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Abstract  
Ending the tuberculosis (TB) epidemic by 2030 was recently listed in the United Nations (UN) 

Sustainable Development Goals alongside HIV/AIDS and malaria as it continues to be a major cause 

of death worldwide. With a significant proportion of TB cases caused by resistant strains of 
Mycobacterium tuberculosis (Mtb), there is an urgent need to develop new and innovative approaches 

to treatment. Since 1989, researchers have been assessing the anti-bacterial effects of the active 

metabolite of vitamin A, all trans-Retinoic acid (ATRA) solution, in Mtb models. More recently the 

antibacterial effect of ATRA has been shown to regulate the immune response to infection via critical 

gene expression, monocyte activation and the induction of autophagy leading to its application as a 

host-directed therapy (HDT). Inhalation is an attractive route for targeted treatment of TB, and 

therefore we have developed ATRA-loaded microparticles (ATRA-MP) within the inhalable size range 

(2.07 ± 0.5 µm) offering targeted delivery of the encapsulated cargo (70.5 ± 2.3 %) to the site of action 
within the alveolar macrophage, which was confirmed by confocal microscopy. Efficient cellular 

delivery of ATRA was followed by a reduction in Mtb growth (H37Ra) in THP-1 derived macrophages 

evaluated by both the BACT/ALERT® system and enumeration of colony forming units (CFU). The 

antibacterial effect of ATRA-MP treatment was further assessed in BALB/c mice infected with the 

virulent strain of Mtb (H37Rv). ATRA-MP treatments significantly decreased the bacterial burden in 

the lungs alongside a reduction in pulmonary pathology following just three doses administered 

intratracheally. The immunomodulatory effects of targeted ATRA treatment in the lungs indicate a 

distinct yet effective mechanism of action amongst the formulations. This is the first study to-date of a 
controlled release ATRA treatment for TB suitable for inhalation that offers improved targeting of a 

HDT, retains antibacterial efficacy and improves pulmonary pathology compared to ATRA solution. 
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1.0 Introduction  

Ending the TB epidemic by 2030 was recently listed in the UN Sustainable Development Goals - 

alongside HIV/AIDS and malaria - since it continues to be major cause of death worldwide, affecting 

both adults and children (1). With 10.4 million cases of active TB in 2016, an estimated 490 000 of 
which were multi-drug resistant TB (MDR-TB) (2), there is an obvious need to develop new and 

innovative approaches to treatment if we are to achieve the UN targets. The pathogen Mycobacterium 

tuberculosis (Mtb) is transmitted via inhalation of infected droplets and its navigation of the airways 

leads to immune activation and phagocytosis by the alveolar macrophages as well as other 

phagocytes. Mycobacteria have the ability to block phagolysosomal maturation, avoiding destruction, 

and can subsequently remain dormant inside the macrophage, which in turn is protected within a 

granulomatous structure. Conversely, Mtb can continue to multiply in the host cell, resulting in cell 

rupture, bacterial spread and ultimately lead to active TB disease (3). Thus, macrophages and other 
components of the immune system, such as cytokines, are critical in the host response to Mtb 

infection, with any defect caused by conditions such as HIV co-infection (3), diabetes mellitus (4), 

smoking (5) and alcohol increasing the risk of infection (3). Epidemiological studies have also shown 

the ill effect of malnutrition and low body mass index on TB susceptibility (6, 7) which is compounded 

by the fact that the majority (95 %) of TB cases occur in low- to middle-income countries (2).   

One approach that has garnered much attention is to augment the immune system in favor of the host 

in a strategy known as host-direct therapy (HDT) (8-11). In many instances, the HDT’s evaluated in 

the literature are repurposed drugs such as the anti-diabetic drug metformin (12, 13), the cholesterol 
lowering agent simvastatin (14, 15) and anti-inflammatories including ibuprofen (16) and diclofenac 

(17). However, endogenous immune activators including interferon-ɣ (IFN-ɣ) (18-20) and interleukin-2 

(IL-2) (21, 22) have also been assessed for their potential use in TB treatment resulting in improved 

clinical outcomes. Another group of possible HDT candidates are vitamins (11) and a recent study by 

Aibana et al showed that vitamin A deficient adults (≥ 20 years) have a 10-fold increased risk of 

developing TB and 10-19 year olds had an almost 20-fold increased risk (23). With applications in 

dermatology and oncology (24), and its use as an “anti-infective” in the early 20th century (25), vitamin 
A is a multifunctional agent and its active metabolite ATRA has become the focus of a number of TB 

studies in vitro (26-28) and in vivo (29-31). The mechanism of action of ATRA in TB is thought to be 

largely due to its immunomodulatory effects activating monocytes, inducing autophagy and regulating 

gene expression (27, 28, 32). In addition to the host directed affects, studies have also indicated that 

ATRA directly reduces bacterial load in culture (33, 34).  

There is growing interest in the targeted delivery of anti-tubercular cargoes to the site of pulmonary 

TB infection in the lungs via inhalation (35-38), including their encapsulation in biocompatible carriers 

suitable for aerosolisation, so-called therapeutic aerosol bioengineering (TAB) (39). Despite no 
inhaled treatment for TB reaching the market to-date, studies have been published assessing the 

potential benefits of a targeted delivery system including polymeric microparticles (40, 41) and lipid 

based drug delivery systems (42, 43). A phase 1 clinical trial using a dry powder formulation of 

capreomycin demonstrated the safety of this platform in healthy adult volunteers (44). Vitamin A 



treatment is associated with a number of issues including its low aqueous solubility and instability 

during manufacture and storage due to its sensitivity to light, heat and oxygen (24). In addition, the 

number of steps required to convert retinol and retinyl esters to ATRA before reaching the target site 

(45) and toxicities such as photosensitivity could contribute to the lack of efficacy following oral 
vitamin A supplementation in clinical TB studies to date (46, 47). Previous work by our group 

demonstrated that poly (Lactide-co-glycolic acid) (PLGA) microparticles (MP) in the size range 

suitable for inhalation (1 – 5 µm) and alveolar macrophage targeting significantly reduced bacterial 

viability in Mtb-infected THP-1 derived macrophages when both unloaded (48) and loaded with anti-

tubercular cargos (37).  Thus, in an effort to bridge the gap between pre-clinical and clinical studies, 

overcome stability issues and possibly reduce the incidence of resistance resulting from conventional 

antibiotics, we encapsulated the active metabolite (ATRA) within a targeted, inhalable drug delivery 

system. To our knowledge, this is the first time ATRA has been encapsulated within PLGA 
microparticles by spray-drying and used as a treatment within a TB setting in vitro and in vivo. 

The overall aim of this study was to to establish the effect of targeted ATRA treatment on Mtb viability 

and the host immune responses in both in vitro and in vivo models of TB. The specific objectives were 

to develop a controlled release, inhalable treatment using PLGA MPs and assess the effect on: 1) 

bacterial growth, 2) in vitro cell activation, 3) cytokine secretion in vitro and gene transcription in vivo 

and 4) the microscopically visible morphological features of the pulmonary lesions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.0 Material and methods  

2.1 Materials 

Poly(D, L-Lactide -co-glycolide) (PLGA) Resomer RG 503 H 50:50 Mw:24,000 – 38,000 Da, rifampicin 

≥97 % (HPLC), all-trans-Retinoic Acid (ATRA) ≥98 % (HPLC), phosphate buffered saline (PBS), 
Tween®80, D-Mannitol (≥ 98 %), Dimethyl Sulfoxide Hybri-Max, sterile filtered (DMSO), asparagine, 

puromycin, bisBenzimide H 33258 and H33342 and HPLC grade solvents were all purchased from 

Sigma Aldrich Co. LLC, St Louis, MO, USA. Endotoxin free water (BBraun, Ireland). THP-1 cell line 

and Mtb strain H37Ra were obtained from the American Type Culture Collection (ATCC, Virginia, 

USA). Mtb strain H37Rv was obtained from Christophe Guilhot, Institut de Pharmacologie et Biologie 

Structurale, CNRS Toulouse, France. All materials required to prepare Middlebrook 7H9 medium, 

Middlebrook 7H10 agar and 7H11 agar were purchased from Becton Dickinson (BD, USA). RPMI 

1640 Medium and Foetal Bovine Serum (Gibco™).  ActinGreen™ 488 ReadyProbes® Reagent, 
cholera toxin subunit B (Recom) Alexafluor™ 647 conjugate (Invitrogen™) were obtained from Bio-

Sciences Ltd., Dublin, Ireland. Modified Auramine O stain and decolourizer were from Scientific 

Device Laboratory (distributed by Cruinn). Lipopolysaccharide (Alexis). Glycerol, TRIzol, PureLink 

RNA Mini kit, PureLink DNase and cDNA reverse transcription kit (ThermoFisher Scientific). TaqMan 

universal master mix and primers (Applied Biosystems). 

 

 

2.2 The manufacture of MPs by spray-drying 

The manufacture of ATRA-loaded PLGA microparticles (ATRA-MPs) was carried out by spray-drying 

using the Buchi Mini Spray-dyer B-290 with B-295 closed loop system. The closed-loop system 

allowed optimisation and production of inhalable MPs using the lipid soluble, labile vitamin at the 

scale required for both in vitro and in vivo assessment. The feed solution consisted of ATRA: PLGA 

(1:15) in dichloromethane (DCM) at a polymer concentration of 2 % which was sonicated (Branson 

2510 Ultrasonic) for 45 mins immediately prior to use to ensure maximum dissolution. The spray dryer 

was operated using Nitrogen at 670 L/hr (55 mm), an aspirator rate of 100 %, an inlet temperature of 
50˚C and a solution feed rate of 4 ml/min (15 %). The system was flushed with DCM alone before and 

after running the feed solution to prevent polymer accumulation and all glassware was protected from 

light throughout the manufacturing process to reduce the risk of ATRA degradation. A depyrogenation 

protocol was incorporated into the process using endotoxin-free consumables where possible or 

cleaning equipment with 0.1 M NaOH. Endotoxin levels of the ATRA-MPs were tested post-

manufacture using a PierceTM Limulus Amebocyte Lysate (LAL) Chromogenic Endotoxin Quantitation 

Kit protocol (Thermo Fisher Scientific, MA, USA). Unloaded PLGA microparticles (UNL-MPs) were 

utilised as a control formulation in the in vitro studies and manufactured by spray-drying using the 
same parameters listed above for ATRA-MPs. 

 

 



2.3 The physico-chemical characterisation of MPs 

2.3.1 MP size and morphology 

The particle size and morphology of ATRA-MPs and UNL-MPs were assessed using scanning 

electron microscopy (SEM) images. ImageJ software (1.49 v) was employed to verify particle size by 
first determining the area of a sample of MPs thus allowing calculation of their diameter. SEM was 

carried out using Zeiss Ultra secondary electron detector at an electron voltage of 5.0 Kv. Prior to 

analysis each sample was mounted on carbon stubs and coated in gold palladium (10 nm).  

 

2.3.2 ATRA-MP encapsulation efficiency 

The encapsulation efficiency of ATRA-MPs was determined by High Performance Liquid 

Chromatography (HPLC) by firstly dissolving 10 mg of ATRA-MPs in 10 ml of acetone, chosen due to 

the solubility of both ATRA and PLGA. The sample was then vortexed for 10 mins to release the 
ATRA from the PLGA before carrying out a 1 in 10 dilution using acetone. In preparation for HPLC the 

diluted samples were filtered using a 0.45 µm PTFE syringe filter and analysed using the Agilent 

Technologies 1120 Compact L.C with a Kinetex 5u C18 100 Å (250 x 4.6 mm) (Phenomenex, USA) 

column and UV detector. The mobile phase consisted of methanol:acetonitrile:water:acetic acid in a 

ratio of 80:10:10:0.5 which was set to a flow rate of 1 ml/min. The sample injection volume was 10 µl 

and detection was carried out at 356 nm. The concentration of ATRA in each sample was 

subsequently determined using the area under the curve and an ATRA standard curve (10.0-0.03 

µg/ml) allowing determination of the encapsulation efficiency.  

 

2.3.4 ATRA-MP release study 

Owing to their low aqueous solubility, the quantity of ATRA remaining inside the ATRA-MPs was 

calculated at each time point in order to estimate a release pattern. To do so, 10 mg samples of 

ATRA-MPs were suspended in light protected tubes containing 5 ml of PBS plus Tween® 80 (0.025 %) 

at pH 7.4 and pH 5.8 corresponding to each time point. The samples were placed in a shaking water 

bath at 37˚C. Upon reaching the predetermined time points, the samples were removed from the 
water bath, centrifuged and the supernatant was separated from the pellet to allow quantification of 

ATRA remaining encapsulated. Each result was plotted against time to allow estimation of release of 

ATRA from MPs over a 14-day period. 

 

2.3.5 Aerosolisation properties of ATRA-MP 

The aerosol characteristics of the ATRA-MP formulation were evaluated in vitro by calculating the 

percentage of the total dose emitted from a dry powder inhaler using the Dosage Unit Sampling 

Apparatus (DUSA) (Copley Scientific, UK). Following manufacture of ATRA-MPs by spray-drying, the 
formulation was suspended in endotoxin-free water (10 mg/ml) and freeze dried (Labconco Freeze 



dryer) overnight with mannitol (5 % w/w) to aid flow. The ATRA-MP plus mannitol dry powder 

(32.7±3.2 mg) was then loaded into size 3 (Gelatin) capsules and, using the Seebri® Breezehaler® 

(Novartis), assessed with the DUSA operated at an air flow rate of 28.3 L/min for 4.3 sec. Following 

actuation, the capsules, the inhaler, the DUSA and associated glass fibre filter were all rinsed with 

PBS-Tween® 80 0.05 % to collect the ATRA-MPs. The quantity of drug in each fraction was calculated 

by assessment of encapsulated drug in the pellet after centrifugation using the method described 

earlier for determining encapsulation efficiency.  

 

2.4 In vitro assessment of ATRA formulations  

2.4.1 Cell culture 

THP-1 cells were cultured with complete RPMI (RPMI) consisting of RPMI 1640 medium plus 10% 

foetal bovine serum (FBS) until required. Prior to analysis, the THP-1 cells were seeded in 12-, 24-, 

48- or 96-well Nunc® plates at a density of 1 X105 cells/ml in 100 nM PMA for 72 to 96 hrs at 37˚C/5% 

CO2 to allow differentiation into adherent macrophages. Alongside the cell culture plates, cells were 

also seeded and differentiated at the same density in Nunc® Lab-Tek II two-well glass chamber slides 
to allow determination of multiplicity of infection (MOI). 

 

2.4.2 Mycobacterium tuberculosis (Mtb) culture and infection  

The avirulent strain Mtb H37Ra (ATCC) was used throughout the series of in vitro experiments which 

were carried out in a biosafety level II safety cabinet and in darkened conditions when ATRA was in-

use. Mtb (H37Ra) was propagated in Middlebrook 7H9 medium to log phase at 37˚C/5% CO2. When 

required for infection of THP-1 derived macrophages, the Mtb (H37Ra) was firstly centrifuged at 2600 

g for 10 mins, as previously described (48). The supernatant was discarded, and the remaining pellet 
was re-suspended in fresh RPMI using a 25 G needle and 5 ml syringe (BD, USA). The suspension 

was then centrifuged for a further 3 min at 100 g to remove any remaining clumps and 5 µl, 25 µl, 50 

µl and 250 µl of the resultant suspension was added to the Lab-Tek II chamber slides and incubated 

at 37˚C/5 % CO2 for 3 hrs. The MOI was subsequently determined by fixation of the infected THP-1 

derived macrophages within the Lab-Tek II chamber slides using 2 % paraformaldehyde. Once fixed, 

the paraformaldehyde was washed off and stained with Auramine and Hoechst, to visualize acid fast 

bacteria and cell nuclei. The anti-fade (DAKO) was applied before examining the slides under a 100X 
oil-immersion objective on a fluorescent microscope (Olympus IX51) using oil. The volume of Mtb 

suspension required for the desired level of infection was then calculated and added to each well of 

the NUNC® plates containing THP-1 derived macrophages. The THP-1 derived macrophages were 

then incubated at 37˚C/5 % CO2 for 3 hrs to allow the mycobacteria to be phagocytosed. After 3 hrs of 

incubation the wells were washed with fresh RPMI to remove extracellular mycobacteria followed by 

addition of treatment as described below. 

 



2.4.3 The effect of ATRA formulations on bacterial growth in macrophages 

To assess the antibacterial efficacy of the treatments, THP-1 derived macrophages were infected as 

above with H37Ra for 3 hrs. After washing to remove extracellular mycobacteria, cells were 

subsequently incubated with RPMI, ATRA solution (5 µg/ml) and ATRA-MPs (equivalent to 5 µg/ml 
ATRA) for a total of 192 hr in order to allow an appropriate assessment of its host-directed effects 

(49). The number of viable mycobacteria 3 hrs post infection were determined to provide a baseline 

level of infection. The addition of Tween®80 (0.025 %) to RPMI was required to re-suspend the MP 

formulations therefore RPMI-Tween and UNL-MPs, at the concentration equivalent to that used for 

ATRA-MP, were used as controls. At 72 hrs and 192 hrs post-treatment, the medium was removed 

from each well and saved. Meanwhile, 0.1 % Triton-X 100/PBS lysis buffer was added to each well 

and incubated for 5 mins at room temperature to allow cells to lyse. After 5 mins, the cells were 

scraped from the wells and added to the corresponding supernatant. Sterile PBS (0.5 ml) was used to 
wash each well which was also added to the corresponding supernatant. The suspension from each 

well was then mixed with a 25 G needle and 1 ml syringe to re-suspend the mycobacteria. Change in 

bacterial growth (%) was assessed using the BacT/ALERT® system (BioMérieux) as previously 

described (50). Briefly, 0.5 ml of the bacterial suspension from each well was added to the 

BacT/ALERT® process bottles before being placed in the BacT/ALERT® apparatus. For the CFU 

assay, dilutions of each suspension were spread, in triplicate, on Middlebrook agar 7H10 plates. The 

plates were sealed and incubated at 37˚C/5 % CO2. Between two and three weeks post-treatment the 

numbers of CFUs visible on each plate were counted allowing viability of mycobacteria to be 
calculated for each treatment and time point. Rifampicin was not evaluated in the in vitro experiments, 

unlike the in vivo studies, due to its sterilising effects in culture (see supplementary Table S.1) and 

therefore possible masking of the effects of ATRA.  

 

2.4.4 The effect of ATRA formulations on macrophage morphology in vitro 

To visualize cell morphology, PMA treated THP-1 cells were seeded directly onto coverslips in a 24-

well plate and allowed to differentiate for three days before being incubated with RPMI, ATRA solution 
(5 µg/ml), ATRA-Rhodamine co-loaded MPs (equivalent to 5 µg/ml ATRA) and UNL-MPs 

(concentration equivalent to ATRA-Rhodamine-MPs) for 72 hr with and without Mtb infection (H37Ra). 

At the indicated times, the media was removed, and the cells were washed with PBS and fixed with 2 

% paraformaldehyde. After removal of the paraformaldehyde solution, ActinGreen™ 488 

(ReadyProbes®), Hoechst (33342 4 µg/ml) and cholera Toxin Subunit B Alexa Fluor® 647 conjugate 

(1 µg/ml) were applied to stain F-actin, nuclei and cell membranes, respectively. The coverslips were 

subsequently mounted on a glass slide and analysed by confocal microscopy using the Leica SP8 

confocal with 40X oil objective (Leica Microsystems, Wetzlar, Germany). 

 

 

 



2.4.5 Cytokine assessment following treatment with ATRA formulations in vitro 

A Meso Scale Discovery (MSD®) human pro-inflammatory 7-plex assay was performed using the 

supernatants from THP-1 derived macrophages treated with RPMI, ATRA solution (5 µg/ml), ATRA-

MPs (equivalent to 5 µg/ml ATRA), UNL-MPs (concentration equivalent to ATRA-MPs) and RPMI-
Tween® 80 (0.025 %). Evaluation of extracellular cytokine secretion was carried out in the absence or 

presence of Mtb (H37Ra) infection as per the manufacturer’s instructions. Lipopolysaccharide (LPS) 

from E.coli was employed as a positive control. The seven human pro-inflammatory cytokines isolated 

in this assay were IL-1β, IL-12p70, IFN-ɣ, IL-6, IL-8, IL-10 and TNF-α (only significant data shown). 

 

2.5 In vivo assessment of ATRA formulations 

2.5.1 Animals 

All animal procedures were performed under the licence issued by the UK Home Office (PPL/708653) 
and in accordance with the Animal Scientific Procedures Act of 1986. Six to eight-week-old female 

BALB/c mice (Charles River Ltd, UK) were maintained in biosafety containment level 3 facilities 

according to institutional protocols. 

 

2.5.2 Mycobacterium tuberculosis (H37Rv) infection and growth in vivo following treatment 
with ATRA formulations   

The virulent Mtb strain, H37Rv (Christophe Guilhot, Institut de Pharmacologie et Biologie Structurale, 

CNRS Toulouse, France) was cultured in Middlebrook 7H9 liquid media supplemented with 0.2% 
glycerol, 0.05% Tween®80 and 10% oleic acid-albumin-dextrose-catalase (OADC). Mice were 

infected with 1.84 X 103 CFU of H37Rv per mouse via the intranasal route (n=5 mice per group). Two 

days after infection, 3 mice were humanely culled to determine the number bacteria implanted in the 

lungs. Following 14 days of infection, mice were treated with ATRA solution (2.5 mg/kg), ATRA-MPs 

(equivalent to 2.5 mg/kg) and ATRA + rifampicin in solution (2.5 mg/kg + 12mg/kg) as well as the 

vehicle control (NaCl + Tween®80 0.05 %) via the intra-tracheal route in a final volume of 50 µl, 

respectively. Each treatment was repeated three times with 48 hrs between each dose. Three days 
after the final dose (day 21), mice were humanely culled, and lungs aseptically removed. The right 

lung of each mouse was homogenised in PBS containing 0.05 % Tween-80. The organ homogenates 

were serially diluted and plated on Middlebrook 7H11 agar plates supplemented with 0.5 % glycerol 

and 10 % OADC. The number of CFU was enumerated three weeks later. The dose for ATRA 

treatments was selected following a dose response study (data not shown), keeping in mind the level 

of toxicity previously reported for this compound (29, 51-57). Rifampicin was added to one treatment 

group to assess the adjunctive effect of ATRA.  

 

 



2.5.3 Histological examination of lung following treatment with ATRA formulations  

The left lung lobe of each mouse was fixed in 10 % neutral buffered formalin (Sigma-Aldrich, United 

Kingdom) for histopathological analysis. Approximately 5 µm thick histosections were cut from the 

paraffin embedded tissues and then stained with the haematoxylin and eosin (H&E) and Ziehl-
Neelsen (ZN) stain in each case. The histosections were examined and graded following light 

microscopy. Lesion grading took into account lesion distribution, size, the constituent cell morphology, 

evidence of cell necrosis and density/numbers of contained acid-fast organisms. Control and 

treatment groups were given a semi-quantitative lesion ‘score’ on a three-point scale (+, mild; ++, 

moderate, and +++, severe) based on the above histopathological criteria.  Between three and five 

mice were examined per group and photomicrographs of representative lesions taken in each case.  

 

2.5.4 Transcription of pro-inflammatory cytokine genes following treatment with ATRA 
formulations in vivo 

Lung lysates (1 ml) were re-suspended in TRIzol (ThermoFisher Scientific) and total RNA was 

extracted using the PureLink RNA Mini kit (ThermoFisher Scientific) according to the manufacturer’s 

protocol. Residual DNA from the sample was removed using PureLink DNase (ThermoFisher 

Scientific). cDNA was generated from 1 µg of RNA using the high-capacity cDNA reverse transcription 

kit (ThermoFisher Scientific) according to the manufacturer’s instructions. Reaction without reverse 

transcriptase served as the negative control. For real-time PCR, each 20 µl reaction mix contained 10 

µl of TaqMan universal master mix (Applied Biosystems), 1 µl of TaqMan primer and probe, 1µl of 
cDNA and 8 µl of water. Real-time PCR was performed using a SteponePlus PCR machine (Applied 

Biosystems). Commercially available primers (Applied Biosystems) were used for real-time PCR. 

Each sample was assayed in duplicates from 5 mice per group. Each gene was normalised to the 

housekeeping gene, GAPDH and expressed as ΔCT.  

 

2.6 Statistics 

Statistical analysis of results was carried out using GraphPad Prism software, version 7.03. Results 
were expressed as mean ± standard deviation in tables and figures. A two-way ANOVA was carried 

out on all toxicity, in vitro efficacy and cytokine data followed by a Bonferroni post hoc test. A one-way 

ANOVA was carried out on all in vivo efficacy and transcription data followed by a Tukey multiple 

comparison test. The p value was considered significant when < 0.05. 

 

 

 

 

 



3.0 Results 

3.1 MP physico-chemical characterisation  

3.1.1 MP size, morphology and encapsulation efficiency 

The size and morphology of ATRA-MPs and UNL-MPs were determined using SEM and ImageJ 
software resulting in a geometric particle size of 2.07 ± 0.5 µm and 1.91 ± 0.4 µm, respectively, 

alongside spherical morphology in both groups (Fig. 1 (A-D)). These results are within the 

requirements for alveolar macrophage uptake as previously determined (58).  An encapsulation 

efficiency of 70.5 ± 2.3 % (47.2 ± 1.5 µg/mg ATRA/MP) was achieved for ATRA-MPs allowing 

targeting of the cargo to the site of action. 

 

3.1.2 ATRA-MP release study 

To estimate release of the lipophilic molecule ATRA in PBS, the quantity of the ATRA remaining 
encapsulated within ATRA-MPs at each time point was measured. Steadily decreasing quantities of 

encapsulated ATRA were found over a 14-day period indicating controlled release of the lipophilic 

cargo (Fig. 1 (E)) as it diffuses through the polymer matrix. Similar release patterns were exhibited at 

both pH 7.4 and pH 5.8 signifying suitable release both at physiological pH and within the target site, 

the alveolar macrophage, where the pH varies from 6.2 in the early phagosome to 4.5 in the lysosome 

(59). 

 

 

 

 

Figure 1: Physico-chemical characterisation of microparticles manufactured by spray drying. 
Unloaded-MPs (UNL-MPs) and ATRA-loaded MPs (ATRA-MP) display the size and morphology suitable for 
alveolar deposition.  The representative Scanning Electron Microscope (SEM) images were taken using the 
Zeiss Ultra secondary electron detector at an electron voltage of 5.0Kv and a magnification of (A) 2.53kx and 
(B) 5.58kx for UNL-MPs and (C) 2.53kx and (D) 5.35kx for ATRA-MPs. (E) The content of ATRA (%) 
remaining within ATRA-MP suspended in phosphate buffered saline (PBS) + Tween® 80 0.025% at pH 7.4 
and 5.8 was measured by high performance liquid chromatography (HPLC). Samples were taken over a 14-
day period to allow estimation of release from the drug delivery system, (n=3 ± SD). 



3.1.3 Aerosolisation properties of ATRA-MPs 

The emitted dose of the ATRA-MP formulated with mannitol from a dry powder inhaler Seebri® 

Breezehaler® (Novartis) was found to be 53.7 ± 21.5 %. Approximately half of the dose was therefore 

available for delivery to the lower airways allowing targeted delivery of the cargo, although there was 
considerable variability amongst samples. Dry powder formulations, such as this, require efficient de-

agglomeration on exit from the inhalation device to ensure sufficient flow and movement through the 

respiratory system. Any influence on the stability of the formulation including moisture or humidity can 

affect the flow and therefore should be monitored throughout manufacture and storage to improve the 

reproducibility. 

 

3.2 In vitro assessment of ATRA treatment 

3.2.1 The effect of ATRA treatment on bacterial growth in macrophages 

Differentiated THP-1 macrophages were infected with Mtb H37Ra at an MOI of 1-10 bacilli per cell for 

3 hrs after which the extracellular mycobacteria were washed off, ATRA treatments were added and 

the cells were incubated for 72 hrs to 192 hrs. The effect of ATRA treatment on Mtb growth was 

assessed using the BacT/ALERT® liquid culture system measuring time to positivity (TTP) (Fig.2 (A)) 

and also by enumeration of CFU (CFU/105 cells) (Fig.2 (B)) on Middlebrook agar. At 72 hr post-

treatment ATRA solution reduced bacterial growth in comparison to untreated controls. At 192 hrs 

both ATRA solution and ATRA-MP significantly reduced bacterial growth (Fig. 2 (A)), a result which 

was later verified by CFU enumeration (Fig. 2 (B)). ATRA in solution was significantly better (**p < 
0.01) at reducing bacterial growth at 192 hrs using the BacT/ALERT® system (Fig. 2 (A)), although no 

significant difference was found between these treatments in the CFU assay at this timepoint (Fig. 2 

(B)). The cytotoxicity of ATRA formulations was also determined by Propidium Iodide (PI) exclusion 

assay in uninfected and Mtb infected (H37Ra) THP-1 cells in vitro 24 hrs, 72 hrs and 192 hrs post-

treatment (See supplementary Figure S1). The proportion of PI positive cells following treatment with 

ATRA solution and ATRA-MPs remained < 25 % under all test conditions and for the control 

treatments, the MP vehicle (RPMI + Tween® 80 0.025 %) did not significantly induce cell death at any 
time point. 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 2: ATRA treatment arrests growth of Mtb (H37Ra) in vitro. Baseline infection levels were 
measured at 3 hrs post-infection of THP-1 derived macrophages with H37Ra which was followed by the 
addition of treatment. Treatment groups included RPMI, ATRA solution (5 µg/ml), unloaded-MPs (UNL-
MP), ATRA-loaded MPs (ATRA-MP) (equivalent to 5 µg/ml ATRA) and RPMI-Tween® 80 0.025%. 
Efficacy of treatment was assessed at 72 hrs and 192 hrs post-treatment by monitoring (A) the change 
in bacterial growth (%) using the BacT/Alert® 3D system (BioMérieux), MOI:1-6/cell (n=3) and (B) 
bacterial viability via enumeration of colony forming units (CFU/ml) on Middlebrook 7H10 agar, MOI: 1-
10/cell (n=3) with *p < 0.05, **p < 0.01 and ***p < 0.001. 



3.2.2 The effect of ATRA treatment on macrophage morphology in vitro 

Treatment of THP-1 derived macrophages with ATRA solution and ATRA-MPs resulted in 

morphological changes in both the absence (Fig. 3 (A)) and presence (Fig. 3 (B)) of Mtb infection 

(H37Ra). Treatment with ATRA formulations led to the development of pseudopodia not seen in the 
RPMI and UNL-MP (equivalent to ATRA-rhodamine-MP concentration) treated groups. The ATRA 

treated cells became elongated and began to fuse with neighboring cells. This result was confirmed 

by cell membrane (cholera Toxin B; red) and F-actin (ActinGreen™; green) staining whereby there 

was no apparent membrane in the cell structure between fused cells. The formation of multi-nucleated 

cells was also visible using Hoechst (blue) in the ATRA treated, Mtb infected cells (Fig. 3 (B)) with 

three to four nuclei present in cells. In the case of ATRA-MPs, efficiency in MP uptake (rhodamine; 

yellow) and, therefore, exposure of cells to the encapsulated ATRA was also established at 72 hrs 

post-treatment with the presence of many MPs (<10 µm) visible in the cytoplasm of uninfected and 
infected cells.  

 

 

 

 

 

 

 



 

 

 

 

Figure 3: Cell morphology following ATRA treatment for 72 hrs. THP-1 derived macrophages 
were treated with RPMI, ATRA solution (5 µg/ml), unloaded-MPs (UNL-MP) and ATRA-rhodamine-
MPs (ATRA-MP) (equivalent to 5 µg/ml ATRA) in the absence (A) and presence of Mtb infection (B) 
and viewed 72 hr later using confocal microscopy. Hoechst (blue), ActinGreen™ (green) and cholera 
Toxin B (red) were added to allow visualisation of the nucleus, cell actin and cell membrane 
respectively. ATRA-MPs included rhodamine (yellow) to highlight cell uptake.  



3.2.3 Cytokine assessment following ATRA treatment in vitro 

A panel of pro-inflammatory cytokines including IL-1β, IL-12p70, IFN-ɣ, IL-6, IL-8, IL-10 and TNF-α 

were measured in the supernatants of THP-1 derived macrophages 24 hrs, 72 hrs and 192 hrs post-

treatment with ATRA formulations. At 24 hrs post-treatment, UNL-MPs significantly increased TNF-α 
in uninfected cells (Fig. 4 (S)) compared to the untreated control (RPMI). There were no significant 

differences between treatments in infected or uninfected cells at 72 hrs. Infection with H37Ra 

increased the secretion of cytokines above that of uninfected control cells at all time points examined. 

Treatment with UNL-MPs significantly increased IL-1β secretion in Mtb-infected cells (Fig. 4 (A) above 

the level secreted by infected cells alone. Treatment with ATRA-MP also increased IL-1β secretion in 

Mtb-infected cells although this did not reach statistical significance. Secretion of IL-10 was 

significantly decreased 196 hrs after infection by treatment with ATRA solution, unloaded MPs and 

ATRA-MPs (Fig. 4 (R); ***p <0.001). In addition, at 192 hrs post-treatment ATRA-MPs significantly 
decreased pro-inflammatory IL-6 secretion (Fig. 4 (L)). 



 



 

 

 

 

 

 

 

 

 

 

Figure 4: ATRA treatment modulates extracellular cytokine activity in the presence and absence 
of Mtb infection (H37Ra). The quantity (pg/ml) of cytokine in the supernatant of THP-1 macrophages 
was measured 24hrs, 72hrs and 192hrs post-treatment with RPMI, ATRA solution (5 µg/ml), unloaded-
MPs (UNL-MP), ATRA-loaded MPs (equivalent to 5 µg/ml ATRA) and RPMI-Tween® 80 (0.025 %). (A-
C) IL-1β, (D-F) IL-12p70, (G-I) IFN-ɣ (J-L), IL-6, (M-O) IL-8, (P-R) IL-10 and (S-U) TNF-α. Cytokine 
studies were carried out in the presence and absence of Mtb infection (H37Ra) using a MSD® human 
pro-inflammatory 7-plex assay and lipopolysaccharide (LPS) as a positive control (n=3), *p < 0.05, **p < 
0.01 and ***p < 0.001 



3.3 In vivo assessment of ATRA treatment  

3.3.1 The effect of ATRA treatment on bacterial growth in vivo 

In an acute model of Mtb infection BALB/c mice were infected intranasally with H37Rv. Three doses 

of ATRA in solution, ATRA MPs or ATRA plus rifampicin in solution were administered intratracheally 
at 48 hr intervals starting on day 14. By day 21 post infection ATRA solution and ATRA-MPs 

significantly reduced the bacterial load in in the lungs of Mtb infected (H37Rv) BALB/c mice 

(CFU/lung) to an average of 8.7 x 105 CFU/lung and 1.08 x 106 CFU/lung, respectively in comparison 

to the vehicle control of 7.5 x 107 CFU/lung (Fig. 5). The addition of rifampicin solution to ATRA 

solution also resulted in a significant reduction in CFU/lung, comparable to ATRA alone signifying no 

interaction or weakening of the effect of ATRA in the presence of the antibiotic. There was no 

significant difference between the treatment groups (Fig. 5). UNL-MPs administered in the same in 

vivo model (BALB/c mice + H37Rv) at a higher concentration (equivalent to 20 mg/kg of ATD cargo) 
had no effect on bacterial load (see supplementary Figure S.2) 

 

 

 

 

 

 

 

Figure 5: ATRA treatment reduces Mtb (H37Rv) growth in vivo. BALB/c mice infected with Mtb 
(H37Rv) were treated 14 days post-infection with vehicle only (NaCl 0.9% + 0.05% Tween®80), ATRA 
solution (2.5 mg/kg), ATRA-loaded MPs (ATRA-MP) (equivalent to 2.5mg/kg ATRA) and ATRA plus 
rifampicin solution (2.5 mg/kg + 12 mg/kg). Three doses of each treatment were administered 48 hrs 
apart. Bacterial viability was measured by harvesting Mtb from the lung of the animals and plating on 
Middlebrook 7H11 agar 21 days post-infection, colonies were counted a further 21 days later (n=5). 



3.3.2 Histological examination of lung lobes following ATRA treatment  

Lungs of infected BALB/C mice treated with ATRA-MP and ATRA solution plus rifampicin showed 

reduced lesion size and overall pulmonary pathology in comparison to the vehicle control and ATRA 

solution alone (Fig. 6). The extent of perivascular lymphocytic accumulations did not differ amongst 
treatment and control groups and the ZN stain indicated no apparent difference in the density of acid-

fast bacteria.  

 

 

 

 

 

 

 

Figure 6: Treatment with encapsulated (ATRA-MP) and adjunctive ATRA solution plus 
rifampicin result in reduced pulmonary pathology in mice following Mtb (H37Rv) infection. 
Representative photomicrographs of the left lung from BALB/C mice 21 days post-infection with Mtb 
(H37Rv) following treatment with vehicle (NaCl+Tween®80 0.05%) (column A), ATRA solution 
(2.5mg/kg) (column B), ATRA-loaded MPs (equivalent to 2.5mg/kg ATRA) (column C) and ATRA plus 
rifampicin solution (2.5mg/kg + 12mg/kg) (column D). Lung histosections were stained using the 
haematoxylin and eosin (x2, x10, x20) and Ziehl–Neelsen (x40ZN) techniques and graded using a 
semi-quantitative scoring system right (+++, severe, ++, moderate and +, mild). Pulmonary 
inflammation in the ATRA-MP and ATRA+RIF sol treatment groups (columns C and D) was less 
extensive than the ‘vehicle’ (column A) and ‘ATRA sol’ (column B) treatment groups. The density of 
acid-fast bacteria visualised was similar in all four treatment groups (bottom micrograph of each 
column.  



3.3.3 Transcription of pro-inflammatory cytokine genes following treatment with ATRA 
formulations in vivo 

Analysis of the effect of ATRA treatment on the transcription of pro-inflammatory cytokine genes in 

lung homogenates was carried out in parallel with the in vivo efficacy testing. Genetic probes were 
selected to match the pro-inflammatory cytokine panel analysed in vitro with the addition of IL-17, 

inducible nitric oxide synthase (iNOS) and the ATRA response genes CYP27A1 and NPC2 - which 

regulates lysosomal lipid storage. ATRA treatments resulted in a variable transcription profile from 

most of the cytokines with the exception of TNF-α whose transcription was significantly increased, 

compared to vehicle control, by ATRA in solution alone and in combination with rifampicin (Fig. 7 (A)). 

In addition, iNOS transcription was significantly decreased in ATRA-MP-treated lungs, while ATRA 

solution alone, or in combination with rifampicin, had no effect compared to the vehicle control (Fig. 7 

(B)).  CYP27A, NPC2 and all other genes assessed were not significantly altered by encapsulated or 
nonencapsulated ATRA (see supplementary Figure S.3). 

 

 

 

 

 

 

 

 

Figure 7: ATRA solution promotes TNF-α transcription in the murine lung while ATRA-MPs reduce 
the transcription of iNOS. In vivo mRNA expression analysis following treatment of Mtb (H37Rv) infected 
BALB/C mice with vehicle (NaCl+Tween®80 0.05%), ATRA solution (2.5 mg/kg), ATRA-loaded MPs 
(equivalent to 2.5 mg/kg ATRA) and ATRA plus rifampicin solution (2.5 mg/kg + 12 mg/ml). Real time PCR 
analysis was carried out on lung homogenates 21 days post-infection and expressed relative to GAPDH 
(Δ CT). (A) TNF-α, (B) iNOS (n=5). 



4.0 Discussion  

A targeted drug delivery platform with the potential to reduce the dosage and/or toxicity burden 

typically associated with TB treatment and to overcome the emerging issues associated with 

resistance is currently of enormous scientific and clinical interest. Many studies have focused on the 
use of PLGA MPs as a biocompatible carrier for antibiotics (35-37, 60, 61) while others have revealed 

the possible benefit of pulmonary administration of rifampicin for TB, in the form of porous particles, 

over the oral and intravenous routes (62). With this in mind, we sought to combine the well-defined 

PLGA microparticulate carrier system with the potential benefits of a HDT to develop a targeted 

treatment that simultaneously beneficially modulates the immune system via encapsulated cargo.  

With an overall objective of establishing the effect of targeted ATRA treatment on Mtb viability and the 

host immune response, we found that an inhalable ATRA-MP formulation targeted ATRA to the 

macrophages and significantly reduced the bacterial load in pre-clinical models of TB. ATRA-MPs 
also induced both pro- and anti-inflammatory host responses leading to less severe pulmonary 

pathology in Mtb (H37Rv) infected mice following treatment. Taken together, the findings support 

combining MPs and ATRA to create a bioactive formulation. 

Suitable aerosol properties, such as particle size and flow, are essential for the successful 

development of a formulation for inhalation. The ATRA-MP formulations demonstrated suitability for 

alveolar targeting based on previous studies whereby a diameter of 0.8 – 2.7 µm was determined as 

optimal (35, 37, 58, 63). Despite lower encapsulation of ATRA within spray-dried MPs when 

compared to that of traditional antibiotics (40, 63), the encapsulation efficiency of ATRA-MPs (70.5 ± 

2.3 %) is in line with previously published data for ATRA-MPs manufactured by solvent evaporation 

(64-66). PLGA is widely used in research due to its biocompatibility and ability to encapsulate 
conventional drugs and proteins, as well as its mechanical strength allowing protection and controlled 

release of the cargo (67, 68). Following encapsulation of ATRA in PLGA MPs, the release profile was 

similar at both physiological and acidic pH indicating that ATRA would be released in the acidic 

environment of the phagosome and lysosome. Although the emitted dose of ATRA-MPs from a dry 

powder inhaler (DPI) was variable, the result of 53.7 ± 21.5 % compares favourably with a number of 

licenced DPIs where the total emitted dose was only 20 to 30% (69, 70). The addition of a lubricant 

such as magnesium stearate (71) or a desiccant (72) could provide more efficient de-agglomeration, 

enhanced flow and therefore more reproducible dosing. 

Our in vitro testing indicated that ATRA solution (5 µg/ml ATRA) and ATRA MPs (containing the 

equivalent of 5 µg/ml ATRA) significantly reduced the growth of Mtb H37Ra in THP-1 macrophage 
cultures compared to untreated cells. The avirulent strain of Mtb was utilized in vitro as the group 

have previously demonstrated comparable anti-tubercular efficacy of PLGA MPs in THP-1 derived 

macrophages infected with both the avirulent (H37Ra) and virulent (H37Rv) strains (48)  Whilst there 

are variations in the host response to each strain due to genetic differences,  the results of the in vitro 

testing are are in keeping with those in the literature testing ATRA using a variety of strains such as 

Crowle at al. who found that ATRA solution (3 µg/ml) reduced the growth of Mtb Erdman in monocyte-

derived macrophages (26). Wheelwright et al. also demonstrated an antimicrobial effect of ATRA in 



both monocytes and monocyte-derived macrophages (MDMs) infected with Mtb H37Ra and Mtb 

H37Rv respectively, albeit at a lower concentration of ATRA (3 ng/ml) (28). In addition, a direct 

pathogen-targeted effect of ATRA was demonstrated by Greenstein et al. on the growth of Mtb 

complex strains in broth cultures, with a dose of 16 µg/ml proving most effective, reducing bacterial 
growth by 98% (33, 34).  

Several studies have investigated the antimicrobial mechanism of action of ATRA in Mtb-infected 

macrophages in vitro. Wheelwright et al. found that ATRA reduced intracellular cholesterol levels, 
required as an energy source for Mtb (73), via the Niemann-Pick Disease Type 2C (NPC2) gene thus 

simultaneously depriving Mtb of an essential nutrient while boosting the ability of the macrophage to 

inhibit its growth via lysosomal acidification (28). In addition, we recently found that ATRA increases 

autophagy in Mtb-infected THP-1 cells in a Beclin1-dependent manner to inhibit Mtb growth (74). 

Estrella et al. combined ATRA with vitamin D3 treatment in THP-1 cells and found that reduced 

growth of H37Rv was associated with increased reactive oxygen species (ROS) production and 

autophagy and was associated with the formation of multi-nucleated giant cells (MNGCs). In the 
present study we found that ATRA alone, either in solution or encapsulated form, also stimulated 

MNGC formation with or without Mtb infection. MNGCs contribute to TB granuloma formation in vivo 

and, although their exact role in the process is unclear (75, 76), there is no doubting the importance of 

the granuloma in containing infection (77, 78). In a 2-dimensional (2-D) in vitro model it is difficult to 

fully define the impact of ATRA on granuloma formation. Whether this morphological change 

contributes to the host protective properties requires further investigation. In addition, secretion of the 

anti-inflammatory cytokine IL-10 was reduced in vitro following treatment of infected cells with ATRA 

solution, ATRA-MP and UNL-MP. Inhibition of IL-10 secretion allows phagolysosomal maturation to 
proceed as previously reported (79) and may contribute to the anti-microbial effect of ATRA . It seems 

likely, therefore, that ATRA could be exerting its antibacterial effects on Mtb in a variety of ways, 

utilising both host and pathogen-directed mechanisms. 

Crucially, the anti-bacterial effects of both ATRA-MPs and ATRA solution were replicated in vivo; 

treatment significantly decreased the bacterial burden (CFU) of virulent Mtb (H37Rv) in the lungs of 

BALB/c mice following just three doses administered intratracheally. The effect was unaltered with the 

addition of the first-line antibiotic rifampicin, a promising result for ATRA as both a standalone and 

adjunctive treatment. While no significant difference was detected between treatment with ATRA in 

solution and ATRA-MPs 21 days post-infection, the anti-microbial benefits of encapsulated ATRA may 

accrue over a longer time span. Yamada et al. published one of the first known in vivo studies 
involving ATRA in Mtb infection using a rat model infected with the virulent H37Rv strain. The study 

demonstrated a significant decrease in bacterial burden in both the lung and spleen following 

repeated doses (alternate days) of orally administered ATRA (100 µg/100 g body weight) over a 

three- and five-week period (29). Knaul et al. also used ATRA, administered subcutaneously in the 

form of sustained release pellets, to deplete lung CD11b+Gr1+ myeloid derived suppressor cells 

(MDSCs) and saw increased numbers of T cells and local proliferation of lymphocytes as well as 

decreased bacterial burden and reduced pathology in susceptible 129S2 mice infected with H37Rv    



(31). More recently, Mourik et al. assessed the benefits of adjunctive immunotherapy, including 

ATRA, in TB treatment using a BALB/c mouse model. ATRA pellets were administered 

subcutaneously (2 mg/kg) in combination with 1, 25(OH) 2-vitamin D3 and ɑ-galactosylceramide as 

immunotherapy plus isoniazid, rifampicin and pyrazinamide, compared to treatment with the 
antibiotics alone (30). At 5-weeks post-treatment the immunotherapy and antibiotic combination 

resulted in a trend towards a reduction in bacterial load in the lungs and by week 30 the relapse rate 

was 12.5 % compared to 75 % for conventional treatment alone (30). Each of these studies add to the 

growing body of evidence of the benefit of ATRA in TB treatment, however, to our knowledge this is 

the first work that explores the administration of ATRA via the airways in a TB infection model.   

A fine balance of pro-inflammatory and anti-inflammatory responses are required concurrently within 

the host to control infection whilst avoiding excessive pathology. Histopathological examination of the 

lungs of BALB/C mice following treatment demonstrated that ATRA-MPs and ATRA plus rifampicin in 

solution administered intratracheally reduced the extent of pulmonary lesions. Yamada et al. reported 

less pathology following ATRA treatment in a rat model associated with an increased influx of T cells 
(CD4, CD8, α/β T, ɣ/δ T, CD25), Natural Killer cells and CD163 macrophages three weeks post-

infection (29). One possible explanation for the amelioration of inflammation is the expansion of 

regulatory T cells (Tregs) by ATRA in the lungs (80). However, this does not explain the difference 

between ATRA solution alone and ATRA-MPs. Of potential significance here was the finding that both 

iNOS and TNF-α transcription were lower in the lung homogenates of ATRA-MP treated mice relative 

to mice treated with ATRA solution and a reduction in iNOS has been linked to improved pulmonary 

pathology in a model of acute lung injury (81). Our in vitro experiments and previously published data 

(48) indicate that, in addition to the effects of their encapsulated cargo, the PLGA  MPs themselves 
influence immune cell function. Here, in vitro, IL-1β secretion was increased by UNL-MPs in infected 

macrophages, possibly reflecting a synergistic increase in TLR-mediated inflammasome activity, 

reported previously for PLGA MP and LPS signalling in DCs (82). While mature IL-1β is pro-

inflammatory it also reduces bacterial burden in macrophage cultures which could improve 

immunopathology. Differences in post-translational modification of IL-1β would not have been 

reflected in IL-1β mRNA expression in the lungs. 

Conclusions: 

This study builds on existing data regarding the effect of ATRA as a TB treatment by bringing an 

advanced formulation of ATRA, in the form of an inhalable MP, from manufacture through to pre-

clinical testing. The treatment here is administered via the pulmonary route in vivo offering an 

alternative to the traditional oral supplementation that has so far been ineffective in clinical studies. 

The results also show the benefit of ATRA as a practical treatment post-infection, and highlight the 

importance of appropriate nutrition in host-protective immune responses to TB disease. This is the 

first study to-date of a controlled release ATRA treatment for TB, suitable for inhalation that offers 
improved targeting of a HDT, retains antibacterial efficacy and reduces pulmonary pathology 

compared to ATRA solution. 
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Figure S.1: The effect of ATRA treatment on macrophage viability in vitro. The proportion of dead 
cells (%) as determined by propidium iodide (dead cells) and Hoecsht (total cell counts) in the absence 
and presence of Mtb infection (H37Ra) at (A) 24 hrs, (B) 72 hrs and (C) 192 hrs post-treatment of THP-
1 derived macrophages. Treatment included RPMI, ATRA solution (5 µg/ml), unloaded-MPs (UNL-MP) 
(=ATRA-MPs), ATRA-loaded MPs (ATRA-MP) (=5 µg/ml ATRA) and RPMI-Tween®80 (0.025 %). 
Staurosporine (0.4µg/ml) was utilized as a positive control in uninfected cells. The proportion of PI 
positive cells were calculated using the Cytell Cell Imaging System (GE Healthcare (n=3) with *p < 0.05, 
**p < 0.01 and ***p < 0.001. 



 Figure S.2: Unloaded-MP (UNL-MP) efficacy studies. BALB/c mice infected with Mtb (H37Rv) were 
treated 14 days post-infection with vehicle only (NaCl 0.9 % + 0.05 % Tween®80) and UNL-MPs (218 
mg/kg = 20 mg/kg of antitubercular cargo). Three doses of each treatment were administered 48 hrs 
apart. Bacterial viability was measured by harvesting Mtb from the lungs of the animals 21 days post-
infection and plating on Middlebrook 7H11 agar, colonies were counted a further 21 days later, (n=5). 



 

 

 

Figure S.3 In vivo mRNA transcription (non-significant) analysis following treatment of Mtb 
(H37Rv) infected BALB/C mice with vehicle (NaCl+Tween®80 0.05 %), ATRA solution (2.5 mg/kg), 
ATRA plus rifampicin solution (2.5 mg/kg + 12 mg/ml) and ATRA-loaded MPs (ATRA-MP) (=2.5 
mg/kg ATRA). Real time PCR analysis was carried out on lung homogenates 21 days post-
infection and expressed relative to GAPDH (Δ CT). (A) iNOS, (B) TNF-α (n=5). 



 

 

 
                            Time to Positivity (Days) 

Treatment I II III 

3hrs 

RPMI 11.33 11.16 8.82 

24hrs 

RPMI 10.66 17.99 10.32 

RIF Solution Not detected Not detected 36.34 

RIF-MP Not detected Not detected 24.66 

72hrs 

RPMI 10.33 9.33 7.16 

RIF Solution Not detected Not detected Not detected 

RIF-MP Not detected Not detected 32.5 

 

 

 

 

 

 

 

 

 

 

Table S.1: The bactericidal effects of rifampicin formulations against Mtb infection in vitro. Baseline 
infection levels were measured at 3 hrs post-infection of THP-1 derived macrophages with H37Ra 
which was followed by the addition of treatment, Bacterial growth (%) was determined 24 hrs and 72 
hrs post infection via Time to Positivity (TTP) results that were measured using the BacT/Alert® 3D 
system. Treatment groups included RPMI, rifampicin solution (0.625 µg/ml) and rifampicin-MPs (RIF-
MP) (=0.625 µg/ml rifampicin). (I) MOI:1-4/cell, (II) MOI: 1-5/cell and (III) MOI: 1-7/cell (n=3). 
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