrophages. Thioaptamer-coated SMP efficiently killed
the infected cells and reduced the mycobacterial burden. Thioaptamer-coated SMPs also
accumulated within the lungs of Mrb infected mice when compared to control treatment.
Numerous drugs have been loaded into mesoporous SMP;[214] thus, additional anti-TB drugs
should improve the therapeutic efficacy.

8. Future perspective and challenges:

Despite 100 years of BCG vaccine usage, TB is still one of the significant causes of death
from any infectious agent. In 2020, TB was still a rampant global public health hazard,

leading to heavy social and economic burden.[21%] In the past few decades, there has been
concerted efforts to fight this disease, much of which is attributed to novel anti-TB drugs.
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[216, 217] Despite of all these efforts, the latest drugs in the market for public use date

back 50 years; the widely used first line anti-TB drugs, isoniazid and rifampicin, were
discovered in 1952 and 1965, respectively. Unfortunately, developing new drug molecules
for any application is a time and labor-intensive process. In 2019, the US Food and

Drug Administration (FDA) approved pretomanid to be administered in conjunction with
bedaquiline and linezolid for treating the most drug-resistant forms of tuberculosis. It took
pretomanid 15 years to complete the clinical development process, despite being fast tracked
by the FDA under the Limited Population Pathway for Antibacterial and Antifungal Drugs
(LPAD).

Therefore, developing novel formulations, which repackage existing drugs to improve their
efficacy, can have an important role in curbing the TB menace. One of the challenges in
developing an efficient anti-TB formulation is its ability to target alveolar macrophages in
the lower respiratory tract. Hence, the pulmonary administration of anti-TB drugs seems

to be an encouraging strategy to develop an effective anti-TB therapy.[218] Pulmonary
administration would bypass the harsh conditions these drug formulations have to face,
especially in the acidic stomach environment. Pulmonary administration would also be

a good choice for targeted drug delivery systems which require controlled release in

the acidic environment within macrophages. Despite of promising results, the pulmonary
administration strategies currently used are marred with difficult obstacles, which needs to
be overcome. First-line drugs are the most commonly utilized therapeutic agent used in

in vitro studies for development of inhalable dry powder formulations.[219-223] However,
no inhalable formulation for the TB treatment has been commercialized so far.[224. 225]
One critical aspect associated with development of effective dry powder formulation

is that, after inhalation it should be capable of reaching the pulmonary alveoli and

deliver the drug to the alveolar macrophages, where most of the Mtb resides. The most
common challenges presented by pulmonary administration are the use of accepted and
safe excipients, achieving satisfactory drug encapsulation, developing scalable commercial
production processes, and developing formulation with proper morphology and particle size
for deep lung deposition.[22°]

The current trend in anti-TB drug administration is through the oral route. It is the
preferred way of drug delivery as it is easy and painless, resulting in improved patient
treatment compliance when compared to the parenteral route.[2] Various studies have been
reported which deal with fabrication of different oral delivery systems. Designing oral
delivery systems involve a specific set of parameters to characterize it, including zeta
potential, particle size, polydispersity index, drug loading and /n vitro release kinetics. The
challenge is to design an efficient drug delivery system in which all of these parameters are
desirably tuned. One of the major challenges faced by oral formulation is sustaining harsh
physiological conditions present in the stomach.[52] A high acidic environment can easily
degrade nano/micro particle formulations, resulting in undesired leakage of drug.

Recently, several studies have reported promising /n vitro results of novel nanoparticle
formulations, such as silver quantum dots, gold nano rods, and gallium nanoparticles.
[82, 103, 184] Fytyre studies are necessary for these formulations /n vivo; however, in vitro
studies have shown great promise. It is pertinent that these novel nano formulations are
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well tolerated in animal models, as animal models can help predict the commerciality of the
formulation, along with the economic viability of scaling up the fabrication process.

In the last decade, several studies have proven the efficacy of active targeting of
macrophages for the better killing of intracellular Mtb. Using saccharide-based ligands to
target the lectin-like receptors is a common strategy. Biocompatibility of saccharide-based
ligands is one of the advantages.[161] The most popular target for saccharide-based ligands
are mannose receptors.[164. 165, 169, 173, 174] Mannose receptors are highly expressed on
macrophages and dendritic cells; in addition, it is an endocytic receptor that can facilitate the
internalization of mannose-decorated carriers.[62. 161, 226] The ease of mannose conjugation
to different type of carriers also makes mannose an attractive choice. Mannose and its
derivatives have already been used to modify different types of delivery systems, such as
liposomes, solid lipid nanoparticles, graphene oxide, polysaccharide-based nanomaterials,
and polymeric nanoparticles.[103. 148, 162, 164, 168, 169, 173, 176] |y addition to macrophages,
other types of cells, such as endothelia, kidney cells, mesangial cells, trachea smooth muscle
cells, and retinal pigment epithelium, also contain mannose receptors. The cross-reaction
may influence the biodistribution and targeting specificity.

CD44 and dectin-1 are also popular targets for saccharide-based ligands. CD44 are present
in various cell types, including keratinocytes, endothelial cells, epithelial cells, fibroblasts,
and macrophages.[?27. 2281 CD44 is involved in cell adhesion, binding, endocytosis,
metabolism of hyaluronan, as well as phagocytosis in macrophages.[229 The high molecular
weight HA can bind multivalently to more surface CD44, leading to a high binding avidity.
[228] However, the other study has shown that the low molecular weight HA could polarize
the macrophage at M1 phenotype, eliciting an inflammatory response.[23% Prior studies
show that the macrophage CD44 expression significantly increases during initial phase

of an inflammatory response;[231. 2321 thus, using HA targeting might be a good strategy

to target the activated macrophages. Dectin-1 is a pattern recognition receptor expressed

on dendritic cells, macrophages, monocytes, neutrophils, T cells, eosinophils, B cells, and
epithelial cells.[233-235] Although dectin-1 binds to B-glucans, the literature shows that short
chain B-glucans are not sufficient for binding.[233] Both CD44 and dectin-1 are phagocytic
receptors that could assist in internalization of targeted drug carriers. However, in contrast
to mannose receptors, long chain oligosaccharides are desired to enhance the targtiong
efficiency toward CD44 and dectin-1.

Targeting tuftsin receptors on surface of macrophages presents another opportunity

for targeted drug delivery. Tuftsin specifically binds with monocytes, macrophages

and polymorphonuclear leukocytes.[236-238] Tuftsin plays a role in regulating motility,
pinocytosis, phagocytosis, and bactericidal activities of these immune cells.[236], The low
toxicity associated with tuftsin makes it a good ligand.[236. 239. 240] Dryg delivery system
decorated with the C terminus modified tuftsin can not only increase the macrophage
internalization but also the macrophage activation. [241: 242, The tetrapeptide structure of
the tuftsin can be modified to increase its macrophage targeting efficiency. [188. 192, 243]
For example, the pentapeptide derivative of tuftsin has shown higher affinity for tuftsin
receptors than the tetrapeptide tuftsin.[243] In future more potent derivatives of tuftsin can be
developed and be used for targeting tuftsin receptors on macrophages.
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The folate receptor (FR) has already been extensively used to target ovarian carcinomas and
activated macrophages in rheumatoid arthritis.[244 2451 One study shows that inflammatory
stimuli enhance the expression of folate receptor on the macrophages.[?4¢] The folate
receptor expressed after inflammatory stress is fully functional and can be exploited to
target the activated macrophages.[246] Folate-based ligands have a high selectivity toward
activated pathologic cell type, leaving the majority of healthy macrophages unharmed.[244]
Folate-based delivery system offers a good avenue to develop therapies for infections where
activated macrophages play a prominent role.

The phospholipid, PS, has been used to target Tim-4 receptors on macrophages. Tim-4 is
highly expressed in peripheral lymphoid tissues, and selectively expressed in macrophages,
dendritic cells, B1 cells, and natural killer T cells.[247] Tim-4 also mediates phagocytosis in
macrophage; however, not all macrophages express Tim-4 receptors.[247-249]

It is vital to find better sets of ligands for targeting the macrophage. A ligand having higher
binding affinity for macrophage-based receptors will result in better targeting efficiency;
however, such ligands may not exist. Hetero-multivalent targeting (different types of
ligands simultaneously binding to different types of macrophage receptors) is an alternative
approach to enhance the binding avidity without the necessity of discovering new ligands.
The presence of multiple ligands on drug carrier allows exploitation of hetero-multivalent
binding phenomenon.[250] Researchers have already shown the in vitro prowess of hetero-
multivalent binding against targeting 2 aeruginosa using GB3 and lactosyl ceramide
(LacCer) as the targeting ligand.[251] Worstell et al. demonstrated the higher efficacy of

a multi-ligand liposome (GB3+ LacCer) against mono-ligand liposome (GB3/LacCer) in
targeting £ aeruginosa. As of now, we did not come across studies in which researchers have
decorated drug carrier with multiple sets of ligands for better targeting to macrophages. It
would be interesting to see if hetero-multivalent binding can be utilized to develop more
effective anti-TB drug delivery systems by improving the active macrophage targeting.

As of now, most of the /in vitro/vivo studies consist of a single drug loaded or conjugated
with a drug carrier. In reality, treatment regimens consist of using 2-3 different antibiotics. It
will be interesting to see if it is possible to co-load multiple antibiotics (antibiotic cocktail)
within a drug carrier with any level of success. Despite all the challenges associated

with developing targeted delivery systems, the pursuit of an efficient macrophage-targeted
formulation to treat TB should be continued with fervor. Some of the presented results are
very promising and have the potential to curb the TB menace, if proven safe for therapeutic
use.

In this article we have put forth a review of recent studies pertaining to macrophage targeted
drug delivery systems for tuberculosis. Under the current treatment regimen, anti-TB drugs
are primarily administered orally. They are often cytotoxic and are marred with poor
bioavailability at the site of infection. Current therapies also have limited capability to
infiltrate granulomas and attack the Mtb reservoir where dormant pathogen resides.[252] |n
past decade, a lot of resources have been utilized and many attempts have been made to
fabricate new formulations that can improve the bioavailability and reduce the toxicity of
current anti-TB drugs. None of the nano- and micro-based formulations which have been
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explored so far has reached the market, but recent developments in the nanotechnological
domain have kindled new optimism for the potential of novel drug delivery systems.
However, it should be noted that the process of developing a novel drug delivery system

in lab and then commercializing it is a time intensive process. Liposomal drug formulation
took 30 years to get FDA approval for commercial use since its discovery in 1965.1253]

The success of these targeted delivery platforms will highly depend on the development of
economically viable formulations that can mitigate the limitations and drawbacks of current
anti-TB therapies, making the therapy more pragmatic and cost effective for all patients,
especially those in countries with high proportion of low- and middle-income households.
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Abbreviation list:
A549

AIDS
AMK
AMP
AMP
BCG
BMDC
BMDM
BTZ043
CD

CFU

Alveolar basal epithelial cell line

Acquired immunodeficiency syndrome
Amikacin

Antimicrobial peptide

Anti-microbial peptide

Mycobacterium Bovis bacillus Calmette—Guérin
Bone marrow-derived dendritic cell

Bone marrow derived macrophage
1,3-Benzothiazin-4-one-043

Cyclodextrin

Colony forming unit
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CFz
DOTAP
DPPS
DSPC

DSPE-PEG

ETH
fMLF
Ga(lll)
GalMan
HA
hAM
HDP
HIV
INH
J774
LVX
mAM
mBM DM
MDM
MIC
MMP
MP
MPEO-b-PCL
mPM
Mtb
MXF
NP

NR8383

Clofazimine
1,2-Dioleoyl-3-trimethylammonium propane
1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine
1,2-Distearoyl-sn-glycero-3-phosphocholine

1,2-distearoyl-sn-glycero-3-phosphoethanolamine- A
[methoxy(polyethylene glycol)-2000]

Ethionamdide
N-formylmethionyl-leucyl-phenylalanine
Ga (111) meso-tetraphenyl porphyrine chloride
Galactomannan

Hyaluronic Acid

Human alveolar macrophages

Host defense peptides

Human immunodeficiency virus

Isoniazid

Murine macrophage cell line

Levofloxacin

Mouse alveolar macrophages

Murine Bone Marrow Derived Macrophages
Monocyte-derived macrophages

Minimum inhibitory concentration
Multimeric nanoparticles

Methyl a-d-mannopyranoside
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Methoxy poly(ethylene oxide)-block-poly(e-caprolactone)

Mouse peritoneal macrophages
Mycobacterium tuberculosis
Moxifloxacin

Nanoparticle

Rat alveolar macrophage cell line
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NTZ

OCT313

OoDOoC
PAM
PAMAM
PC

PDI

PE

PEA
PEG
PES
PLGA
PPS
pBCD
RAW264.7
RFB
RIF
SAMAN
SiRNA
SLN
SMP
B
TfR1
THP-1
Tim
TLR
TZ

WHO

Nitazoxanide

2-acetamido-2-deoxy-b-D-glucopyranosyl N,N-
dimethyldithiocarbamate

1,8-Octanediol-dimethyl 2-oxoglutarate copolymer
4-aminophenyl-alpha-d—manno-pyranoside
Polyamidoamine

Phosphocholine

Polydispersity index
Phosphoethanolamine
Polyesteramide

Polyethylene glycol

Polyethylene sebacate

Poly (D, L-lactide-co-glycolide) acid
Polypropylene sulfide

Poly B-Cyclodextrins

Murine macrophage cell line
Rifabutin

Rifampicin
N-octadecyl-mannopyranosylamine
Small interfering RNA

Solid lipid nanoparticle

Silicon mesoporous particle
Tuberculosis

Transferrin receptor 1

Human monocytic cell line

T-cell immunoglobin mucin

Toll like receptors

Thioridazine

World Health Organization
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Table 1

Passively targeted drug delivery system with the polysaccharide-based carriers

Page 41

Carrier size&

bacteria/tar get

Drug carrier Drug zeta potential cellfin Vivo Key findings Ref
Carrageenan- Controlled drug release was observed up [88]
chitos%n alginate  ETH 320-324nm & Mth H37Ral N.A./ to 96 hours. Drug loaded NPs showed
9 -22mV N.A. antimycobacterial activity against extracellular
NP
Mitb.
Inhalable dry powder formulation showed [92]
. 124-402nm & controlled drug release and improved
Chitosan NP RIF +59mV N.AJI774/Rat pharmacokinetics. No toxicity was observed
against mice organs and J774 macrophages.
chitosan-graft- : Formulation exhibited pH dependent /n vitro [93]
polymer RIF 100-210nm fsig///,NS.Aaur eus/ release profile. The drug carrier was effectively
micelles o internalized by A549 cells.
Inulin drug conjugate was internalized [81]
. ) _ Mtb H37RVI by macrophages, and it exhibited a dose-
Inutin INH 1-2um & —29mv RAW264.7/ N.A. dependent targeting against Mtt-infected
macrophages.
Inulin conjugate showed pH-dependent drug [87]
Inulin Pyarzinoic Acid  1-2um & +43.8mV “2/ RAW264.7/ release. Conjugate had good targeting efficacy
o for RAW 264.7.
: Chitosan coated SLN showed /n vitro [94]
(SZE}Elosan coated RIF Egé;élnm & N.A./ A549/ N.A. mucoadhesive characteristics and a higher
permeability in A549 cells than uncoated SLN.
Co encapsulation of both drugs performed [95]
Alginate AMK & MXF 312-640nm & -25  Mitb H37Ral THP-1/  better in inhibiting Mtb. Efficient uptake
modified PLGA ~+5.4mV N.A. in macrophages and sustained release was
observed.
Nano formulations had similar MIC when [96]
Chitosan-lipid Bedaquiline 83~455.6nm & Mithb H37Rvi N.A./ compared to free drug. Minimal or no cytotoxic
NP q -10~+28mV N.A. effects were observed on THP-1, A549 and
HepG2 cells by all formulations.
Inulin was functionalized with vitamin E for [97]
Inulin RIE 4.3£0.98nm & M. smegmatist hAM/  carrying hydrophobic drugs. The carrier was
-14.8mV N.A. further succinylated to enhance the contact with
bacterial walls.
E. coli, [98]
: . K.pneumoniae Formulation exhibited pH dependent drug
g?ét;f:n grafted RIrFéz/E\r?amf& e Ezélﬁnt“]/.ﬁlnm & S.aureus, B. release profile. Severe cytotoxicity effect was
Py : streptococcil THP-1/  observed on THP-1 cells.
N.A.
Two-fold down-regulation of the host gene, [91]
: : 215.3+4.19nm & Bfl1/AL, was observed as compared with
Chitosan SIRNA +26.75mV Mib H37Rvi mPM untreated controls, when treated with SIRNA
loaded NPs.
Blank pBCD had the specific antibacterial [99]
Mtb H37Rv, B. activity against Mtb in vivo. pCD galvanized
CD NP Blank drug 10nm abortus, B. pertussisl  macrophage apoptosis, and impaired Mth
Pp carrier, ETH mAM, BMDM/ infection in mouse model. ppCD could also
Balb/c mice improve antimicrobial activity by the delivery
of ETH.
Drug loaded particle led to 95% inhibition of [100]
Fucoidan BCGl THP-1, bacterial burden. The particles were readily
particles INH, RFB 3.6~3.9um ! NR8383/ N.A. internalized by macrophages and induced

macrophage activation.

Abv: ETH-ethionamide, Mtb- Mycobacterium Tuberculosis, RIF- rifampicin, N.A- not available, AMK-amikacin, MXF-moxifloxacin, hAM-
human alveolar macrophages, mPM- mouse peritoneal macrophages, ppCD-poly beta-cyclodextrins, mAM- mouse alveolar macrophages, BCG-
Mycobacterium Bovis bacillus Calmette-Guérin , BMDM- bone marrow derived macrophages, INH- isoniazid, RFB-rifabutin, siRNA- small

interfering RNA
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Table 2
Passively targeted drug delivery system with polymer-based carriers
Drug Carrier size& bacteria/target A~
carrier Drug zeta potential cell/in vivo Key findings Ref
. . N.A./RAW264.7/ Surface modification with labrafil improved the
PLGANP Gatifloxacin 4pm male swiss mice uptake rate of PLGA particle by macrophages. [90]
Cu-cluster INH 900nm & +4.55 ~ Mith H37Ral N.A|  Drug carrier exhibited controlled release. Drug [85]
dendrimer +9.69mV N.A. loaded nanoclusters provided a synergistic effect.
NPs had 1.5-fold higher internalization. RIF-CUR
. RIF & _ Mth H37RVI NP had high efficacy against intracellular Mtb
PES particle Curcumin 400nm & —26.89mV RAW264.7/N.A. at 25x MIC (98% inhibition), and complete [89]
clearance above 50x MIC.
_ M. smegmatisl PEA NP elicited pH dependent release profile and
PEANP RIF 544.8nm & —8.23mV NR8383/ N.A. delivered RIF more effectively to macrophages. [83]
Intranasal administration with mycolic acid
PEG-PPS N.A./ BMDC, micelles induced MA-specific T cell responses in
micelles Myecolic acid 68.13nm & -16.5mV mAM/ hCD1Tg+ the lungs of hCD1Tg mice. Majority of MA-MC [86]
mice were taken up by alveolar macrophage (60%) and
remaining by myeloid dendritic cells (40%).
Efficient uptake of MMP by macrophages were
observed. MMPs were effective in increasing
P;ﬁjes EAI\F' '\Z/ln'\g)’ 1510&11\/6 20nm & 41/_1{‘1;;’-1/37/?3/ membrane destruction of extracellular M6 and [102]
P 9, ) increased the potency of the RIF by 76% of
intracellular Mtb.
Nano formulations with dendrimers encapsulating
Ga (1) or rifampicin showed the maximum
Dendrimer, Ga (I, RIF 305~882nm & Mtb H37Rv/ rate of uptake by macrophage. The nanoparticles [103]
F-127, P188 ' +35mV~-10.4mV THP-1 colocalized with Mtb containing phagosome. The
dendrimer NP showed the most promising anti-
tubular activity.
} INH & RIF 187.9 £ 2.68nm & clinical isolate/ Approximately 8-fold reduction in MIC was
PEG-PLGA (co-loading) -8.15mV N.A./N.A. observed. (104]
BCG, Mtb PLGA rendered TZ non-toxic on cells and
249 £109nm & -20.7  H37RV zebrafish embryo. The TZ NPs in combination
PLGANP TZ&RIF ~=14.2mV mBMDM, with RIF enhanced embryo survival and reduced [105]
hMDM/Zebrafish ~ the mycobacterial infection.
RIF loaded NPs improved the /n7 vivo treatment
MPEO-b-PCL RIF 85nm g’/&e\/’l—é‘gﬁ@y efficacy by reducing granulomas formation in [106]
NP BALB/C mouse mouse model. Formulation also led to reduction
of Mtbin both spleen and lungs.
The formulation was readily taken up by
Mth H37Rv, M. infected macrophages and elicited enhance killing
ODOC NP INH & CFZ 284 £ 11nm & -20mV  marinum/ THP-1/  of intracellular Mtb. Drug carrier efficiently [107]
Zebrafish delivered drug to granulomas and extracellular
Mitbin an infected zebrafish model.
. . " Mith H37RVI The combination of host defense peptides and
PLGA particle HDPwith INH  4780~5640nm RAW264.7/N.A.  INH enhanced the efficacy of the INH. [108]
Mtb H37Rv, M.
marinum, M. Formulation showed good killing efficacy against
MPEO-b-PCL smegmatis, M. multiple bacterial strains and shows a significant
NP RIF 20~110nm phlei, M. killing effect of intracellular bacteria. Drug [109]
fortuitum, BCG/ loaded NP significantly improved /in vivosurvival
RAW264.7/ of zebrafish.
Zebrafish
Modified fabrication protocol yielded narrower
particle size distribution of PLGA particle.
PLGA particle  RIF 953 £ 20nm & -16mV “2/ RAW264.7/" §yrface modification with polyethyleneimine [110]

led to better uptake of nanoparticle by the
macrophage.
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Drug Carrier size& bacteria/target —
carrier Drug zeta potential cell/in vivo Key findings Ref
RIF loaded formulation had 2.5-fold enhancement
Polymer RIF 107.6+1.16nm & Q%fg@%l in in vitro bactericidal activity against [111]
micelles -5.88mV THP-1/micé intracellular Mtb. Drug carriers remain lung
accumulation after 24 h.
PLGA microparticle without drugs is potent
Mitb H37Ra, immunogens and restrict Mtb growth. It increased
PLGA particle ?;?rr;(l;rdrug 25314%1\%/um & H37RVI THP-1/ NF«xB activity in macrophages. Induction of [112]
' N.A. autophagy was also observed after treatment with
PLGA particle.
Combination of RFB, NTZ, and INH cleared
PLA/PLGA NTZ, INH, 7 Mtb H37RVI all bacterial burden from the lungs and spleens [113]
particle RFB 6.89 + 0.62um THP-1/Swiss mice  and led to more extensive restoration of tissue
architecture.
Rapamycin, an inducer of autophagy, facilitates
Mth H37R W killing of intracellular Mtb. PLGA particles were
PLGA particle  Rapamycin 2.88 +£0.8um THP-U NA effectively taken up by THP-1 and rapamycin [114]

loaded PLGA particle was more efficient in
reducing intracellular Mtb burden in THP-1 cells.

Abv: PLGA: poly (D, L-lactide-co-glycolide) acid, PLA: poly(lactic acid), INH: isoniazid, RIF: rifampicin, NTZ: nitazoxanide, RFB: rifabutin,
PEA: polyester amide, PPS: polypropylene sulfide, MMP: multimeric nanoparticle, PEG: polyethylene glycol, MPEO-b-PCL: methoxy poly
(ethylene oxide)-block-poly(e-caprolactone), ODOC: 1,8-Octanediol-dimethyl 2-oxoglutarate copolymer, CFZ: clofazimine, HDP: host defense
peptides, TZ: thioridazine, mMAM: murine alveolar macrophages, mBMDM: mouse bone marrow derived macrophage, hMDM: human monocyte-
derived macrophages

I . -
mass median aerodynamic diameter
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Passively targeted drug delivery system with other types of carriers

Table 3

Page 45

Drug Carrier size& bacteria/tar get -
carrier Drug zeta potential cell/in vivo Key findings Ref
Slow and sustained release by drug carrier up
Lipid-drug _ ) to 72 hours. Efficient internalization of lipid—
conjugate NP INH 124nm & -26.6mV N.AJTHP-T/N.A. drug conjugate nanoparticles by macrophages (128]
was observed.
Sgrrrta?;initr;drug N.A/ RAW264.7/ The formulation resulted in 7.5-fold higher
manﬁitol OCT313 277.9 £56.1nm Wistar rat ' internalization in RAW264.7 cells and 9.1- [127]
particle fold in alveolar macrophages of rats.
. Drug conjugated gold nanorods were
length: 25+3nm b ; :
P ) Mitb H37Ral effectively internalized by macrophages
Gold nanorod RIF \iv2|c:ilti;.m5\1/r30.8nm & RAW?264.7/ N.A. and elicited antimicrobial activity against [82]
' extracellular and intracellular Mib.
Liposome, . .
gllj_aengJ ﬂg o RIF 20 ~703nm Eg%’gi{lﬁ‘ﬁ‘g’wm ﬁlIz‘f*grr;n#;ﬁtmdi’c'c;"rgu':ﬁtcegr;‘nogg?h E'I%w:rs [129]
polymer ' mice and rapid uptake by macrophages was
micelles observed.
- : External magnetic field actuated the 10-folds
Magnetic NP Srau(aggr;;irinate) 3.5+ 0.1um r g'\ﬁ‘D/,&/HEIi\ murine more release of drug in macrophages. The [130]
9 o formulation was non-toxic to macrophages.
Carbon 5 Mtb S & H37RVI Carbon nanotube conjugated isoniazid had
nanotube INH 15~20nm N.A./N.A. better bactericidal effect on Mtb strains. (131]
23245.4nm, The BSA NPs were effectively internalized
BSA RIF 3.21+1.2um re é/%],vg‘g@/,\l A by the infected macrophages and had better [132]
-30.1mV o bactericidal effect.
The carrier effectively transported lipophilic
30+6nm & -35 Mitb H37RVI drug to the intracellular pathogen and
Ca3(POy), BTZ043 ~—§5mV mBMDM, hMDM/ the encapsulated drug had comparable [133]
N.A. bactericidal effect on Mtb. H37Rv as that of
free drug.
Drug loaded SLN had 20 times more
. } M.smegmatis, BCG, internalization. Encapsulated drug had
SLN ?J:eﬁgi?ycm (2)1;32.}“1;}5.46nm & Mitb H37RVI lower MIC against intracellular pathogen. [134]
P ' THP-1/Rat Oral administration led to higher drug

accumulation in rat plasma.

Abv- INH: isoniazid, OCT313: 2-acetamido-2-deoxy-b-D-glucopyranosyl N,N-dimethyldithiocarbamate, RIF: rifampicin, PLGA: poly (D, L-
lactide-co-glycolide) acid, BSA: bovine serum albumin, BTZ043: 1,3-Benzothiazin-4-one-043, BMDM: bone marrow derived macrophage, SLN:

solid lipid nanoparticle

f: . -
mass median aerodynamic diameter
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Table 4

Actively targeted drug delivery system using saccharide-based ligands

Page 46

R bacteria/
: Drug Carrier size& -
Ligand p Drug : target Key findings Ref
carrier zeta potential callfin vivo
Surface mannosylation
720 ~ 1380nm & N.A.LJ774/ provided faster
Mp SLN RIF -44.40 ~-63.7mV  N.A. macrophage (168]
phagocytosis.
Uptake of 4-SO4-GalNAc
4-SO4- N.A./J774 -
. 139.4~ 147.4nm & ’ liposome was almost 2-
EﬂalNﬁ_c & Liposome NA +12.2 ~ +17.3mV &iﬁf?:fw fold higher than Man-Lip [148]
an-Lip liposomes in vitro.
Locust bean gum contains
mannose and galactose.
Pulmonary administration
Mtb H37RvI
Locust bean  Locust bean led to better treatment
gum gum particle R B/INH 6um” m'i?e'/ BALBIC  efficacy. A negative [166]
growth index of Mtbin
lungs, spleen, and liver
was observed.
Drug carrier exhibited
. _ N.A./ pH dependent controlled
Mannose L\L‘??&“p'd RFB gg anl\anm & RAW264.7/ release. Formulation had [165]
: N.A. no toxicity on RAW264.7,
Calu-3, and A529 cells.
Deep lung deposition was
Liposome: observed in rats. Charged
Spray-dried 24Fz)l~380nm & -31 particles have higher
liposome ~ +26mV liposome ~ MtbliT74] anti-tubercular activity
PAM embedded in MXF in particlé' P albino rats and macrophage uptake. (170]
microparticle ) t Mannose decoration
1470~4760nm improved macrophage
uptake.
Mannose
receptor Mar]nosylated durg
carrier had enhanced
Mtb H37RVI macrophage uptake.
Graphene 50~300nm THP-1/small Mannosylated graphene
Mannose oxidpe RIF (diameter), 5~10nm intestine of oxide exhibited much [164]
(height) & -10mV Rhesus higher inhibition effects
monkey against intracellular Mtb
when compared to free
rifampicin.
Mannosylated NP
preferentially entered
macrophages and
Mtb HS7RY, accumulated in
Mannose Chitosan NP INH, 45nm & +25mV fn%ﬁllﬁgzlﬁ/e lysosomes. The [173]
selenium of Rhesus formulation promoted the
monke fusion of Mtbinto
Yy lysosomes, and induced
autophagy leading to Mtb
degradation.
Mannosylated drug
carrier was less toxic than
Mannose  SLN RIF 2520m & +25.1mv N THPY - pare SUN. Mannosylation — [162]
o enhanced macrophage
uptake.
Mannose-Ga (I11)
formulation was
Mith H37Rv efficiently internalized
Mannose F127 Ga (l1) 309nm & +17mV & HIV-1/ by macrophages and [174]
THP-1/ N.A. sustained release was

Adv Ther (Weinh). Author manuscript; available in PMC 2023 June 01.
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_ bacteria/
: Drug Carrier size& "

Ligand carrier Drug zeta potential celtle/)irngavo Key findings Ref
HIV-Mtb coinfection in
macrophages.

Lipid corona did
not alter the role

mannosyl _ N.A./MH-S/ of mannosylation and

surfactant SLN RIF 740nm & =35-2mV N.A. rapid drug translocation (175]
within macrophage was
achieved.

The carrier had pH

dependent drug release

and low toxicity toward
268nm & Mihl A549/ VERO cells. The Zn and

Mannose  Polymer NP RIF, Zn ~17.59mV N.A. RIF-based NP had better 176
bactericidal effect on Mth
as compared with free
RIF.

. Mannosylated lipid
240.9nm & gal%//l? particle was taken up by

SAMAN Lipid carrier RIF -43.3mV, dried: RAW?264.7/ the RAW264.7 cells more  [177]

409.5nm NA ' efficiently than bare lipid
o particle.
Targeted liposomes
Polymer F. noviciaa had 2.5-time higher
Mannose a_ugmented Streptomycin ~ 117nm RU iJWZ/ZG 4.7/ gﬁ:?nﬁ?ciggigfgf?iit;g [178]
liposomes N.A. against intracellular
pathogen.
Mannosylated SLN
entered macrophages
400 ~1430nm & N.A./J774/ more efficiently,

Mannose  SLN RIF -301--4973mV  NA compared to 20% free [169]
RIF and to 40% non-
functionalized SLNs.

Fucosylated carrier
effectively transported
drug to endosomal

Fucosyl . . 108.87nm & BCG/ MDM, compartment of

lipid Lipid carrier LVX -6.05mV MDDC/N.A.  macrophage. The [179]
formulation cleared BCG
more efficiently than free
drugs.

. Mth H37Rv, The nanocomposite had
Sg(;?gr;]drled RIF. INH MDR, XDR more than 80% decrement
HA hvaluronate Veré amiyl 940nm strains/ in bacterial viability [155]
cgm osite P PBMC/ regardless of profile of
P Human blood the drug resistance.
HA modified nanogel
was internalized by
M. avium, macrophage and led to
Mtb H37RVI intracellular inhibition of
HA nanogel AMP 533nm & +2.4mV mBMDM/ bacteria. The formulation  [154]
CcD44 C57BL/6 also reduced bacterial
mice level in the lungs in
vivo after intratracheal
administration.
HA functionalized
NA/ microsphere had 2.1-
Nr and 1.7-times higher
HA pH:%%I(l:Jlgonan Ofloxacin 2~5um gﬁ;‘éﬁ?'w uptake than free drug [153]
Dawley rats and non-functionalized

Adv Ther (Weinh). Author manuscript; available in PMC 2023 June 01.
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Ligand

Drug

carrier Drug

Carrier size&
zeta potential

bacteria/
tar get
cell/in vivo

Key findings

Ref

HA

Curdlan

Dectin 1
B-glucan

B-glucan

4-SO,-
GalNAc

Lectin like
receptor

Hydrolyzed
GalMan

Transferrin

Transferrin
receptor anste

Tocopherol
succinate RIF
micelles

Cyclodextrin RIF & LVX

B-glucan
particle RFB

B-glucan
particle RFB

Chitosan NP Chitosan

Polymer
micelles, RIF
chitosan NP

Ag-quantum RIF-Zn
dot complex

212~294.6nm &
-23.7 ~ -30.9mV

523+ 126nm &
+13.45mV

29~6.1um &
-9.46mV

1~ 4pum

29nm & 12.2mV

Micelle: 198.7nm
&+7.1mV,
Chitosan NP:
334.4nm & +18mV

50~20nm

N.A./ MH-S/
N.A.

M.
smegmatisl
RAW264.7/
N.A.

N.A./J774/
N.A.

Mith H37Ral
J774/ N.A.

M.
smegmatisl
RAW?264.7/
N.A.

N.A/
RAW264.7/
N.A.

M.
smegmatis,
BCG/
RAW264.7/
N.A.

HA functionalized
micelles had a higher
uptake when compared
to free RIF, with the
maximum uptake at

12 hours. Formulation
induced higher Thl
cytokines level than free
drug, which enhanced the
anti-tuberculosis activity.

The formulation was
nontoxic to macrophages
and fibroblast cells.
Curdlan decorated

NP had 1.8 times

higher internalization in
macrophages as compared
with fibroblast cells and
resulted in 95% killing
of intracellular Mtbin 4
hours.

The nanoparticles

were internalized by
macrophages in 5 mins of
exposure.

Glucan NPs enhanced
RFB efficacy 2.5

folds against intracellular
Mih. The exposure of
drug carriers enhanced
innate immune response
including the induction
of reactive oxygen and
nitrogen species.

Chitosan particles serve
as an antimicrobial
reagent. Acr-1 protein can
enhance the antimicrobial
activity for intracellular
bacteria. 4-SO4-GalNAc
ligand enhanced the
macrophage uptake and
improve the antimicrobial
activity in combination
with Acr-1.

GalMan formulation
were taken effectively
by macrophages. The
modified micelle led

to a significant higher
intracellular level of RIF
in macrophages.

Transferrin decoration
led to 10-fold higher
antibacterial activity
against Mib.

[156]

[152]

[180]

[181]

[182]

[183]

[184]

Abv- MP: methyl a-d-manno-pyranoside, SLN: solid lipid nanoparticle, RIF: rifampicin, RFB: rifabutin, INH: isoniazid, PAM: 4-aminophenyl-
alpha-d—manno-pyranoside, MXF: moxifloxacin, Ga (I11): Ga (I11) meso-tetraphenyl porphyrin chloride, SAMAN: N-octadecyl-manno-
pyranosylamine, LVX: levofloxacin, HA: hyaluronic acid, AMP: antimicrobial peptide, GalMan: galactomannan

7 . -
mass median aerodynamic diameter

Adv Ther (Weinh). Author manuscript; available in PMC 2023 June 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gairola et al.

Table 5

Actively targeted drug delivery system using other types of ligands

Page 49

Carrier
. Drug size& bacteria/target -
Ligand Pty Drug eta cllfin vivo Key findings ref
potential
The formulation had no toxicity
on peripheral blood mononuclear
Tuftsin Mtb H37RV cell. After treatment with
derivative PLGA NP INH N. A MonoMac6/ formulation, no mycobacterial [189]
Guinea Pig colonies were observed in lungs,
spleen and kidney of infected
guinea pig.
Coating NP with pluronic-tuftsin
PLGA conjugate enhanced the uptake
Tuftsin (core), F127  TB515 200nm Kéﬁg\igfg rate and the intracellular activity [188]
(coating) of the encapsulated drug against
Mitb.
RTeLéLt:tgr Formulation elicited slow
. . . 285nm & Mitb H37RVI sustained release. Improvement
Tuftsin Lipid carrier  RIF -22mV J774/ N.A. in MIC was observed with tuftsin 187]
functionalized drug carriers.
Tuftsin decorated liposomes was
Mtb H37RV - >
. . - - approximately 2,000 times more
Tuftsin Liposome RIF 25~ 65nm gtﬁn/osrmcss potent when compared to free [186]
drug.
M. abscessus, Conjugation with tuftsin led
Mitb H37Rv, to better performance of
Tuftsin N.A. Salicylanilide N. A Mtb A8 MDRI salicylanilide derivatives against [199]
MonoMac6é/ intracellular Mtb due to better
N.A. uptake rate than free drug.
Emulsions coated with chitosan
Emulsion folate had higher cellular uptake.

Folic acid (oleic acid, RIF 59.69nm & g"gltﬁszj’%/ Folate-based nano emulsion led [200]
Tween 80, +0.7mV D[;w?e rat to enhanced drug content in lungs
chitosan) Y in vivoand led to reduction of

plasma drug concentration.
RIF loaded folate NP had slow
- and sustained release for over 25
Folate liquid- N
. - 110~381lnm &  N.A./ NR8383/ days. The formulation had low
receptor Folic acid ?(;)I/:ttglll\:ge RIF -20~-40mV N.A. toxicity on alveolar macrophage (201]

cell line and was readily taken up
by it.
Folic acid had better macrophage
targeting than mannose. But

Folicacid ~ F127 Ga (Il iggrrw\]/& ./Il./lHtg’LllfﬁR AW folate-conjugated NPs have [103]

o slower drug released than
mannose-conjugated NPs.
DPPS decorated NP had much
better uptake in macrophages
B Acetalated . 350.5nm N.A./ oty .
Tim-4 DPPS dextran Curcumin &-40.6mV RAW264.7/N.A.  Over epithelial cells. Formulation  [202]

showed pH dependent controlled
release.

Abv- PLGA: poly (D, L-lactide-co-glycolide) acid, DPPS: 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine, Ga (I11): Ga (111) meso-tetraphenyl
porphyrine chloride, INH: isoniazid, RIF: rifampicin
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