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Abstract

The global burden of bacterial infections is rising due to increasing resistance to the majority 

of first-line antibiotics, rendering these drugs ineffective against several clinically important 

pathogens. Limited transport of antibiotics into cells compounds this problem for gram-negative 

bacteria that exhibit prominent intracellular lifecycles. Furthermore, poor bioavailability of 

antibiotics in infected tissues necessitates higher doses and longer treatment regimens to treat 

resistant infections. Although emerging antibiotics can combat these problems, resistance still 

may develop over time. Expanding knowledge of host-pathogen interactions has inspired research 

and development of host-directed therapies (HDTs). HDTs target host-cell machinery critical for 

bacterial pathogenesis to treat bacterial infections alone or as adjunctive treatment with traditional 

antibiotics. Unlike traditional antibiotics that directly affect bacteria, a majority of HDTs function 

by boosting the endogenous antimicrobial activity of cells and are consequently less prone to 

bacterial tolerance induced by selection pressure. Therefore, HDTs can be quite effective against 

intracellular cytosolic or vacuolar bacteria, which a majority of traditional antibiotics are unable 

to eradicate. However, in vivo therapeutic efficacy of HDTs is reliant on adequate bioavailability. 

Particle-based formulations demonstrate the potential to enable targeted drug delivery, enhance 

cellular uptake, and increase drug concentration in the host cell of HDTs. This review selected 

HDTs for clinically important pathogens, identifies formulation strategies that can improve 

their therapeutic efficacy and offers insights toward further development of HDTs for bacterial 

infections.
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Introduction

Antimicrobial resistance is one of the biggest healthcare challenges of the 21st century, 

with close to 2.8 million resistant infections and 35,000 associated deaths occurring in 
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the United States.1 These figures are likely higher in low and middle income countries 

where surveillance to resistant strains is difficult to account.1 Indeed, the WHO recently 

reported that close to 51% and 65% infections are resistant to common first and second line 

antibiotics, penicillin and ciprofloxacin, respectively, in several countries.2

While a variety of guiding factors are utilized to determine the choice of antibiotic for 

treating bacterial infections, initial treatment of common infections (e.g., tonsillitis, urinary 

tract infections, rhinosinusitis) involves use of first line antibiotics with broad-spectrum 

activity and a low toxicity profile. Several β lactams (e.g., penicillin, cephalosporin), 

macrolides (e.g., erythromycin and azithromycin) and tetracyclines (e.g., doxycycline, 

oxytetracycline) are among routinely used first line therapies. Second and third choice 

treatments use antibiotics deemed effective against specific or multi-drug resistant 

bacteria.3–5 Although, first-line antibiotics were the first class to be challenged with 

resistance, currently, several second- and third-line treatments are equally at risk.5 

According to a recent WHO report, in addition to the tuberculosis (TB) causing microbe 

Mycobacterium tuberculosis (M. tb), some of the most commonly reported resistant 

bacteria include, Escherichia coli, and Salmonella spp.2 E. coli is an example of an 

extended-spectrum beta-lactamase producing bacteria classified as a serious threat by the 

CDC.1 Extended-spectrum beta-lactamase degrade common antibiotics such as penicillin 

and cephalosporin, making these bacterial infections extremely difficult to treat.6 Also, 

Salmonella serovars are a growing threat globally, with 10% and 74% of Non-Typhoidal 

Salmonella and Typhoidal Salmonella resistant to ciprofloxacin, respectively.5 While both 

gram-positive and gram-negative bacteria show antibiotic resistance, the gram-negative 

pathogens are more notorious to treat due to a cell wall that excludes amphipathic drugs 

as well as inner membranes and efflux pumps that exclude hydrophilic drugs. As a result, 

antibiotics often have to be administered at concentrations orders of magnitude higher than 

other therapeutics that target host cells, generating toxicity concerns.3 Moreover, several 

pathogens invade, proliferate and survive within host cells, making them even less accessible 

to treatment.7 The threat posed by the resistance of bacteria to a range of traditional 

antibiotics and the shortcomings of traditional antibiotic therapy for intracellular pathogens 

illustrates the urgent need for new treatment modalities.

While the development of new classes of antibiotics is one obvious path toward combating 

antibiotic resistance, host-directed therapies (HDTs) that target host-encoded functions 

necessary for bacterial infection, replication, virulence, and pathogenesis have the potential 

to be an alternative or adjunctive approach to conventional antimicrobials.2–4 In contrast to 

antibiotics that directly act on bacteria, HDTs enhance a potentially broad response against 

the bacteria, rendering them less prone to microbial tolerance. Bacteria can overcome the 

body’s natural defense systems, using countless different methods to escape recognition or 

clearance by the immune system. While bacteria-host interactions largely depend on the 

species, some bacteria (e.g., Salmonella spp., Francisella spp.) are facultative or obligate 

intracellular pathogens that reside in the host cell environment.8 In order to reside in the cell, 

often within acidic vesicles, the bacteria must usurp host cell processes such as autophagy. 

The vast knowledge of strategies used by pathogens to influence key machinery within host 

cells has inspired the development of HDTs. While a majority of these drugs are novel 

small molecules or peptides, several FDA-approved drugs developed for other indications 
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have been repurposed as effective HDTs. Some examples include metformin, aspirin 

and glibenclamide.9 Additionally, emerging research indicates that HDTs might be most 

effective when co-administered with traditional antibiotics, and show potential to reduce 

the antibiotic dose necessary to treat drug resistant bacteria.10,11 Table 1 highlights HDTs 

identified against select pathogens of large clinical importance (Table 1). Although the role 

of HDTs as an adjunctive therapy against bacterial infections is being strongly recognized, 

the field is in its nascency and limited research groups have explored formulating HDTs 

and advanced delivery techniques for anti-bacterial applications (Table 2). Nonetheless, it is 

promising to note the progress made so far, especially by combination treatments of HDTs 

with standard antibiotics due to their potential for clinical translation. In this review, we 

discuss select HDTs that are being developed for clinically relevant bacteria and discuss the 

advantages of formulating HDTs, particularly for intracellular bacterial infections.

Barriers to drug delivery: Need for HDTs formulations

Therapies delivered via oral, intravenous (i.v.) or intramuscular routes can achieve 

therapeutic serum concentrations; however, this does not ensure a sustained drug 

concentration in target tissues due to drug transport barriers.37 Therapies need to cross 

endothelial cells of the capillaries in addition to the epithelial cells of the GI tract (enteric 

infections), the tight cell layers of the stratum corneum (intradermal infections), blood brain 

barrier (meningeal infections) or the mucosa of the respiratory tract (pulmonary infections) 

to reach sites of infection.37,38 Furthermore, intracellular drug concentration also depends 

on the rate of drug excretion from the cells via efflux pumps and exocytosis.39 Formulating 

therapies to enable local and targeted delivery to the site of infection can help to greatly 

overcome these limitations. In general, drug formulations consist of the active drug and 

excipient carrier molecules that provide the packaging necessary to improve delivery of 

drugs to their site of action and impart the desired therapeutic effect. Formulating drugs 

into a delivery platform can significantly improve a variety of pharmacokinetic parameters, 

such as, maximum concentration (Cmax), time above minimum inhibitory concentration and 

the area under the curve for the drug (a measure of drug bioavailability and circulation 

time).40 Also they can offer protection for the drugs from physiological conditions, such 

as fluctuating pH and enzymatic activity. In addition to overcoming some of the above 

challenges, delivery platforms can enable controlled and targeted delivery of drugs as well as 

needle-free and/or local administration.40,41

Common drug delivery platforms

The site of infection and the length of treatment are factors that can influence the design of 

drug delivery platforms for bacterial infections. Accordingly, formulations can range from 

being multi-dose depots to drug loaded particulate systems that can protect the cargo while 

extending the circulating time in the body. Both organic (e.g. polymers, lipids) and inorganic 

(e.g. iron oxide, gold, silica) materials have been used to develop drug formulations.41 

Considering a majority of inorganic formulations have been primarily the focus of cancer 

therapy and diagnostics, this review will focus on different types of organic formulations 

developed for HDTs.
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Additionally, most formulations used for HDTs are nano- or microparticulate in structure. 

Particle-based delivery platforms are capable of passively targeting immune cells or the 

delivery location based on their size. As will be seen from example formulations highlighted 

in this review, delivery into the lungs can be achieved with larger porous microparticles 

(MPs), while particles with diameter in the 500 nm - 5 μm range are best suited to passively 

target phagocytes. Organic particulate formulation developed for HDTs can be grouped into 

two primary types: polymeric and liposomal.

Polymeric particles:

Most polymeric particles function by releasing therapeutics that are incorporated throughout 

the polymer matrix (Fig. 1). While drug release from slow degrading particles is initially 

by diffusion, the release rate can be controlled in many of the systems by tuning the 

polymer’s degradation rate. Polyesters, such as poly lactic-co-glycolic acid (PLGA), and 

polycaprolactone (PCL), are examples of slow release systems that have acidic by-products 

and degradation times on the order of months.42,43 In contrast, the biodegradable polymer 

acetalated dextran (Ace-DEX), formed from the FDA-approved polysaccharide dextran, has 

release rates on the order of days to months at neutral pH. Ace-DEX was synthesized by 

modifying the hydroxyl groups on dextran to create cyclic or acyclic acetals. The ratio 

between the two types of acetal groups determines the degradability of the polymer.44,45 

Alginate is another biopolymer capable of forming ionically crosslinked microspheres and 

are typically utilized for faster drug release on the order of hours or days.46

PLGA, PCL, Ace-DEX and alginate can be formulated into nano- or micro-particles 

using a variety of techniques.47,48 The most common method for industrial production 

of polymeric particles is coacervation, which relies on two immiscible phases that form 

colloidal droplets that solidify into polymeric MPs. Scalable liquid atomization techniques, 

such as electrospray or spray drying, are also commonly used to create nano- and micro-

particles. Particles are created when polymer solutions in a volatile solvent are atomized 

under a high voltage, forming particles on the opposite side of the source upon solvent 

evaporation. Atomization techniques can be cost-effective and create particles of high 

encapsulation efficiency due to lack of an aqueous continuous phase. While spray drying 

is the more common of these methods, both techniques are widely reported to generate 

particles.47,48 At a smaller scale, particles can be fabricated using single and double 

emulsion techniques where the choice of oil-in-water or water-in-oil emulsion is made 

based on the hydrophilicity of the drug and the polymer system encapsulating it. Micro 

or nano-emulsions are created by applying high energy to the drug-polymer mixture with 

a homogenizer or sonicator.51 Numerous polymers, including PLGA and Ace-DEX, have 

been used to formulate particles via single or double emulsion techniques.52,53. For all 

of these techniques, parameters like molecular weight, polymer concentration, solvent 

physical properties, and flow-rate/mixing speed can influence the morphology and size 

of the particles.47 PLGA microparticulate formulations have been FDA approved since 

1989 and include over ten formulations for applications ranging from antipsychotics 

(Risperidone Consta®) to cancer (Lupron Depot®)54. Many of these formulations are given 

in subcutaneous or intramuscular injections.
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Liposomes:

Liposomes are particles formed from a phospholipid bilayer, capable of encapsulating 

hydrophilic or hydrophobic drugs (Fig. 1). They are comprised of phospholipids 

(e.g. phosphatidylserine, phosphatidylcholines) and cholesterol, with some containing 

polyethylene glycol (PEG) functionalized (PEGylated) lipids to improve circulation times. 

Ethanol injection is primarily used to create liposomes at an industrial scale, with methods 

like thin-film hydration used at the bench-scale for generation of liposomes.55,56 Compared 

to polymeric particles, liposomes are generally less stable during storage and injected via 

an intravenous route.57 These formulations have been widely applied in clinical settings 

for both cancer (e.g. Doxil®) and infectious diseases (e.g. AmBisome®).58 AmBisome®, a 

liposomal formulation of amphotericin B, is one example, developed for systemic fungal 

and parasitic infections. The liposome greatly enhances biodistribution of the free drug, 

which is otherwise known for its significant renal toxicity (nicknamed ampho-terrible for 

its effects).59 Another liposomal formulation that is in clinical trials is Combioxin SA’s 

CAL02, a sphingomyelin and cholesterol liposome used for toxin neutralization during 

pneumonia. It should be noted that none of the above drugs are HDTs.41

Formulation of select HDTs in development for bacterial infections

There are several clinically relevant bacteria that have been reported to be treated with 

formulated HDTs in pre-clinical models of infection. Bacteria that have the most significant 

infection in the lung (M. tb, F. tularensis), and gastrointestinal tract (S. enterica, Escherichia 
coli) are reviewed.

Mycobacterium tuberculosis:

M. tb is one of the most prevalent infectious diseases, particularly in developing countries, 

affecting close to 10.5 million people. Approximately 10% of M. tb infections are 

extensively drug resistant, meaning they are resistant to rifampicin (RPT), isoniazid (INH), 

any fluoroquinolone, and a second line injectable drug.10 The bacteria is transmitted via 

inhalation of droplets containing the pathogen, which readily enter alveolar macrophages 

upon entry into the lungs. Here, it arrests phagolysosome formation and establishes 

a niche to replicate in, subsequently leading to the development of the tuberculous 

granuloma, a hallmark of TB infection.60 HDTs for TB have been proposed to reduce 

treatment duration and disease-associated lung injury using molecules that promote 

autophagy and inhibit pathways that cause inflammation and matrix destruction.10,61 A 

variety of compounds, alone or in combination with standard anti-TB drugs, as well 

as repurposed, FDA-approved therapies are being evaluated and have been extensively 

reviewed previously.10,11 Some of these include imatinib (a tyrosine kinase inhibitor 

clinically approved for leukemia), metformin (a diabetes treatment), dexamethasone 

(corticosteroid used to reduce inflammation in TB meningitis), and doxycycline (a 

matrix metalloprotease inhibitor).10 Some compounds exhibit direct inhibitory effects on 

the pathogen as well as host directed activity towards clearing intracellular bacteria. 

Nitazoxanide is one such example, where its anti-mycobacterial effects are observed at 

concentrations ~50 μM, while the drug induces autophagy at lower concentrations (3 μM) 

via the mammalian target of rapamycin complex-1 (mTORC1) pathway in host macrophages 
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and peripheral monocytes.15 Encouragingly, this compound is currently in phase II clinical 

trials in Haiti.61 Vitamin A has also been studied as a potential HDT against M.tb, based on 

clinical findings of vitamin A deficiency in TB patients. All-trans retinoic acid (ATRA), the 

active metabolite of vitamin A, significantly reduces mycobacterial growth in monocytes via 

lysosomal acidification and NPC intracellular cholesterol transporter 2 (NPC2), suggesting 

the role of cholesterol in ATRA-mediated antimicrobial activity.14 Although these HDTs 

have shown clinical promise, delivery to the affected lung tissue could help to penetrate 

the dense granulomas and help to successfully clear the infection.62 Thus, a majority of 

formulations for TB have been developed for delivery to the lungs, mostly through the 

intranasal (i.n.) or intratracheal route.

Sharma et al. fabricated porous aggregates of PLGA MPs to deliver magainin-I analog 

peptide (MIAP), an HDT found to have broad spectrum antimicrobial properties and 

potential host-directed activity against M. tb. MIAP was first encapsulated in PLGA 

NPs prepared using water-in-oil-in-water double emulsion technique. The NPs were then 

suspended in mannitol and spray freeze dried to create MPs (Fig. 2A). The resulting 4 μm 

diameter MPs possessed aerodynamic properties for maximum deposition in the lungs. In 
vitro characterization revealed that ~100% of the MIAP was released from the MPs over 10 

days at physiological pH. Further, imaging studies depicted formation of phagolysosomes 

in cells treated with MIAP MPs, which were not observed in control cells treated with a 

standard anti-TB drug, INH (Fig. 2D). Additionally, MIAP MP treatment of M. tb-infected 

macrophages produced significantly more mitochondrial reactive oxygen species (ROS) and 

NO, both key actors of autophagy in macrophages, compared to controls. Cytotoxicity 

measurements revealed that soluble forms of MIAP reduced cell viability by 25%, while 

the encapsulated drug was able to maintain cell viability. Although the MIAP MPs were 

only evaluated in vitro, the report provided substantial mechanistic evidence of MIAP’s 

host-directed activity against M. tb in a formulated form.28

There are several reports of carrier biomaterials eliciting an immunogenic response.63 

Interestingly, Lawlor et al. reported findings that suggested that an hour-long treatment 

with empty PLGA MPs can inhibit intracellular M. tb growth via the NF-κB pathway; a 

result not achieved using control polystyrene MPs. Cytotoxicity evaluation of PLGA MPs at 

varying concentrations indicated no toxic effects on the cells, even at concentration 7.5 times 

the therapeutic concentration of PLGA MPs. Further, cell imaging studies and cytokine 

profiling demonstrated that PLGA MPs can induce NF-κB production with no detection of 

pro-inflammatory cytokines. This result was confirmed when bacterial clearance by PLGA 

MPs was blocked in the presence of NF-κB inhibitors. Although the authors note a similar 

NF-κB response with polystyrene MPs, no associated M. tb clearance was observed with 

them. This suggests that differences in the physicochemical properties of the two MPs could 

impact their intracellular bactericidal response. However, endotoxin levels in the particles 

were not evaluated in the study which could account for some of the noted differences.29

A recent study reported the formulation of ATRA to improve its therapeutic effect against 

M. tb, in vivo. Hydrophobicity, instability during storage and environmental sensitivity 

renders vitamin A difficult to deliver in vivo. Treatment of M. tb-infected macrophages 

with ATRA-loaded PLGA MPs (1–5 μm in diameter) demonstrated significant clearance of 
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the intracellular bacteria. As was observed in this study, encapsulation tends to delay drug 

release. Additionally, in vitro cytokine profiling revealed a significant reduction in IL-10 

and IL-6 post treatment with ATRA MPs, suggesting its role in phagolysosomal maturation. 

Intratracheal delivery of ATRA MPs demonstrated a significant reduction in bacterial load 

in mouse lung tissue compared to the vehicle control, but similar to soluble ATRA and 

a combination treatment with soluble RPT. Further, a transcriptional reduction in TNF-α 
and inducible nitric oxide synthase (iNOS) was observed with ATRA MP treatment but not 

with the soluble form, suggesting that the MP formulation improved pulmonary pathology. 

Overall, this study demonstrated the need to evaluate formulations for HDTs in vitro and in 
vivo to obtain a more accurate picture of the therapeutic potential of HDTs.27

HDTs are often evaluated in combination with standard drugs to identify synergistic effects 

that can potentially reduce dosing of standard therapies and render them more effective 

against drug-resistant strains. In this fashion Gupta et al. tested the efficacy of inhaled 

MPs of nitazoxanide alone or in combination with INH and rifabutin, two standard anti-TB 

therapies. Although the study successfully demonstrated greater intracellular concentration 

and biodistribution of the standard drugs when encapsulated in PLGA MPs compared to 

their soluble forms, host-directed activity of nitazoxanide against M. tb was not observed in 

soluble or encapsulated forms.26

Liposomes are another popular particulate platform investigated for delivery of HDTs.41 

An study by Greco et al. describes the use of apoptotic body-like (ABL) liposomes as 

HDTs against M. tb. Here, the outer membrane was composed of phosphatidylserine 

(PS), a ubiquitous apoptosis marker, while the inner phase contained phosphatidic acid 

(PA), a second messenger lipid found to regulate phagolysosome maturation (Fig. 3A). 

Primary findings indicated that the presence of PS on the liposomal surface enhanced 

uptake by primary macrophages when compared to control liposomes coated with 

phosphatidylcholine (PC). Moreover, internalization of the liposome drastically reduced 

pro-inflammatory cytokines and significantly enhanced TGF-β production, in infected 

macrophages. Interestingly, the intracellular bacterial load reduced significantly with 

ABL/PA liposomal treatment and control (PC/PA) liposomes, both containing a PA 

core. This demonstrated that the PA modulated the anti-M. tb function of macrophages. 

Further, mechanistic studies using Ca2+ chelators and ROS inhibitors demonstrated that 

the antimycobacterial effect of the liposomes took place via a Ca2+ and ROS-dependent 

phagolysosome maturation. Stimulation of bronchoalveolar cells obtained from three TB 

patients with the liposomes also led to a strong reduction in bacterial load, delineating 

clinical applicability of this treatment. Lastly, a 4 week-long i.n. treatment of liposomes 

tested in combination with oral forms of anti-TB drug INH in a mouse model of the disease, 

led to a 100-fold reduction in lung bacterial load at 6 weeks post infection. In contrast, INH 

alone only showed a 2-fold reduction (Fig. 3C). Authors noted that this extent of bacterial 

clearance was not observed in the spleens, possibly highlighting the role of delivery routes 

on biodistribution.30

Taking the above liposomal platform a step further, the same research group generated 

a library of PS-decorated liposomes encapsulating different bioactive lipids (PA, 

phosphatidylinositol-3-phosphate (PI3P), phosphatidylinositol-5-phosphate (PI5P)) that are 
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known effectors of phagosome maturation. These revised liposomes were evaluated for 

their host-directed antibacterial effects on infection caused by Bacillus Calmette-Guerin 

(BCG), Pseudomonas aeruginosa, E. coli, and Klebsiella pneumonia. In vitro treatment 

of BCG infected macrophages with liposomes resulted in phagosome acidification and 

ROS generation across all lipid types encapsulated in the liposome. Interestingly, ROS 

generation peaked at 20 min in uninfected cells compared to 18 hours post infection, 

indicating the interference of ROS generation by BCG upon infection. Further, liposomes 

demonstrated significant antimicrobial killing in bronchoalveolar cells isolated from nine 

patients, irrespective of the bacterial species or their drug resistance status. Specifically, 

PA and PI5P-loaded liposomes were most effective on all pathogens, except E. coli. These 

findings delineate the broad-spectrum, host-directed activity of bioactive second messenger 

lipids, likely enhanced by the liposomal formulation. Although the ABL liposome strategy 

displays a lot of promise in effectively delivering HDTs across multiple pathogens, both 

studies did not include soluble forms of the lipid as controls for in vitro characterization, and 

hence do not fully elucidate the need for a liposomal formulation of the studied bioactive 

lipids.31

Escherichia coli:

Pathogenic strains of E. coli are most commonly associated with infections of the urinary 

and gastrointestinal (GI) tract. Although most E. coli are extracellular for a majority their 

lifecycle, invasive E. coli are thought to be facultative intracellular pathogens. Typically, 

E.coli infections are treated with β-lactams, cephalosporins and fluoroquinolones.1,3 

Emerging literature points to stabilizing agents of hypoxia-inducing-factor 1α (HIF 1α),8 

as a potential host targeted therapy against this pathogen. Low oxygen in inflamed tissue 

activates HIF-1α, which in turn drives the pro-inflammatory cytokine production necessary 

for macrophage aggregation and motility.65 A HIF-1α stabilizing agent, AKB-4924, caused 

a 10-fold drop in bladder colonization of uropathogenic E. coli in mice. A different study 

using an E. coli-initiated pneumonia mouse model also demonstrated the protective effects 

of AKB-4924 by HIF-1α stabilization in bone marrow-derived stem cells.18 Lactoferrin, an 

iron binding protein, is another molecule suggested to provide host-led protection against 

E. coli. A recent study demonstrated that pre-treatment of the urethra with exogenous 

lactoferrin can clear uropathogenic E. coli in vivo, likely via neutrophil recruitment. 

Considering lactoferrin does not exhibit any direct effect on E. coli in vitro and is naturally 

excreted by the body in exosomes at the onset of a urinary tract infections, this molecule 

seems to be the body’s natural protection against urinary tract infections.20 While a majority 

of HDTs are shown to have no direct bactericidal effects, some are reported to possess both 

host-directed and direct activity. A synthetic peptide derivative of clavanin A, Clavanin-MO, 

was shown to have direct bactericidal effects on E. coli and Staphylococcus aureus while 

also inducing leukocyte recruitment and production of immune mediators, GM-CSF, IFN-γ 
and MCP-1 in bacterial models of infection.19

Vaghasiya et al. investigated whether drug-free alginate MPs can induce a host directed 

bactericidal effect on intracellular E. coli. Here, MPs were created by a spraying alginate 

solution into a calcium chloride solution, resulting in ionically crosslinked MPs ~5 μm in 

diameter (Fig. 4A). Upon treating infected THP-1 macrophages with blank MPs, the authors 
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noted a 11–16-fold increase in pro-inflammatory cytokines, IL-6 and IL-12, respectively. 

Interestingly, more MPs were phagocytosed by infected cells compared to uninfected ones. 

Flow cytometry analysis also revealed significant increase in ROS production with particle 

treatment in a concentration dependent manner (Fig. 4C). However, treatment with the 

highest concentration of MPs was accompanied with a ~20% loss in cell viability. The 

authors concluded that bactericidal effects observed in this study could be attributed to 

the mannuronic acid group on alginate, that has been shown to induce an innate immune 

response via TLR2 and TLR4 previously.33

Sharma et al. explored the use of PLGA NPs for protected delivery of HHC10, a broad 

spectrum HDT. HHC10-NPs, sized ~300 nm in diameter, were fabricated using a double 

emulsion solvent evaporation technique and evaluated for their effects directly on E. coli as 

well as infected RAW macrophages. Image-based analysis exhibited ~90% uptake of NPs 

over 24 hours (Fig. 5A, B). Further, flow cytometry assessment of infected cells treated with 

the HDT suggested that it induces apoptosis in infected cells. However, this apoptotic effect 

was significantly higher in the free drug treatment groups compared to the particle groups, 

possibly due to a delayed drug release from PLGA NPs. Overall, encapsulation in PLGA 

particles enabled peptide stability and maintained its activity against intracellular E. coli 
infections (Fig. 5C, D)32

Salmonella enterica:

S. enterica serovar Typhimurium uses a wide array of mechanisms to evade host cell 

clearance. Within cells, the bacteria reside in Salmonella containing vesicles. Furthermore, 

the bacteria can evade clearance by the phagocyte to complex secretory systems and 

autophagy escaping factors.66 Salmonella infections in adults are routinely treated with 

fluoroquinolones1. As a HDT, several studies of a celecoxib derivative, AR-12 (also 

known as OSU-03012), exhibited significant reduction in S. Typhimurium burden and 

enhanced survival of mice post infection.21,22,35 Studies in a range of models have 

demonstrated that AR-12 induced autophagy via the Akt pathway and inhibited chaperone 

proteins, such as GRP 78.67 Additionally, co-administering AR-12 with aminoglycosides 

re-sensitized drug-resistant bacteria to the antibiotic.21,22 Another HDT study took a 

broader, multidisciplinary approach to screen a known library of receptor tyrosine kinase 

inhibitors against S. Typhimurium-infected cells using chemical genetics and bioinformatics 

data. They identified two potential HDTs, miberfradil - a calcium channel blocker, and 

haloperidol - a sigma receptor agonist. However, studies to elucidate their antibacterial 

mechanism of action were not performed.23

Hoang et al. used an intracellular infection model of S. enterica serovar Typhi to determine 

the efficacy of AR-12 encapsulated in Ace-DEX MPs for clearing the infection (Fig. 6B). 

AR-12 MPs enabled a three-fold increase in intracellular drug concentration (Fig. 6B) 

and readily lowered cytotoxicity of AR-12 towards human monocyte derived macrophages. 

Compared to the free drug, AR-12 MPs significantly reduced intracellular bacterial load 

and was effective at lower drug concentrations compared to the soluble drug, suggesting 

dose-sparing effects rendered by the AR-12 MP formulation. (Fig. 6C, E). Additionally, a 

strikingly higher percentage of AR-12-Ace-DEX MP treated cells exhibited co-localization 
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of S. Typhi in autophagosomes, suggesting AR-12’s role in inducing autophagy (Fig. 6D).35 

Trafficking studies of Ace-DEX MPs in mice via multiple routes of administration (i.n., i.v. 

and intraperitoneally) showed distribution of the particles in several organs until 6 hours 

and highest particle retention in liver, lungs and spleens over 10 days, which is far greater 

than the reported values for organ retention of PLGA particles. Encapsulation of AR-12 in 

Ace-DEX MPs significantly raised the maximum tolerated dose of AR-12 over the free drug 

when administered via i.n. and i.v. routes.36

Francisella tularensis:

F. tularensis is a gram negative, facultative intracelluar bacterium causing fatal infections, 

especially when acquired via the pulmonary route. If untreated, these infections have 

a 60% mortality rate and treatment involves use of aminoglycosides, tetracyclines and 

fluoroquinolones. The pathogen is highly virulent and relies on infection and replication 

within macrophages.7 Similar to findings in S. Typhimurium, AR-12 also demonstrated 

host-directed activity in clearing F. tularensis from macrophages via an autophagy-induced 

mechanism.24 Pyles et al. evaluated a synthetic double-stranded RNA analog and toll-like 

receptor (TLR) 3 agonist, polyinosine:polycytosine (poly (I:C)), for its ability to clear F. 
tularensis infection in mice. Treatment with poly (I:C) for an hour before or after infection 

resulted in significantly lower lung bacterial load and increased neutrophil infiltration, 

consequently extending survival. These results were mimicked in vitro in human monocyte 

derived macrophages, which were accompanied with increased production of IL-8, TNF-

α and IFN-γ. Although, the pre-treatment groups were found to be most effective in 

subverting the infection, an hour post infection was found to be an effective treatment 

window with poly (I:C).25

AR-12 loaded Ace-DEX MPs were also tested i.n. in mice infected with F. tularensis. 

When co-administered with gentamicin, mice treated with AR-12 MPs exhibited an 80% 

survival and survived significantly longer than gentamicin treatment alone (40% survival) 

with significantly lower bacterial load in the lungs and spleen by day 6 post infection (Fig. 

7).34 The noted dose sparing observed with Ace-DEX MP treatment has been attributed to 

its acid-sensitivity, which results in enhanced drug delivery into macrophages.68

Future Perspectives:

The overuse of antibiotics over many decades has created the widening problem of 

antibiotic resistance across the globe. Although this issue affects most bacterial infections, 

clinical treatment of pernicious, intracellular pathogens is particularly vulnerable, and novel 

therapies are needful to address this issue in a timely manner. Many of these novel 

methods, especially to treat TB, rely on formulation of HDTs into particle based therapies. 

Additionally, the increasing number of FDA-approvals and clinical trials of NP-based 

therapies sets regulatory precedent for formulated HDTs.54 In addition to the formulation 

strategies highlighted above, bioavailability and targeted delivery of HDTs can be improved 

by exploring a range of other formulation strategies and by extending beyond customary 

materials, such as PLGA.
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Micelles are a well-established platform and offer an alternative formulation for HDT 

delivery (Fig. 8).69 They are self-assembled complexes comprised of amphiphilic molecules 

with hydrophilic tails and hydrophobic heads. Micelles are especially suited to deliver 

hydrophobic drugs. The clinical path of this technology is demonstrated by the number 

of formulations in clinical use or in trials, primarily for cancer treatment, which include 

formulations of chemotherapeutics paclitaxel (Cynviloq™, Genexol®PM) and docetaxel 

(Docetaxel-PM, CriPec.41 Hydrogels are another popular formulation for local and topical 

applications that necessitate steady release of drugs from a depot (Fig. 8).70 Several 

hydrogels composed of alginate, cellulose polymers and dextran have been developed for 

skin infections and oral formulations using photocrosslinking and redox-initiated reactions 

as methods of fabrication.70 These systems can be modified with specific chemical groups 

that enable bioadhesion and their degradation rate can be tuned based on their crosslinking 

density (Fig. 8). Several FDA-approved hydrogel products are being used routinely in the 

clinic, including Vantas®, a 12-month implant for prostate cancer treatment, Juvederm™ 

hyaluronic acid facial fillers, and Dilapan®, a hydrogel developed for pre-induction cervical 

ripening during labor.71–73

Particle-based formulations (e.g. polymeric particles, liposomes, micelles, particulate 

hydrogels) can be further advanced to enable targeted delivery and enhance circulation 

time by functionalizing them with receptor specific ligands or PEG chains, respectively 

(Fig 8). One such example is a cyclodextrin-PEG NPs labeled with a protein targeting 

transferrin receptor, recently developed by Calando Pharmaceuticals, and it is the first of its 

kind to deliver siRNA.41 PEGylation has been a successful strategy to increase circulation 

time in a range of platforms, including the first FDA approved liposome Doxil®. Particles 

can also be made stimuli-responsive by incorporating chemical entities that render those 

properties to the system, such as enzyme or pH sensitivity. As described previously, the 

acetal groups in Ace-DEX confers acid sensitivity to the material, enabling controlled and 

targeted drug release from Ace-DEX particles in the acidic phagolysosomal environment 

of a macrophage upon phagocytosis, making this system well-suited to treat intracellular 

bacterial infections.44

Selective absorption and extended retention of drugs in target tissues can vastly impact 

their intracellular concentration. Formulations can be chemically modified with cleavable 

linkers (e.g. pro-drugs) to target bacteria-specific effector molecules or metabolites, 

potentially increasing the drug concentration at the site of infection and in infected 

cells. Such strategies are being evaluated to deliver antibiotics into host cells.74–77 For 

instance, self-assembling amphiphilic vesicles with hydrogen sulfide-cleavable bonds were 

developed to deliver ciprofloxacin in Salmonella infected mice.75 Another group utilized 

arginine to direct delivery of cipro-loaded mesoporous silica NPs in mice infected with 

Salmonella.78 Macrophage targeting using mannose has been well studied for vaccine 

research and was recently evaluated to deliver RPT-loaded graphene oxide NPs to M. tb 
infected macrophages.74 Additionally, immunogenicity of bacterial membrane components 

can be used to activate the innate immune system and target intracellular delivery of 

antimicrobials.79
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While the rise of formulated antibacterial HDTs is encouraging, clinical translation requires 

significantly more data. Several studies included in this review highlight the need for in 
vitro and in vivo evaluation of therapies, due to the large differences in these model 

systems. Additionally, it is important for researchers to define criteria of success to be 

able to compare therapeutic efficacies between strategies and enable clinical advancement of 

successful therapies. For example, selectivity of a drug towards a pathogen, as determined 

by its effect on the host cell versus the microbe, can be a good measure of its therapeutic 

efficacy. Further, characterization of formulations should include testing for endotoxins to 

avoid false positive immune responses from the delivery vehicles. Altogether, we have 

illustrated the potential for these therapies to improve the delivery of HDTs for treatment 

of bacterial infections, paving the way for these advanced therapies to be translated to the 

clinic.
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Abbreviations:

ABL Apoptotic body like

Ace-DEX Acetalated dextran

ATRA All-trans retinoic acid

BCG Bacillus Calmette-Guerin

GI Gastrointestinal

HDTs Host directed therapies

HIF Hypoxia inducing factor

i.n. Intranasal

INH Isoniazid

iNOS Inducible nitric oxide synthase

i.v. Intravenous

MIAP Magainin-I analog peptide

MPs Microparticles

M. tb Mycobacterium tuberculosis

NO Nitric oxide
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NPs Nanoparticles

PA Phosphatidic acid

PC Phosphatidylcholine

PCL Polycaprolactone

PI3P Phosphatidylinositol-3-phosphate

PI5P Phosphatidylinositol-5-phosphate

poly I:C Polyinosine:polycytosine

PLGA Poly lactic-co-glycolic acid

PNAP Porous aggregates of PLGA nanoparticles

PS Phosphatidylserine

ROS Reactive oxygen species

RPT Rifampicin

TB Tuberculosis

TLR Toll-like receptor
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Figure 1. 
Schematic of common particle-based HDT delivery formulations. Pictured on the left is a 

solid polymer microparticle seeded with drug cargo (hydrophilic or hydrophobic). On the 

right is a liposome capable of carrying hydrophobic or hydrophilic drugs.
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Figure 2. 
Sharma et al.28 formulated HDTs for tuberculosis. (A) Poly lactic-co-glycolic acid (PLGA) 

nanoparticles (NPs) encapsulating magainin-I analog peptide (MIAP) which are coated 

with mannitol to form larger (B) MIAP porous aggregates of PLGA NPs. (C) Schematic 

depicting fabrication of MIAP porous microparticles (MPs) via spray freeze drying. 

(D) Panel demonstrating co-localization of M. tb (green) with acidic lysosome (red) in 

MIAP and MIAP MP groups compared to controls (untreated, isoniazid (INH)) in RAW 

macrophages.28
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Figure 3. 
Greco et al.30 formulated liposomal HDTs for tuberculosis. (A) Schematic of asymmetric 

liposome fabrication64 used to create apoptotic body-like liposomes (ABL) carrying 

phosphatidic acid (PA) inside and phosphatidylserine on the outside. (B) Intracellular 

bacterial load in macrophages post treatment with test (ABL/PA) and control ((ABL/

phosphatidylcholine (PC)), (PC/PA), (PC/PC)) liposomal formulations demonstrates the role 

of PA in inhibiting intracellular M.tb growth. (C) Bacterial organ load significantly drops 

with intranasal ABL/PA treatment in lungs, while bacterial clearance in spleen and liver 

requires systemic INH treatment. *P < 0.001, **P < 0.05, #P = not significant in comparison 

with infected control mice that received no treatment.30
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Figure 4. 
Vaghasiya et al.33 formulated drug-free alginate-based microparticles (MPs) for E. coli 
infections. (A) Schematic portraying alginate MP fabrication by spray congealing. (B) 

Scanning electron micrographs of the alginate MPs. Drug-free alginate MPs induce (C) 

reactive oxygen species (ROS) and (D) nitrite production in E. coli infected macrophages.33
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Figure 5. 
Sharma et al.32 formulated poly lactic-co-glycolic acid (PLGA) nanoparticles (NPs) 

encapsulating a host defense peptide for E. coli infections. (A) Fluorescence micrographs 

demonstrating uptake of NPs loaded with HHC-10. (B) A majority of the HHC-10 loaded 

NPs are phagocytosed over 24 hours. (C) HHC-10 reduces intracellular E. coli burden, as a 

free drug or encapsulated in PLGA NPs. (D) Formulating the drug in PLGA NPs enables 

cytocompatibility at higher concentrations.32
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Figure 6. 
Acetalated dextran (Ace-DEX) formulations of AR-12 for Salmonella. (A) Ace-DEX 

microparticles (MPs) fabricated using an emulsion technique. Scale bar is 1μm.36 (B) 

Intracellular concentration of AR-12 increases dramatically when delivered via Ace-DEX 

MPs. (C) AR-12 cytotoxicity is significantly reduced upon encapsulation in Ace-DEX MPs. 

*** P, 0.001 (D) Epifluorescence micrographs of human monocyte derived macrophages 

infected with S. Typhi and treated with AR-12 MPs. (E) Intracellular bacterial load is 

significantly reduced with increasing AR-12 MPs concentration. ** P<0.01, *** P< 0.001.35
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Figure 7. 
Acetalated dextran (Ace-DEX) formulation of HDTs for F. tularensis. (A) Co-treatment of 

AR-12 and Ace-DEX nanoparticles (NPs) (delivered intranasally) with gentamicin (Gent) 

(delivered intraperitoneally) doubles survival of mice infected with F. tularensis compared to 

gentamicin treatment alone. * P <0.05, **P<0.01 compared to control and blank. ^ P <0.05, 

^^P<0.01 compared to AR-12. Gent = daily 0.5mg gentamicin/kg. (B) Significant reduction 

in bacterial load is observed with co-treatment of AR-12 encapsulated in Ace-DEX NPs 

(AR-12/NP) and gentamicin by Day 6 post infection in both lung and spleen tissues.34 ** 

P<0.01 compared to blank MP group.
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Figure 8. 
Schematic of potential HDTs delivery platforms. On the left is a micelle carrying a 

hydrophobic drug. The hydrophilic heads (red) of the micellar monomer can be modified 

with polyethylene glycol (PEG) to enhance circulation time in the body. Pictured in the 

center is the crosslinked polymer meshwork found within bulk hydrogels. Chemical linkers 

or pro-drugs can be incorporated into the polymer network to enable stimuli-responsive 

(e.g., enzymes, pH) drug release.
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Table 1.
Select HDTs developed for select intracellular bacteria.

HIF-1α, hypoxia inducible factor-1α; Akt, protein kinase B; TLR-3, toll-like receptor 3; Poly (I:C), 

Polyinosine:polycytosine; ROS, reactive oxygen species; ATRA, all-trans retinoic acid; NPC2, NPC 

intracellular cholesterol transporter; mTORC1, mammalian target of rapamycin complex 1

Bacteria HDTs Antibacterial Mechanism Ref

M. tb Imatinib Tyrosine kinase inhibitor 12 

M. tb Metformin Mitochondrial ROS production 13 

M. tb Doxycycline Matrix metalloproteinase inhibitor 10 

M. tb ATRA Lysosomal acidification via NPC2 14 

M. tb Nitazoxanide Autophagy inducing via mTORC1 15 

M. tb Dexamethasone Unknown 16 

E. coli AKB 2924 HIF-1α stabilizing agent 17,18

E. coli
S. aureus Clavanin-MO Leukocyte recruitment and immune mediator production 19 

E. coli Lactoferrin Neutrophil recruitment 20 

S. Typhimurium
S. Typhi
F. tularensis

AR-12 Autophagy inducing 21,22,24

S. Typhimurium Mibefradil
Haloperidol

Unknown 23 

F. tularensis Poly (I:C) TLR3 agonist 25 
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Table 2.
Formulations of HDTs in development against select intracellular bacteria.

PLGA, poly lactic acid glycolic acid; Ace-DEX, acetalated dextran.

Bacteria Formulation Fabrication 
Method HDT Drug 

Type

Formulation 
Delivery 
Route

Combination 
Therapy Ref

M.tb PLGA 
Particles Spray drying Nitazoxanide Small 

molecule Intranasal Isoniazid and 
rifabutin

26 

M. tb PLGA 
Particles Spray drying All-trans retinoic acid Small 

molecule Intratracheal Rifampicin 27 

M. tb PLGA 
Particles

Double 
emulsion, 
solvent 
evaporation

Magainin-I analog peptide Peptide Intranasal Isoniazid 28 

M. tb PLGA 
Particles

Double 
emulsion, 
solvent 
evaporation

N/A N/A N/A N/A 29 

M. tb Liposomes Inverted 
emulsion Phosphatidic acid Lipids Intranasal Isoniazid 30 

E. Coli
Klebsiella 
pneumoniae
Pseudomonas 
aeruginosa
Staphylococcus 
aureus
Acinetobacter 
baumannii

Liposomes Inverted 
emulsion

Phosphatidylinositol-3-
phosphate
Phosphatidylinositol-5-
phosphate
Phosphatidic acid 
Arachidonic acid
Sphingosine 1-phosphate
Lysobisphosphatidic acid

Lipids  N/A  N/A 31 

E.coli PLGA 
Particles HHC10 Peptide N/A N/A 32 

E.coli Alginate 
Particles

Mannuronic acid in 
alginate  N/A N/A N/A 33 

F. tularensis Ace-DEX 
Particles  Emulsion AR-12 Small 

molecule Intranasal Gentamicin 34 

S. Typhimurium Ace-DEX 
Particles  Emulsion AR-12 Small 

molecule N/A N/A 35 

S. Typhi Ace-DEX 
Particles  Emulsion AR-12 Small 

molecule Intranasal N/A 36 
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