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Abstract
Background It is unclear whether Vitamin D is efficacious as a host-directed therapy (HDT) for patients of tuberculosis (TB). 
We investigated pulmonary delivery of the active metabolite of Vitamin  D3, i.e., 1, 25-dihydroxy vitamin  D3 (calcitriol) in 
a mouse model of infection with Mycobacterium tuberculosis (Mtb).
Methods We optimized a spray drying process to prepare a dry powder inhalation (DPI) of calcitriol using a Quality by 
Design (QbD) approach. We then compared outcomes when Mtb-infected mice were treated with inhaled calcitriol at 5 ng/
kg as a stand-alone intervention versus DPI as adjunct to standard oral anti-tuberculosis therapy (ATT).
Results The DPI with or without concomitant ATT markedly improved the morphology of the lungs and mitigated histopa-
thology in both the lungs and the spleens. The number of nodular lesions on the lung surface decreased from 43.7 ± 3.1 to 
22.5 ± 3.9 with the DPI alone and to 9.8 ± 2.5 with DPI + ATT. However, no statistically significant induction of host anti-
microbial peptide cathelicidin or reduction in bacterial burden was seen with the DPI alone. DPI + ATT did not significantly 
reduce the bacterial burden in the lungs compared to ATT alone.
Conclusions We concluded that HDT using the low dose calcitriol DPI contributed markedly to mitigation of pathology, but 
higher dose may be required to evoke significant induction of bactericidal host response and bactericidal activity in the lung.

Keywords dry powder inhalation · host-directed therapy · quality by design · tuberculosis · vitamin  D3

Introduction

Tuberculosis (TB) is a pandemic, second only to COVID-
19 in disease severity, morbidity and mortality. Multi drug 
resistant (MDR) variants of Mycobacterium tuberculosis 
(Mtb), scanty efforts aimed at drug and vaccine develop-
ment, and persistent TB death rates highlight the necessity of 
developing new therapeutic options. In TB, as in COVID-19, 

failure to pharmacologically restrict immuno-pathological 
inflammatory tissue damage is associated with a higher 
risk of mortality [1–3]. Considering that immuno-regula-
tory agents have been shown in multiple trials to aid in the 
modulation of host inflammatory responses, these require 
to be investigated as host-directed therapies (HDT) [4, 5]. 
The host immune system detects infectious organisms and 
mounts a first-line defense response for protection against 
the infection. Inter-individual differences in the timing and 
extent of the defense response have a crucial bearing on 
the outcome of infection. An “exhuberant and mistimed” 
innate immune response may often result in severe immu-
nopathology. A sub-optimal response that fails to contain 
or eliminate the infection lays ground for pathogenesis. We, 
among notable others, have investigated pulmonary delivery 
of pharmacological agents as HDT of pulmonary TB [6–8].

Vitamin D has been shown in preceding research to pos-
sess antibacterial actions: it not only inhibits the growth of 
intracellular Mtb within its ecological niche, the phagosome 

 * Amit Misra 
 amit_misra@cdri.res.in

1 CSIR-Central Drug Research Institute, Lucknow 226031, 
India

2 Academy of Scientific and Innovative Research (AcSIR), 
Ghaziabad 201002, U.P, India

3 CSIR-Indian Institute of Toxicology Research, 
Lucknow 226001, India

4 National JALMA Institute for Leprosy and Other 
Mycobacterial Diseases, Agra 282004, India

http://orcid.org/0000-0001-5503-0694
http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-022-03360-5&domain=pdf


 Pharmaceutical Research

1 3

of macrophages and dendritic cells; but also participates 
in immunoregulation that is relevant to genesis and reso-
lution of TB [9, 10]. An in vitro investigation revealed 
that 1,25-dihydroxy vitamin D3 (calcitriol), the ‘active 
metabolite’ of vitamin D3, has antibacterial properties and 
suppresses pro-inflammatory cytokine production [11]. 
Calcitriol also plays a role in host defense against Mtb 
infection by inducing antimicrobial peptides (AMPs) and/
or autophagy of colonized macrophages [9]. Crowle et al. 
first demonstrated that calcitriol can inhibit the proliferation 
of pathogenic Mtb in human macrophages [12].

Administration Vitamin D as an adjuvant to standard anti-
TB chemotherapy accelerates sputum smear conversion with 
varying levels of effectiveness [10, 13–17]. Nevertheless, 
there is some debate on the relevance of vitamin D in TB 
therapy: Studies of its therapeutic use have resulted in equiv-
ocal outcomes. Wejse and co-workers reported the findings 
of a randomized clinical trial of 25-hydroxy vitamin D3 (a 
precursor of calcitriol) supplementation in TB patients, find-
ing no influence on clinical outcomes or death [16]. Many 
other studies have reported the lack of any beneficial effect 
of vitamin D3, either oral and parenteral, in the outcome 
of TB therapy [18]. There is significant clinical benefit of 
vitamin D supplementation only if TB patients have demon-
strable vitamin D deficiency [19].

We queried whether variation in treatment outcome might 
be a result of variable bioavailability and metabolism of vita-
min D among trial subjects. These variations are certainly 
amenable to investigation at the molecular/personalized 
medicine level—e.g., the vitamin D receptor haplotype [20, 
21]. However, there is an alternative way to short-circuit 
patient-specific investigations and aim for a ‘one size fits 
all’ approach towards investigating the role of vitamin D 
supplementation in TB. Thus, we tested the hypothesis that 
calcitriol, the active metabolite of vitamin D would offer 
HDT-related benefits in pulmonary TB if it is targeted to the 
lungs in the form of a DPI. We expected higher preclinical 
efficacy in ‘healing the host’ if not ‘killing the bug’[22].

In the present study, we report an optimized dry powder 
inhalation (DPI) containing a low dose of calcitriol, pre-
pared using a Quality by Design (QbD) approach with a Box 
Behnken design (BBD). The powder was characterized for 
suitability for deep lung delivery and tested as host directed 
therapy for its ability to modulate pathology, induce bacte-
ricidal host responses reduce the burden of infection, with 

or without concomitant administration of standard anti-TB 
drug treatment.

Materials and Methods

Calcitriol was purchased from CSN Pharma, India. Hydroxy 
propyl-β cyclodextrin (HP-β-CD) was purchased from 
Tokyo Chemical Industries, Japan. L-Leucine (leu), absolute 
ethanol, propanol, LCMS grade methanol and acetonitrile 
were purchased from Merck, India. BD Biosciences, USA 
supplied 7H11 agar and OADC. Antibiotics for cell culture 
(Cyclohexamide, Amphotericin-B and Vancomycin) were 
purchased from Sigma Aldrich. Cathelicidin ELISA kit was 
purchased from DEVELOP®. In-house triple distilled water 
was used for all the experiments. Industrial grade nitrogen 
from M/s. Bharat Gases, Lucknow, India was used for spray 
drying.

Process Design and Analysis

Design Expert 13® was used to investigate the effects of 
multiple variables affecting a spray-drying process for prepa-
ration of the DPI. A design model with 17 experimental 
runs was created. ‘Low,’ ‘medium’ and ‘high’ values of each 
independent variable were selected based on preliminary 
trials and literature available (Table I). The independent 
variables selected were: feed rate, aspiration and concen-
tration of the feed. Particle size and mass median aerody-
namic diameter (MMAD) were taken as dependent variables 
(responses). The design matrix consisting of 17 experimen-
tal runs with three variables, feed rate (A), aspiration (B) 
and feed concentration (C) over different ranges as presented 
in Table II. Three additional batches were prepared using 
optimal parameter values in the suggested design space for 
validating the response surface design. The physicochemical 
parameters, aerodynamic properties of the optimized formu-
lation were evaluated.

Preparation of Particles by Spray Drying

Powders containing calcitriol were prepared by spray drying 
[23]. A stock solution of calcitriol was prepared in DMSO 
and diluted in methanol to obtain feed solutions of different 
concentration. Accurately weighted amounts of HP-β-CD 

Table I  Independent and Dependent Variables

Variable Units Low level Mid level High level Responses

A- Feed rate ml/min 1.0 3.0 5.0 Median volume-average particle size  (Vd); (MMAD)
B- Aspiration % 50 65 80
C- Concentration % w/v 1.0 3.0 5.0



Pharmaceutical Research 

1 3

and leu (7:3) were dissolved in a minimal quantity of water 
and sufficient volume of calcitriol solution was added to 
obtain the desired concentrations of calcitriol. Ascorbic 
acid (equimolar to calcitriol) was added to this solution as 
an antioxidant. The solutions were then spray-dried under 
conditions specified in Table II.

Volume Median Particle Size Distribution

The volume median particle size distribution was measured 
by a Malvern Mastersizer 2000 (Malvern, UK). Briefly, the 
powder was dispersed in a small quantity of hexane and 
added to 500 ml of hexane in a beaker. This was aspirated 
into the flow cell of the instrument and impacted by a laser 
beam. After a satisfactory level of laser obscuration was 
obtained, the scatter pattern was captured and reported in 
terms of volume-average diameters  (Vd).

Aerodynamic Particle Size Distribution

The aerosol properties of the formulation were assessed 
using a 10-stage, multi-orifice Andersen cascade impac-
tor (MOUDI Cascade Impactor 110, MSP Corporation, 
Shoreview, MN, USA). About 10 mg of the powder was 
aerosolized with an in-house nose only inhalation appara-
tus used for administering inhalations to laboratory animals 
[24], articulated with the cascade impactor. Powder was 
aerosolized for 30 s at 1 actuation/sec and the inspiration 
rate set at 28.3 L/min. Gravimetric analysis was used for the 
determination of amount of powder deposited at each stage. 

A log-probability graph of effective cut-off diameter (ECD) 
versus cumulative percent undersize was plotted and MMAD 
was determined by extrapolating ECD corresponding to 50% 
of cumulative percent undersize. Geometric standard devia-
tion (GSD) was calculated from 16 and 84% undersize.

Bulk (ρB) and tapped (ρT) densities of the powder were 
determined using a 1 ml tuberculin syringe. The tapped den-
sity was measured after 100 taps. Carr’s index was calcu-
lated as

Particle Morphology and Geometric Size

Particle morphology and size were assessed using a scan-
ning electron microscope (Philips Tecnai). Powders were 
dispersed on carbon tape and sputter-coated with gold. 
Using ImageJ software, the mean particle size from the SEM 
images was estimated by measuring the projected diameter 
of 100 randomly selected particles.

Emitted Dose

The dose emitted from the apparatus under conditions 
described for cascade impaction is a measure of the amount 
available for the animal to inhale. Emitted dose was deter-
mined by placing accurately weighed quantity of the powder in 
the apparatus, aerosolizing as described, and collecting aero-
solized powder on a pre-weighed swab of cotton wool. The 

Carr
�

sindex = ρT − ρB∕ρT

Table II  Compositions of DPI Suggested by Box Behnken Design, Corresponding Responses and Related Parameters

Run A: Flow rate 
(ml/min)

B: Aspiration (%) C: Concentra-
tion (% w/v)

Response 1: 
 Vd (µm)

Response 2: 
MMAD (µm)

Bulk Density 
(g/cc)

Tapped Den-
sity (g/cc)

Carr’s Index

1 1.00 65.00 5.00 3.903 2.81 0.2585 0.517 50
2 3.00 65.00 3.00 8.914 5.47 0.250 0.376 33.51
3 5.00 65.00 5.00 11.829 6.85 0.1796 0.335 46.38
4 3.00 65.00 3.00 12.065 7.13 0.2617 0.349 25.01
5 5.00 80.00 3.00 10.84 6.30 0.2202 0.3376 34.77
6 3.00 80.00 1.00 11.648 8.54 0.2552 0.538 52.56
7 3.00 50.00 1.00 16.223 7.36 0.1108 0.2056 46.10
8 3.00 50.00 5.00 10.38 6.22 0.2512 0.3589 30.00
9 3.00 65.00 3.00 11.026 6.86 0.2193 0.388 43.47
10 3.00 65.00 3.00 10.515 6.28 0.2497 0.3567 29.99
11 1.00 65.00 1.00 11.33 6.80 0.2295 0.3607 36.37
12 5.00 65.00 1.00 11.181 5.50 0.1539 0.2419 36.37
13 1.00 50.00 3.00 10.579 6.82 0.262 0.415 36.86
14 3.00 65.00 3.00 11.229 6.28 0.238 0.3125 23.84
15 3.00 80.00 5.00 13.001 8.08 0.2512 0.3865 35.00
16 5.00 50.00 3.00 14.369 5.26 0.0704 0.1342 47.54
17 1.00 80.00 3.00 14.915 9.34 0.2684 0.3923 31.58
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cotton swab was weighed again to find the difference between 
final and initial weights, i.e., the emitted dose.

Analytical Chemistry

The analysis was carried out using a waters Nova-Pak® C18 
column (4 μm, 3.9 X 150 mm) at 40° C on a Thermo-Fischer 
TSQ Altis LCMS/MS operating in the positive ESI mode 
using a minor modification of the method suggested by Hed-
man et al. [25]. The mobile phase consisted of 0.1% formic 
acid in water (A) and acetonitrile (B). The initial conditions 
were 30% B with a 0.5 ml/min flow rate. The gradient used 
for analysis was 0–3 min 30% B, 3–5 min 70% B. 5–7 min 
70%B, 7–8 min to 90% B, 8–11 min 90% B, 11–12 min to 30% 
B and 12–14 min 30% B. The samples were kept at 4° C and 
injection volume was 10 µl. The fragmentation and ionization 
parameters were set as: spray voltage 4809 V; sheath gas 50 
PSI; auxillary gas 10PSI; sweep gas 2 PSI; gas temperature 
250 ºC; collision energy 10.23 V; fragmentation voltage 25 V. 
Multiple reaction monitoring of transitions from m/z 574 to 
314 was set to detect 1, 25(OH)2 vitamin  D3.

Pre-column derivatization of the analyte [25, 26] samples 
were dried under nitrogen gas 150 µl of a 1 mg/ml solution of 
4-phenyl-1, 2, 4-triazole-3, 5-dione (PTAD) was added. The 
reaction was allowed to proceed for 1 h at room temperature, 
after which the samples were dried and reconstituted with 
100 µl of 40% ACN. A 9-point calibration curve ranging from 
1–14 ng/ml was prepared for quantitative analysis.

The drug content and incorporation efficiency were deter-
mined using the formulas:

Drug content =
Amount of drug in formulation (mg)

Weight of formulation (mg)
× 100

Incorporation Efficiency =
Drug found in formulation (mg)

Drug taken for incorporation (mg)
× 100

Preclinical Efficacy

The study was conducted after receiving approval from the 
Institutional Animal Ethics Committee (IAEC/2020/40/
Renew0/Dated 03.01.2020). All the procedures were car-
ried out in Animal Biosafety Level -3 containment. On Day 
0, Swiss albino outbred mice were infected with Mtb strain 
H37Rv through a low dosage aerosol (Glas-Col LLC, Terre 
Haute, USA). The initial bacterial burden was estimated by 
sacrificing animals on Day 1. Lungs and spleen were har-
vested, weighed, homogenized and plated onto 7H11 Agar. 
After 28 days, treatment was started as described in Table III. 
Terminal sacrifice was conducted three days after the end of 
treatment (Day 59). The lungs and spleens were collected asep-
tically, weighed and photographed. For assessing bacterial bur-
den, a portion of the lung was removed, weighed, and homog-
enized. The remaining portion was used to examine histology 
after fixing with 4% paraformaldehyde. Tissue homogenates 
were plated in triplicate on 7H11 agar with OADC and antibi-
otics. After 21 to 28 days, colonies were counted.

Histopathology

Lungs and spleens were fixed in 4% formalin and embedded 
in paraffin. Thin sections of 5 µm were cut by a microtome, 
deparaffinized and stained with hematoxylin and eosin 
(H&E) stain using a standard protocol [27].

Estimation of Cathelicidin

Concentrations of the host antimicrobial peptide cathelici-
din in blood, BAL fluid and BAL cells was estimated using 
DEVELOP® ELISA kit using the manufacturer’s protocol. 
Briefly, blood was collected in a tube containing 20 μl of 
2% EDTA, allowed to clot and centrifuged for 20 min at 
1000 × g. The serum was assayed for cathelicidin. The BAL 
fluid was centrifuged at 4500 × g for 15 min and supernatant 
was collected. The cell pellet was collected and lysed using 

Table III  Dosing Schedule for 
Efficacy Study

a HRZE: H- isoniazid, R-rifampicin, Z-pyrazinamide, E-ethambutol.

Group Intervention Frequency Daily dose

1 Untreated control at 
the start of treat-
ment (28 days)

- -

2 Untreated control at 
the end of treat-
ment (59 days)

- -

3 DPI Once daily, five days a week 5 ng/kg Calcitriol (100 pg)
4 ATT a HRZEa once a day, five days a week
4 ATT + DPI HRZEa once a day, five days a 

week + DPI once daily, five days a 
week

HRZE (10, 15, 35, 20 mg/kg) 
and about 5 ng/kg (100 pg) 
Calcitriol
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RIPA buffer, centrifuged, washed three times with cold PBS 
and finally centrifuged at 1500 × g to remove the cell debris. 
The supernatant was collected and assayed.

Results and Discussion

Design and Optimization

The optimal formulation was obtained at a flow rate of 
1.19 ml/min, 50% aspiration and 3.96% w/v concentration 
of total solids. As the optimization procedure with a Box-
Behnken design (BBD) needs fewer trials with three or four 
variables than a Central Composite Design, a 17-run, 3-fac-
tor, 3-level BBD was used to generate polynomial models 
for optimization of the process [28].

The influence of feed flow rate, aspirator, and feed con-
centration on  Vd and MMAD in the spray drying process is 
detailed in Table II. The  Vd of particles recovered from the 
collecting vessel ranged from 3.9 to 16.2 μm, with MMAD 
values between 2.8 and 10 μm.

Quadratic models were selected to describe the 
response surface. A significant fit of the model of  Vd 
(p = 0.0165; F-value = 7.95) and a non-significant lack of fit 
(p-value > 0.05, F-value = 0.48) suggested goodness of fit, 
with a regression coefficient of  R2 = 0.95. Table S1 shows 
the results of ANOVA for the  Vd response.

The F-value (15.67) and related p-value (P < 0.0004) 
in the regression model of the effect of these parameters 
on the MMAD suggested that the fit of a reduced cubic 
model rather than a quadratic model was more acceptable 
(Table S2). Elimination of cubic terms led to a lack of fit 
with an F-value of 0.91, which was insignificant (P > 0.05). 
The linear coefficients (A, B and C) and quadratic term 
coefficients (AC,  A2,  B2 and  AB2) had significant effects 
on MMAD, whereas the other terms were non-significant. 
Aspiration rate most significantly affected MMAD, followed 
by feed concentration and feed flow rate.

The expected responses for  Vd may be calculated by the 
second-order polynomial equation:

The regression equation describing the reduced cubic 
equation for MMAD may be stated as:

MMAD =  + 6 .34 + 0 .68*A + 0.83*B -0 .53*C 
-0.37*A*B + 1.34*A*C -0.77*A2 + 1.29*B2 -1.83 *A*B.2

To visualize the relationship between the independent vari-
ables and responses, contour and response surface graphs were 
plotted with the Vd (Fig. 1) and MMAD (Fig. 2) on the Y-axis. 

V
d
= +10.75 + 1.94 ∗ A − 0.4885 ∗ B − 1.41 ∗ C

− 1.97 ∗ A ∗ B + 2.02 ∗ A ∗ C + 1.80 ∗ B ∗ C

− 0.66A
2 + 2.59B

2 − 0.53C
2

+ 0.6903 ∗ A
2
B − 2.02 ∗ AB

2

The distribution of the residuals studentized with regard to their 
standard deviations were fitted to a normal distribution func-
tion. The experimentally obtained studentized residual was 
compared to the studentized residual predicted by the best-fit 
normal distribution. The studentized residuals followed a nor-
mal distribution, as seen by the straight line in the lowermost 
panels of Figs. 1 and 2. There was a strong correlation between 
predicted and experimental values. The normal distribution in 
the plot between the actual and predicted values suggests that 
experimental errors were random in nature.

The statistical analysis of the results indicated that flow 
rate significantly affected  Vd and MMAD. The observation 
that the size of the particles increased with the flow rate does 
not necessarily indicate that bigger drops were created as 
they exited the nozzle. The rise might be linked to a higher 
likelihood of droplet collisions and consequent agglomera-
tion [29]. The significant effect of aspiration on MMAD 
is likely due to removal of particles that were aerosolized 
more easily. The corresponding lack of effect of aspiration 
on  Vd may also be understood with reference to the bulk 
and tapped densities of the product. The significant effect 
of concentration on particle size can be attributed to the 
concentration of solids during drying.

The model predicted a  Vd of 5.88 µm and MMAD of 
3.85 µm if the process parameters were 1.19 ml/min flow 
rate, 50% aspiration and 3.96% feed concentration. Based 
on the prediction three additional batches were prepared and 
the particle size and MMAD values were determined. The 
predicted and actual values of responses as shown in the 
Table IV were in good agreement, indicating the appropri-
ateness of the developed model.

Powder Characteristics

The bulk and tapped densities of the powders are presented 
in Table II as characteristics that were not used as responses 
to variations in formulation and process parameters. Values 
of bulk density varied from 0.07 to 0.26 g/cc and tapped 
density from 0.13 to 0.54 g/cc. Carr’s Index as a representa-
tion of powder flow properties varied from 23 to 50.

Morphology and Aerodynamic Properties

Figure 3A shows the particle size distribution of the DPI par-
ticles suspended in n-hexane. The distribution was Gauss-
ian and the  Vd calculated was 6 μm as shown in Fig. 3B. 
This value is in good agreement with the predicted value 
(Table IV). A frequency distribution curve of the projected 
diameter representative scanning electron micrograph (SEM) 
of the optimized formulation is shown in Fig. 3C. Most of the 
particles were pitted spheres of diameter less than 5 µm. The 
presence of a single large pit is noteworthy. The likely reason 
for the appearance of this feature could be that a hydrophobic 
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domain of leucine formed at the drying surface, which hin-
dered the loss of solvents. A bubble with relatively high inter-
nal vapor pressure could have thus been formed, giving rise to 
the observed feature when it collapsed or burst [30].

MMAD by Cascade Impaction

The weights of the powder collected on different stages of the 
cascade impactor were recorded and cumulative % undersize 
of powder was calculated and plotted against the effective 

cut off diameter. The MMAD calculated at 50% cumulative 
undersize is shown in Fig. 4. The MMAD was 3.97 µm and 
the geometric standard deviation (GSD) was 4.67.

Drug content and Incorporation Efficiency

An analytical method for estimation of calcitriol by 
LC–MS/MS was developed and partially validated. The 
parent ion at m/z 592 [1α, 25(OH)2D3] shed a single unit 
of water at C-25, resulting in the dominant ion at m/z 

Fig. 1  Response surfaces (A, 
C, E) and contour plots (B, D, 
F) showing effect of process 
variables on particle size  Vd. 
(A, B) Aspiration versus Flow 
rate. (C, D) Feed concentra-
tion versus Aspiration. (E, F) 
Feed concentration versus flow 
rate. (G) Normal % probability 
versus externally studentized 
residuals. (H) Correlation 
between predicted and actual 
values of  Vd.
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574, as expected [31]. The optimized chromatographic 
conditions resulted in a sharp peak at a retention time of 
8.36 min (Fig. 5). The incorporation efficiency of calcitriol 

in the formulation was 34.7 ± 2.4% and drug content was 
determined as 1.04 ± 0.07 ng/mg of formulation.

Emitted Dose

The dose of the prepared formulation emitted over a 30-s 
period from the in-house, nose-only inhalation apparatus 
was 5.7 ± 1.1 mg. From the drug content as calculated, this 
implies that about 5 ng of calcitriol were available for inhala-
tion by the animals. Prior experience [22–24, 32] suggests 

Fig. 2  Images representing 3D 
response surface (A, C) and 
contour plots (B, D) showing 
effect of process variables on 
MMAD. (A, B) Aspiration 
versus Flow rate. (C, D) Feed 
concentration versus flow rate. 
(E) Normal % probability 
versus externally studentized 
residuals. (F) Correlation 
between predicted and actual 
values of MMAD.

Table IV  Predicted Vs Atual Values of Responses

S. No Predicted Actual

Particle size (µm) 5.88 5.93 ± 0.56
MMAD (µm) 3.85 3.97 ± 0.37
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that typically ~ 2–2.5% of the emitted dose of similar DPIs 
from our inhalation apparatus is actually inhaled by mice 
over a 30-s period. Thus, the estimated inhaled dose was 
expected to lie between 4.6–5.7 ng/kg/day.

Colony Count

The initial bacterial burden received by the mice was 
approximately 100 (2-log units) colony forming unit (CFU) 
per gram of lung tissue, which increased to 6.93 ± 0.29-log 
at the commencement of treatment (Fig. 6). At the end of 
the treatment, following a three-day drug washout period, 

the microbial load in the lungs and spleen of mice in the 
treatment and control groups is shown in Fig. 7. Infected 
animals receiving no treatment harbored a bacterial bur-
den of 6.24 ± 0.10  log10 CFU in lungs and 4.59 ± 0.20 in 
the spleen. Following treatment, animals treated with ATT 
showed a reduction in bacterial burden by 2.24 log CFU/g in 
the lungs and 1.83 log in the spleens respectively. Treatment 
with 5 ng/kg of calcitriol alone induced a slight reduction in 
bacterial burden by 0.87 log in the lung and 0.62 log in the 
spleen. Addition of orally-administered HRZE to calcitriol 
DPI resulted in reduction of the bacterial burden in lungs by 
2.56 log units and cleared the bacteria from spleen. There 
was no significant difference in the bacterial burden in the 
organs of groups receiving ATT with or without calcitriol 
(Tables S1, S2).

These results indicate that inhalation therapy with low 
doses of calcitriol alone (20 doses in total) for 4 weeks did 
not lead to significant reduction in the bacterial burden. It 
has been reported earlier that administration of 20 ng/kg 
of calcitriol over a duration of six weeks did not show any 
effect on the bacterial burden in lung and spleen of the mice 
[33] indicating that calcitriol DPI was non-inferior to orally 
administered agent. High intra-group variability in anti-bac-
terial efficacy, however, affected the statistical significance 
and overall results. The observation that DPI adjunct to ATT 
cleared the spleen of bacterial burden indicates that calcitriol 
administered in the form of soluble inhaled particles was 
systemically absorbed rapidly. Exposing zebra fish infected 
with Mycobacterium marinum to a high dose of calcitriol 
(2500 µg/L/day) for 30 days led to significant reduction in 
bacterial burden; whereas low and medium doses (25 and 

Fig. 3  particle size distribu-
tion by (A) laser scattering, (B) 
Frequency distribution in SEM 
and (C) morphology of DPI 
particles.

Fig. 4  MMAD and GSD calculated from the cumulative % mass of 
powder collected at each stage of a cascade impactor (probability 
axis) plotted vs the effective cutoff diameter (log axis).
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250 µg/L/day) showed minimal and no reduction respec-
tively [34]. Another study by Crowle et al. demonstrated 
that calcitriol at concentration 4 µg/ml (supraphysiological, 

approximately 5 log greater than normal circulating levels) 
in vitro was able to increase the doubling time of intracel-
lular Mtb but had no significant bactericidal activity [12].

Fig. 5  Chromatogram (A) and calibration curve (B) of PTAD-derivatized calcitriol by LCMS/MS.

Fig. 6  Bacterial burden in (A) 
lungs of animals in various 
treatment groups (Mean ± SD) 
(N = 3 to 4), Early control– 
6.93 ± 0.29; No ℞ – 6.24 ± 0.10; 
ATT – 4.69 ± 0.34; 5 ng/kg 
– 6.06 ± 0.3; 5 ng/kg + ATT – 
4.37 ± 0.46. (B) In the spleen 
of same animals, Early control 
– 4.5 ± 0.45; No ℞ – 4.6 ± 0.20; 
ATT – 2.77 ± 0.40; 5 ng/kg 
– 3.97 ± 0.38; 5 ng/kg + ATT – 
0.0 ± 0.0.
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Fig. 7  Cathelicidin in lysates 
of cells recovered by BAL 
from control animals, and those 
receiving 5 ng/kg of calci-
triol as DPI or 5 ng/kg + ATT 
(N = 2 to 4; Mean ± SD): 
Control – 0.46 ± 0.04; 5 ng/kg 
– 0.49 ± 0.19; 5 ng/kg + ATT – 
0.67 ± 0.37. Data of one animal 
in control group is not included 
as it is a statistically significant 
outlier as per Grubb’s test. 
Hence N = 2 in control group.
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Induction of Cathelicidin

The amounts of cathelicidin in blood, BAL fluid and BAL 
cell lysate were estimated by ELISA and total cathelici-
din are represented in Fig. 7. No significant difference in 
cathelicidin levels were observed between untreated ani-
mals, animals treated with DPI alone and DPI with ATT.

The lack of bactericidal efficacy of calcitriol by itself 
(Fig. 6) may also be associated with minimal induction of 
host antimicrobial peptides such as cathelicidin (Fig. 7). It 
has been demonstrated previously that cathelicidin at a con-
centration greater than 2 µg/ml results in significant reduc-
tion in the viability of intracellular Mtb, and at 200 µg/
ml shows 76% reduction in bacterial counts [35]. How-
ever, cathelicidin is a short-lived peptide, and could have 
degraded in vivo during the 3-day washout period allowed 
between the last dose and terminal sacrifice.

Histology

Histopathology (Fig. 8) evident as fibrinous degeneration, 
mononuclear cells infiltration and caseous necrosis in lungs 
of infected untreated control was scored at Level 3 (Table V). 

Animals treated with ATT showed slight reduction (score 2) 
in fibrinous degeneration and mononuclear cell infiltration. In 
animals treated with DPI of 5 ng/kg calcitriol, ATT + 5 ng/kg 
of calcitriol there was distinctly less fibrinous degeneration 
and mononuclear cell infiltration (score 1). The alveolar spaces 
were reduced in infected untreated animals whereas improve-
ment in alveolar spaces was observed in all treated groups.

In the spleen, control animals showed caseous necrosis, decrease 
in white pulp, chronic inflammation and vacuolar degeneration 
(score 3). Animals treated with DPI with or without concomitant 
administration of ATT led to improvement of gross pathology.

The histopathological analysis of the lung and spleen tissue 
indicate that lower doses of calcitriol with or without concomi-
tant administration of ATT elicited host directed responses that 
are sufficient to heal the host. This might have clinical value when 
intended as adjunct therapy with ATT for treatment of TB [33].

Tissue Morphology and Lesion Morphometry

The number of nodular lesions visible in the photographs 
of freshly harvested lungs (Fig. 9) was counted from the 
images of lungs collected on the day of final sacrifice 

Fig. 8  Representative H&E stained sections of lungs (A-D) and spleen (E–H) tissue recovered from untreated controls (A, E), animals given cal-
citriol DPI (B, F), ATT alone (C, G) or DPI + ATT (D, H). Scale bars = 10 µm in all panels except B and F, wherein it is 50 µm.

Table V  Histopathological 
Scores In tissue Sections

Tissue Observation Control ATT DPI 5 ng/kg DPI 5 ng/
kg + ATT 

Lung Fibrinous degeneration  +  +  +  +  +  +  + 
Mononuclear cells infiltration  +  +  +  +  +  +  + 
Caseous necrosis  +  +  + - - -

Spleen Caseous necrosis - - - -
Decrease in white pulp  +  +  + -  + -
Chronic inflammation and vacu-

olar degeneration
 +  +  + - - -
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and the percent area of lesions to total area of lesions was 
calculated using ImageJ software (Fig. 10).

Following treatment, animals treated with calcitriol 
DPI with or without DOTS showed a significant reduc-
tion in lesion numbers (P < 0.001) (A). All the treatment 

groups showed a significant reduction in % area of lesions 
(P < 0.001), measured by ImageJ software (B) and mean 
lesion numbers (P < 0.001) (C). Statistical significance was 
determined by Dunnett’s Multiple Comparison test.

Fig. 9  Morphology of lungs at 
terminal sacrifice. (A) Control, 
(B) ATT, (C) DPI 5 ng/kg, 
(D) DPI 5 ng/kg + ATT. Scale 
graduations are in mm.

Fig. 10  (A): Countable lesions visible in the photographed images of the lungs of animals in designated groups (N = 3 to 4; Mean ± SD). Con-
trol- 43.67 ± 3.1; ATT – 10 ± 6.56; 5 ng/kg – 22.5 ± 3.87; 5 ng/kg + ATT – 9.75 ± 2.5. (B) area occupied by lesions expressed as per cent of 
visible lung surface. Control- 36.07 ± 9.11; ATT – 4.62 ± 4.99; 5 ng/kg – 10.65 ± 3.50; 5 ng/kg + ATT – 3.83 ± 2.79. (C) Dimensions of lesions 
in terms of pixels occupied. Control- 227,100.67 ± 29,592.03; ATT – 39,468.67 ± 50,388.31; 5 ng/kg – 66,586.50 ± 32,663.33; 5 ng/kg + ATT—
19,751.50 ± 17,739.77.
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Conclusion

DoE enabled optimization of a process for preparing a DPI 
to deliver very low doses of calcitriol directly to the lungs. 
The dose and dosing regimen tested resulted in mitigation 
of pathology as reflected in the gross morphology and his-
topathology. No significant effect was observed on bacterial 
burden when the calcitriol DPI was given as either a stand-
alone HDT or as an adjunct to ATT. No significant effect on 
the host antimicrobial peptide recovered from phagocytes 
recovered by BAL, indicating that the dose was either not 
sufficient to evoke the expected (bactericidal) host response; 
or that the wash-out period allowed between the last dose 
and terminal sacrifice abrogated the cathelicidin response. 
However, even at the low dose tested, inhaled calcitriol is 
sufficient to mitigate lung pathology induced as a result of 
Mtb infection. The limitations of the present study are that 
the formulation was designed to deliver the doses of calci-
triol systemically, rather than targeting alveolar macrophages 
in which bacteria reside. Systemic rather than targeted deliv-
ery might account for the observation of significant bacteri-
cidal activity in the spleen. Dose-finding studies with higher 
doses of inhaled calcitriol as well as formulation of a DPI 
intended to target alveolar macrophages are required in order 
to evaluate the potential of inhaled calcitriol as HDT.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 022- 03360-5.
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