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Background. Multidrug-resistant (MDR) tuberculosis has low treatment success rates, and new treatment strategies are needed.
We explored whether treatment with active vitamin D, (vitD) and phenylbutyrate (PBA) could improve conventional chemotherapy
by enhancing immune-mediated eradication of Mycobacterium tuberculosis.

Methods. A clinically relevant model was used consisting of human macrophages infected with M. tuberculosis isolates (n = 15)
with different antibiotic resistance profiles. The antimicrobial effect of vitD+PBA, was tested together with rifampicin or isoniazid.
Methods included colony-forming units (intracellular bacterial growth), messenger RNA expression analyses (LL-37, B-defensin,
nitric oxide synthase, and dual oxidase 2), RNA interference (LL-37-silencing in primary macrophages), and Western blot analysis
and confocal microscopy (LL-37 and LC3 protein expression).

Results.  VitD+PBA inhibited growth of clinical MDR tuberculosis strains in human macrophages and strengthened intracel-
lular growth inhibition of rifampicin and isoniazid via induction of the antimicrobial peptide LL-37 and LC3-dependent autophagy.
Gene silencing of LL-37 expression enhanced MDR tuberculosis growth in vitD+PBA-treated macrophages. The combination of
vitD+PBA and isoniazid were as effective in reducing intracellular MDR tuberculosis growth as a >125-fold higher dose of isoniazid

alone, suggesting potent additive effects of vitD+PBA with isoniazid.

Conclusions.

Immunomodulatory agents that trigger multiple immune pathways can strengthen standard MDR tuberculosis treat-

ment and contribute to next-generation individualized treatment options for patients with difficult-to-treat pulmonary tuberculosis.
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Multidrug-resistant (MDR) tuberculosis is a serious threat to
global tuberculosis control and encompasses about 500 000 new
MDR tuberculosis cases/year. While rifampicin (RIF) and isoni-
azid (INH) are the most powerful first-line antibiotics, multidrug
regimens are required to treat chronic tuberculosis, as muta-
tions conferring antibiotic resistance are intrinsic properties
of mycobacterial populations [1]. Mycobacterium tuberculosis
also effectively develops resistance to new antibiotics, including
bedaquiline and delmanaid [2, 3]. Inmunomodulatory agents,

Received 6 July 2020; editorial decision 9 February 2021; accepted 13 February 2021; published
online February 19, 2021.

Presented in part: Keystone Symposia Conference (A2) “Tuberculosis: Immunity and Immune
Evasion,” Santa Fe, New Mexico, 16-20 January 2020.

J.R.M.and S. A. contributed equally to this work.

°P B. and S. B. contributed equally to this work.

Correspondence: Susanna Brighenti, Center for Infectious Medicine (CIM), ANA Futura,
Karolinska Institutet, 141 52 Huddinge, Sweden (susanna.brighenti@ki.se).

The Journal of Infectious Diseases® 2021;224:332-44

© The Author(s) 2021. Published by Oxford University Press for the Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs licence (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any
medium, provided the original work is not altered or transformed in any way, and that the
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
DOI: 10.1093/infdis/jiab100

with the therapeutic potential to target multiple immune path-
ways to strengthen host cell functions, can support antibiotics
to enhance cure, while reducing disease severity, adverse effects
and problems with drug resistance [4, 5].

Human macrophages use different antimicrobial effector
mechanisms to eliminate intracellular M. tuberculosis, including
antimicrobial peptides, such as the human cathelicidin, LL-37
[6], nitric oxide (NO) produced by inducible NO synthase
(iNOS) [7], and reactive oxygen species (ROS) [8]. LL-37
kills mycobacteria by interfering with cell wall formation and
disrupting membrane function [6]. NO and ROS act together
or independently within the phagosome where M. tuberculosis
resides, to generate highly reactive intermediates that destroy
membrane lipids, DNA and proteins in M. tuberculosis [7, 8].
Autophagy is a physiological process that can enhance degra-
dation of intracellular pathogens such as M. tuberculosis [9].
However, M. tuberculosis has developed strategies to subvert
these antimicrobial pathways, for example, down-regulation
of LL-37 expression [10], blocking autophagy [9] in M. tuber-
culosis-infected macrophages or reducing susceptibility to NO
and ROS in vitro [11, 12]. Similarly, hypervirulent MDR tuber-
culosis strains can impair host immunity that may increase the
pathogenicity and infectiousness of such strains [13-16].
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Attractive approaches to restore antimycobacterial immunity
entail the immunomodulatory compounds arginine [17], active
vitamin D,, 1,25-dihydroxyvitamin D, (vitD) [18], or histone
deacetylase (HDAC) inhibitors such as sodium phenylbutyrate
(PBA) [19]. Arginine is the substrate used by iNOS to produce
antimycobacterial NO that can enhance clinical outcomes in ac-
tive tuberculosis [20]. Instead, HDAC inhibitors may enhance
transcription of key target genes in M. tuberculosis-infected
macrophages, restoring antimicrobial effector functions [21].
Notably, vitD [22] and PBA [23] are potent inducers of LL-37
expression, with synergistic effects in a variety of cell types [10,
23]. Accordingly, the combination of vitD + PBA is particularly
effective to restrict growth of drug-susceptible M. tuberculosis
in human macrophages by inducing LL-37 expression [24] and
LL-37-dependent autophagy [10]. It has been demonstrated
that daily supplementation with vitD+PBA can enhance the ef-
ficacy of chemotherapy given to patients with drug-susceptible
pulmonary tuberculosis [25, 26]. To expand on these findings,
an infection model of primary human macrophages was used
to explore the effects of vitD+PBA on a panel of clinical MDR
tuberculosis strains, including the induction of antimicrobial
mechanisms and the efficacy of vitD+PBA together with RIF
or INH.

METHODS

See the Supplementary Data for details on methods.

Human Macrophage Infection Model

Peripheral blood monocyte-derived macrophages were gener-
ated from healthy donors after informed consent (Karolinska
University Hospital, Stockholm, Sweden; 2010/603-31/4),
using stimulation with 50-ng/mL human macrophage colo-
ny-stimulating factor (Life Technologies) for 6 days [10]. For in-
fection, a panel of drug-resistant (n = 12) and drug-susceptible
(n = 3) M. tuberculosis isolates obtained from patients with pul-
monary tuberculosis was used (Table 1) (Public Health Agency
of Sweden), along with the laboratory strain, H37Rv (American
Type Culture Collection 25618). Bacteria were grown in
Middlebrook 7H9 medium (Karolinska University Hospital),
before resuspension in cell culture medium (2.5 x 10° colony-
forming units [CFUs]/mL). Macrophages were infected with
M. tuberculosis in 6-well plates (10° cells per well) for 4 hours in
37°C at a multiplicity of infection of 5. Intracellular M. tubercu-
losis growth was assessed at day 3, using CFU counts.

Cell Culture Conditions and Readouts

M. tuberculosis-infected macrophages were treated with
fixed doses of 1,25-dihydroxyvitamin D, (10 nmol) (Sigma-
Aldrich) and sodium phenylbutyrate (2 mmol/L) (Santa Cruz
Biotechnology) [10], in the presence or absence of RIF or INH
(Sigma-Aldrich). The doses of RIF (0.125 and 8 mg/L) and INH
(0.032 and 4 mg/L) were chosen from the minimum inhibitory

concentration (MIC) values of clinical M. tuberculosis isolates
[27, 28] and included subinhibitory, but also high, physiological
concentrations above MIC. The synthetic LL-37 (1 ug/mL) was
from Innovagen. Rapamycin (100 nmol/L), the purinoreceptor
7 (P2X7R) antagonists, KN62 (100 nmol/L), oxidized adenosine
triphosphate (0xATP) (10 umol/L), and the proton-pump in-
hibitor, bafilomycin A1 (100 nmol/L) were from Sigma-Aldrich.

IncuCyte Live-Cell Analysis System (Sartorius) was used
to quantify macrophage viability (Cytotox Red) and extracel-
lular growth of green fluorescent protein-expressing H37Ra at
day 3. Messenger RNA (mRNA) expression of CAMP, DEFBI,
NOS2, DUOX2, and the reference gene 18S rRNA, was assessed
at 24 hours in M. tuberculosis-infected macrophages using
quantitative real-time polymerase chain reaction and primer/
probes from Sigma; expression was measured as fold change
in treated compared with untreated cells. mRNA expression of
LL-37 was silenced in primary macrophages using lipofectamine
transfection (small interfering RNA [siRNA]-CAMP, ID s2374,
and siRNA-mock) for 24 hours, according to the manufacturer’s
protocol (Invitrogen). Protein expression of LL-37 and LC3 in
uninfected or M. tuberculosis-infected macrophages was visu-
alized at 24 hours using Western blot and confocal microscopy
(Nikon).

Statistical Analyses

Values from 6-12 donors are presented as mean and standard
deviation (for normally distributed data) or as median and in-
terquartile range (for nonnormal distributed data). CFU data
are presented as the percentage M. tuberculosis growth in
macrophages, calculated as [treatment condition (CFUs/mL)/
infection control (CFUs/mL)] X 100. As such, the untreated in-
fection control was defined as having 100% growth. The statis-
tical analyses (GraphPad Prism-7) used to calculate indicated
P values included 1-way or a 2-way analysis of variance and
Tukey or Sidak multiple-comparisons test, or Kruskal-Wallis
and Dunn multiple-comparisons tests.

RESULTS

VitD+PBA Treatment Inhibited Intracellular Growth of MDR Tuberculosis
Strains in Human Macrophages and Exhibited Additive Effects Together
With RIF or INH

Macrophages were infected with 15 different clinical M. tu-
berculosis isolates, representing lineages 1-4, with different
resistance patterns (Table 1). The panel was tested for intracel-
lular growth inhibition after treatment with vitD+PBA in the
presence or absence of subinhibitory or high doses of RIF or
INH compared with H37Rv. vitD+PBA inhibited growth of all
M. tuberculosis isolates (median, 39.8%; range, 12.3%-57.8%)
(Figure 1 and Supplementary Figure 1). Extracellular growth
rates of the clinical strains as well as intracellular growth of
MDR tuberculosis (absolute CFU counts) were largely sim-
ilar to those with H37Ry, although the different strains showed
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variable growth rates in macrophages prepared from different
donors (Supplementary Figures 2 and 3). Three lineage 4 iso-
lates were selected for continued analyses, 2 MDR tuberculosis
and 1 drug-susceptible strain (Table 1).

A significant reduction (P <.0001) in intracellular MDR
tuberculosis growth (median 41.2%) was observed in the
vitD+PBA group compared with the untreated controls (Figure
1A and 1B). VitD+PBA-mediated growth inhibition of the
MDR tuberculosis strains was similarly effective compared
with the drug-susceptible isolate (median, 47.2 %; P <.0001)
and H37Rv (median, 46.6%; P < .0001) (Figure 1A-1D). The
magnitudes of intracellular growth inhibition were compa-
rable between low-dose RIF or INH and vitD+PBA in drug-
susceptible isolates (Figure 1C and 1D), and as previously
shown with vitD [22, 29, 30] and PBA [19] in vitro. Similar
to what is seen with other intracellular growth inhibition as-
says [31], a clinically significant effect at therapeutic drug
levels is typically observed at a higher level (<60%) than with

conventional drug susceptibility testing of extracellular bac-
teria using MIC assays.

Treatment with vitD+PBA together with RIF or INH dem-
onstrated significant (P < .005 to P < .0001) additive effects
on growth inhibition, primarily on infection with the MDR
tuberculosis strains (Figure 1A and 1B), despite an expected
and relatively stronger effect on intracellular growth inhi-
bition of RIF and INH on drug-susceptible strains (Figure
1C and 1D). Notably, inhibition of intracellular MDR tuber-
culosis mediated by vitD+PBA together with subinhibitory
doses of RIF or INH, were as effective as that seen with a
>64-fold higher dose (8 mg/L) of RIF alone, or a >125-fold
higher dose (4 mg/L) of INH alone (Figure 1A and 1B).
Overall, MDR tuberculosis growth inhibition was most ef-
fective in macrophages treated with vitD+PBA in combi-
nation with INH and corresponded to an added inhibitory
effect of about 20% on top of INH alone (Figure 1A and
1B). Accordingly, MDR tuberculosis regimens including
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Figure 1.

Treatment with active vitamin D, (vitD) + phenylbutyrate (PBA) inhibited intracellular growth of multidrug-resistant (MDR) tuberculosis as well as drug-susceptible

strains in human macrophages. Monocyte-derived macrophages were infected with the MDR tuberculosis strain resistant to rifampicin (RIF) + isoniazid (INH) + pyrazinamide
(PZA) + ethambutol (EMB) (A), the MDR tuberculosis strain resistant to RIF+INH (B), a drug-susceptible Mycobacterium tuberculosis strain (C), or the laboratory strain H37Rv
(D). Intracellular growth inhibition was determined using colony-forming unit counts and presented as the percentage of M. tuberculosis growth in macrophages (with the
M. tuberculosis-infected untreated control defined as 100% growth). Fixed concentrations of 1,25-dihydroxyvitamin D, (10 nmol) and PBA (2 mmol/L) as well as the indicated
doses of RIF and INH were used. Results were obtained from 6 donors for infection with clinical M. tuberculosis isolates and 12 donors for infection with H37Rv. Data (means
with standard deviations) are presented in bar graphs in groups with (/ight gray bars) or without (white bars) vitD+PBA treatment and were analyzed using 2-way analysis of
variance and Tukey multiple comparisons test. *P< .01; **P< .005; ***P< .0001; ****P< .0001. (See also Supplementary Figures 1-3.)
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high-dose INH treatment could be effective against isolates
harboring the most frequent INH drug resistance mutations
in katG Ser315Thr (Table 1) [32].

No Effect of vitD+PBA Treatment on Macrophage Viability or Extracellular
Mycobacteria

To exclude the possibility that vitD+PBA may act by inducing
host cell death and release of bacteria that subsequently con-
tributes to extracellular killing, the viability of human macro-
phages cultured with vitD+PBA, RIF or INH and the effects
on extracellular mycobacterial cultures were tested using
live cell imaging (Figure 2A-2C). The viability of both unin-
fected and M. tuberculosis—infected macrophages was high
(Figure 2A) compared with the positive control (Figure 2C). As

expected, M. tuberculosis—infected host cells had a slightly re-
duced viability compared with the uninfected cells (Figure 2A).
Importantly, vitD+PBA was ineffective in reducing extracel-
lular growth of green fluorescent protein-labeled mycobacteria
that were instead significantly reduced in cultures with RIF
(P < .0001) or high-dose INH (P < .001) (Figure 2B and 2C).
These data support the conception that vitD+PBA acts by
improving intracellular host cell immunity.

Induction of LL-37, Human (3-Defensin 1, and NOS2 mRNA Expression in
MDR Tuberculosis—Infected Macrophages Treated With vitD+PBA in
Combination With RIF or INH

Next, we assessed mRNA expression of the antimicrobial pep-
tides LL-37 (CAMP) and B-defensin-1 (DEFBI) and enzymes
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Figure 2. Treatment with active vitamin D, (vitD) + phenylbutyrate (PBA) did not reduce macrophage viability or extracellular growth of mycobacteria in culture. A, Effect
of vitD+PBA, rifampicin (RIF) and isoniazid (INH) on host cell viability of uninfected (white bars) and H37Ra-infected (/ight gray bars) monocyte-derived macrophages detected
using the DNA-binding dye Cytotox Red. B, Extracellular growth of green fluorescent protein (GFP)-expressing H37Ra in culture. Fixed concentrations of 1,25-dihyroxyvitamin
D, (10 nmol) and PBA (2 mmol/L) as well as the indicated doses of RIF and INH were used. Cell viability and mycobacterial growth were assessed from day 0 to day 5, and
representative data from day 3 are now shown. C, Representative microscopic images of Cytotox Red (uninfected cells) and H37Ra-GFP in the different test conditions. The
positive control for Cytotox Red was cells fixed with 4% formaldehyde, and the positive control for H37Ra-GFP, mycobacteria grown in cell culture medium only. Macrophage
viability was determined as the total integrated intensity of red objects (RCU (red calibrated unit) x pum? per image) and presented as the percentage of macrophage viability
(Cytotox Red—positive cells in the test conditions or cell culture medium only compared with the positive control, which had 100% cell death). Mycobacterial growth was
assessed as the green fluorescence object area (total area in squared micrometers per image). Results were obtained from 3 donors (A) and 3 independent experiments (B).
A, Data (means with standard deviations [SDs]) are presented in a bar graph including uninfected (white bars) and H37Ra-infected (/ight gray bars) cells and were analyzed
using 2-way analysis of variance (ANOVA). B, Data (means with SDs) are presented in a bar graph including bacteria in medium only (white bars) and bacteria cultured in the
presence of the indicated test conditions (/ight gray bars) and were analyzed using 1-way ANOVA and Tukey multiple-comparisons test. **P < .001; ****P<.0001. (For clarity,
selected Pvalues are shown in B, representing comparison between RIF or high-dose INH with both the medium control and vitD+PBA treatment.)
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required for NO (iNOS/NOS2) and ROS (DUOX2) produc-
tion in M. tuberculosis-infected macrophages (Figure 3 and
Supplementary Figures 4 and 5). Treatment with vitD+PBA,
in the presence or absence of RIF or INH, resulted in a potent
up-regulation (P < .03 to P < .001) of the CAMP gene encoding
LL-37, in macrophages infected with MDR tuberculosis as
well as drug-susceptible strains. There was a minor induc-
tion of LL-37 in macrophages treated with RIF or INH alone.
vitD+PBA also enhanced [-defensin 1 expression (P < .05
to P <.0005), although fold induction of DEFBI mRNA was
substantially lower than with CAMP mRNA. The heat map
demonstrates that LL-37-induction was most pronounced in
M. tuberculosis—infected cells treated with vitD+PBA together
with high- or low-dose INH, which supports an additive ef-
fect of vitD+PBA and INH. Several of the vitD+PBA and INH
70% higher fold increase of LL-37
compared with vitD+PBA alone, although these changes did

combinations showed a 40%-—

not reach significance (Supplementary Figure 4).

Moreover, we observed a vitD+PBA-dependent induction
of NOS2 mRNA in most groups (P <.05 to P < .003), while
DUOX2 mRNA was induced 2-15-fold in M. tuberculosis—in-
fected macrophages treated with vitD+PBA, but also in cells
treated with RIF or INH alone. However, blocking the effect of
iNOS or ROS with chemical inhibitors, NG-monomethyl-L-
arginine monoacetate salt or N-acetylcystein, did not enhance
intracellular growth of either MDR tuberculosis or H37Rv on
treatment with vitD+PBA in combination with RIF or INH

(Supplementary Figure 6), suggesting that these effectors did
not contribute to drug-induced inhibition of M. tuberculosis.

Effect of Gene Silencing of LL-37 Expression on Intracellular Growth of
MDR Tuberculosis in Primary Macrophages Treated With vitD+PBA

To explore the contribution of LL-37 in vitD+PBA-mediated
intracellular M. tuberculosis growth inhibition, we next silenced
LL-37 gene expression in M. tuberculosis-infected primary
macrophages using siRNA specific for LL-37 (siRNA-CAMP).
Compared with nonspecific siRNA (siRNA-mock), transfec-
tion with siRNA-CAMP resulted in a relative down-regulation
of basal CAMP mRNA expression, which was reflected by an
enhanced intracellular M. tuberculosis growth in untreated,
siRNA-CAMP-transfected macrophages infected with MDR
tuberculosis (P =.005) or H37Rv (P < .0001) (Figure 4A and
4B). VitD+PBA-induced CAMP mRNA expression was about
5-fold or 80% reduced by siRNA-CAMP transfection (P < .05)
in MDR tuberculosis-infected or H37Rv macrophages (Figure
4A and 4B, upper panels).

Western blot analysis confirmed that protein expression of
both pro-LL-37 and cleaved LL-37 was largely diminished
in siRNA-CAMP-transfected macrophages in response to
vitD+PBA (Figure 4C). Accordingly, intracellular growth of
both MDR tuberculosis and H37Rv was significantly (P = .04
and P =.001, respectively) enhanced after inhibition of LL-37
expression (Figure 4A and 4B, lower panels). Notably, MDR
tuberculosis growth in LL-37-silenced macrophages treated
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Figure 3. Heat map showing the induction of LL-37 (CAMP), human p-defensin 1 (hBD-1) (DEFBT), inducible nitric oxide (iNOS) (NOS2) and reactive oxygen species (ROS)
(DUOX2) messenger RNA (mRNA) expression by active vitamin D, (vitD) + phenylbutyrate (PBA) in combination with rifampicin (RIF) or isoniazid (INH) in macrophages infected
with multidrug-resistant (MDR) tuberculosis or drug-susceptible strains. mRNA expression of the antimicrobial effector molecules was assessed in Mycobacterium tubercu-
losis—infected macrophages after treatment with high or low doses of RIF or INH in the presence or absence of vitD+PBA. mRNA expression was determined using real-time
polymerase chain reaction and is presented as fold induction of each target gene in treated M. tuberculosis—infected macrophages compared with untreated M. tubercu-
losis-infected macrophages. Fixed concentrations of 1,25-dihyroxyvitamin D, (10 nmol) and PBA (2 mmol/L) as well as the indicated doses of RIF and INH were used. Results
were obtained from 6 donors for infection with clinical M. tuberculosis isolates and 12 donors for infection with H37Rv. Data (medians) are presented in the heat map with
a rainbow scale showing the relative fold induction of mRNA and were analyzed using Kruskal-Wallis and Dunn multiple-comparisons tests (Pvalues are provided in Results
and are based on graphs presented in Supplementary Figures 4 and 5). Abbreviations on x-axis: E, ethambutol; |, isoniazid; P, pyrazinamide; R, rifampicin.
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Figure 4. Inhibition of LL-37 expression using small interfering RNA (siRNA)-enhanced intracellular growth of multidrug-resistant (MDR) tuberculosis as well as H37Rv in
active vitamin D, (vitD) + phenylbutyrate (PBA}-treated human primary macrophages. LL-37 expression in monocyte-derived macrophages (MDMs) was silenced using siRNA
against exon 1 of the CAMP gene before Mycobacterium tuberculosis infection and treatment with vitD+PBA alone or in combination with rifampicin (RIF) or isoniazid (INH). A, B,
Messenger RNA (mRNA) expression of LL-37 and intracellular growth inhibition of the MDR tuberculosis strain (RIF+INH+ pyrazinamide [PZA] + ethambutol [EMB]) (4) and H37Rv,
in siRNA-transfected (siRNA-CAMPvs siRNA-mock) and M. tuberculosis—infected MDMs treated with vitD+PBA in the presence or absence of RIF or INH (B). C, Protein expres-
sion of pro—LL-37/hCAP18 and cleaved LL-37 in siRNA-mock or siRNA-CAMP—transfected macrophages in response to vitD+PBA or rapamycin (100 nmol/L) was visualized using
Western blot analysis. Arrows indicate LL-37 expression in vitD+PBA-treated cells transfected with siRNA-mock (/eft panel) compared with siRNA-CAMP (right panel). Synthetic
LL-37 (1 ng) and the housekeeping gene (3-actin were used as controls. A representative \Western blot from 1 of 3 healthy blood donors is shown. A, B, MDMs were transfected
with siRNA (30 pmol) for 24 hours before infection with MDR tuberculosis or H37Rv and/or treatment with fixed concentrations of 1,25-dihydroxyvitamin D, (10 nmol) and PBA
(2 mmol/L) as well as the indicated doses of RIF and INH. mRNA expression was determined using real-time polymerase chain reaction and presented as the fold change of CAMP
mRNA in M. tuberculosis-infected siRNA-CAMP-transfected macrophages compared with the untreated siRNA-mock—transfected controls. Intracellular growth inhibition was
determined using colony-forming unit counts and presented as percentage M. tuberculosis growth in macrophages (with the M. tuberculosis-infected untreated control defined
as 100% growth). Results were obtained from 7 donors. Data (means with standard deviations) are presented as bar graphs showing groups with (/ight gray bars) or without
(white bars) vitD+PBA treatment and were analyzed using 1-way analysis of variance and Tukey multiple-comparisons test. *P< .05; **P< .005; ***P< .0005; ****P < .0001.

with vitD+PBA together with INH was significantly (P < .001) cells. Accordingly, activation of autophagy in macrophages
lower compared with vitD+PBA treatment alone (Figure 4A), infected with MDR tuberculosis (Figure 5) or H37Rv
while RIF reduced growth of H37Rv (P = .001) but not MDR (Supplementary Figure 7) was assessed in vitD+PBA-treated
tuberculosis in LL-37-silenced cells (Figure 4A and 4B, lower  cells in the presence or absence of RIF and INH, using the
panels). Altogether, LL-37 is largely involved in vitD+PBA-me- classic autophagy marker LC3. Low LC3 levels were detected
diated growth inhibition of both MDR tuberculosis and drug- in uninfected macrophages, and this baseline autophagy was
susceptible H37Rv in human primary macrophages. LL-37 decreased in M. tuberculosis-infected macrophages (P = .03)
likely contributes to the additive effects of vitD+PBA together (Figure 5A). While LC3-II puncta were significantly elevated
with INH treatment on MDR tuberculosis growth inhibition. by vitD+PBA (P < .0001) or INH alone (P = .005), the com-

bination of vitD+PBA together with RIF or INH significantly
Activation of Autophagy and Intracellular Growth Inhibition of MDR (P <.0001) enhanced autophagy in MDR tuberculosis-in-
Tuberculosis in Macrophages Treated With vitD+PBA in Combination With  fected macrophages (Figure 5A and 5B). Overall, autophagy
RIF or INH in vitD+PBA-treated cells was approximately 30%-40%
VitD+PBA and LL-37 [10] as well as INH [33] have been higher compared with the untreated M. tuberculosis-in-
shown to promote autophagy in M. tuberculosis—infected fected control (Figure 5A). Notably, in comparison with
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Figure 5. Intracellular growth inhibition of multidrug-resistant (MDR) tuberculosis in macrophages treated with active vitamin D, (vitD) + phenylbutyrate (PBA) is associ-
ated with activation of autophagy. Expression of the classic autophagy marker LC3 was quantified in monocyte-derived macrophages infected with the MDR Mycobacterium
tuberculosis strain resistant to rifampicin (RIF) + isoniazid (INH) + pyrazinamide (PZA) + ethambutol (EMB). LC3-Il—positive puncta were assessed using confocal microscopy.
Fixed concentrations of 1,25-dihydroxyvitamin D, (10 nmol) and PBA (2 mmol/L) as well as the indicated doses of RIF and INH were used. Rapamycin (100 nmol/L) was
used as a positive control for activation of autophagy (black bar). A, B, Results were obtained from 6 donors, including quantitative analysis of the proportion of cells with
LC3-ll-positive puncta (A) and representative images of LC3 staining (B), where arrows indicate LC3-positive cells in red. C, Protein expression of LL-37 (green) and LC3
(red) was also visualized in uninfected small interfering RNA (siRNA)-mock or siRNA-CAMP-transfected macrophages in response to vitD+PBA. Arrows indicate a high
colocalization of LL-37 and LC3 in vitD+PBA—treated cells transfected with siRNA-mock. [, Western blot analysis of LC3-I and LC3-II expression in uninfected macrophages
treated with vitD+PBA alone or in combination with the indicated doses of RIF and INH, in the absence (/eft panel) or presence (right panel) of bafilomycin A1 (100 nmol/L).
Rapamycin (100 nmol/L) was used as control. Arrows indicate LC3-I and LC3-Il expression in vitD+PBA—treated cells in the absence or presence of bafilomycin A1, and the
housekeeping gene [3-actin was used as control. The confocal images visualize LC3 expression in uninfected macrophages, untreated or treated with vitD+PBA or rapamycin
in the absence (upper panel) or presence (lower panel) of bafilomycin A, where arrow indicates LC3 puncta in red. Representative Western blots and confocal images from 1
of 3 healthy blood donors are shown. In the confocal images, cell nuclei are counterstained with DAPI (4”,6-diamidino-2-phenylindole) in blue (scale bars represent 10 pm).
Data in A (means with standard deviations) are presented in a bar graph showing groups with (/ight gray bars) or without (white bars) vitD+PBA treatment and were analyzed
using 2-way analysis of variance and Tukey multiple-comparisons test. *P<.05; **P<0.01; ***P=.001; ****P<.0001. (See also corresponding data for green fluorescent
protein—labeled H37Rv in Supplementary Figure 7.)
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vitD+PBA alone, a significant additive effect on autophagy
was observed in MDR tuberculosis-infected macrophages
treated with vitD+PBA in combination with high-dose INH
(P =.004) (Figure 5A).

Confocal microscopy of LL-37 and LC3 protein expression
in uninfected macrophages transfected with siRNA-mock or
siRNA-CAMP revealed that LL-37 as well as LC3 was reduced in
LL-37-silenced cells, in both untreated and vitD+PBA-treated
cells (Figure 5C). This is consistent with previous findings that
vitD+PBA-mediated autophagy in human macrophages is
dependent on LL-37 [10]. Moreover, Western blot analysis of
uninfected macrophages treated with vitD+PBA alone or in
combination with RIF or INH, in the presence or absence of the
vacuolar H+-adenosine triphosphatase inhibitor, bafilomycin
Al, demonstrated that bafilomycin enhanced LC3-1I (ie, inhib-
ited LC3-II degradation in vitD+PBA-treated cells), supporting
the notion that vitD+PBA induces autophagic flux (Figure 5D).
Confocal microscopy confirmed that bafilomycin A1 promoted
an accumulation of LC3 inside macrophages (Figure 5D),
indicating that autophagosomes failed to fuse with lysosomes
that normally stimulate the degradation of LC3-II.

Inhibition of the P2X7 Receptor and Intracellular MDR Tuberculosis
Growth in Macrophages Treated With vitD+PBA in Combination With INH
The P2X7 receptor (P2X7R) have been shown to be involved in
internalization of LL-37 [34], as well as uptake of hydrophilic
drugs such as RIF and INH [35]. To study the role of P2X7R
in vitD+PBA-mediated intracellular M. tuberculosis growth in-
hibition, we used a specific inhibitor of P2X7R, KN62, as well
as an irreversible antagonist of the P2X7R, oxATP (Figure 6).
Intracellular M. tuberculosis growth inhibition of vitD+PBA
was similar to exogenous LL-37 (Figure 6A-B). While the in-
hibitors exhibited a marginal effect to increase M. tuberculosis
growth in vitD+PBA-treated cells, a significant enhancement
of MDR tuberculosis growth was detected in the presence of
KN62 (P = .02) or oxATP (P = .03) in macrophages treated with
vitD+PBA in combination with INH but not with RIF (Figure
6A). Instead, a significant (P < .003 to P < .0001) enhancement
of H37Rv growth was observed in the presence of the inhibi-
tors in macrophages treated with vitD+PBA in combination
with either RIF or INH (Figure 6B). These results confirm that
P2X7R enhanced the uptake of both RIF and INH into M. fu-
berculosis-infected macrophages and support the observation
that combination treatment with vitD+PBA and INH was par-
ticularly effective to reduce intracellular growth of MDR tuber-
culosis strains.

DISCUSSION

In the current study, we have demonstrated that vitD+PBA
reduces intracellular growth of MDR tuberculosis strains and
exhibit significant additive effects together with standard
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Figure 6. Treatment with antagonists of the purinergic purinoreceptor 7 (P2X7R)
in macrophages enhanced intracellular multidrug-resistant (MDR) tuberculosis
growth in cells treated with active vitamin D, (vitD) + phenylbutyrate (PBA) in
combination with isoniazid (INH). Intracellular growth in Mycobacterium tubercu-
losis—infected macrophages was assessed on treatment with vitD+PBA alone or
in combination with rifampicin (RIF) or INH and in the presence or absence of ant-
agonists of the P2X7 receptor, KN62, and oxidized ATP (oxATP). Monocyte-derived
macrophages (MDMs) were infected with the MDR tuberculosis strain resistant
to RIF+INH+ pyrazinamide (PZA) + ethambutol (EMB) (A) or the laboratory strain
H37Rv (B) and treated with vitD+PBA alone or together with RIF or INH, in the
presence or absence of KN62 or oxATP. Intracellular growth inhibition was deter-
mined using colony-forming unit counts and presented as the percentage M. tu-
berculosis growth in macrophages (with the M. tuberculosis—infected untreated
control defined as 100% growth). MDMs were preincubated for 1 hour with KN62
(100 nmol/L) or oxATP (10 pmol/L) before M. tuberculosis infection and treatment
with vitD+PBA and RIF or INH. Fixed concentrations of 1,25-dihydroxyvitamin D,
(10 nmol) and PBA (2 mmol/L) as well as the indicated doses of RIF and INH or syn-
thetic LL-37 (1 pg/mL) were used (black bars). Results were obtained from 6 donors.
Data (means with standard deviations) are presented in bar graphs showing groups
with (light gray bars) or without (white bars) vitD+PBA treatment and groups with
RIF and vitD+PBA (medium gray bars) as well as INH and vitD+PBA (dark gray bars).
Statistical significance was determined using 1-way analysis of variance and Sidak
multiple-comparisons test. *P < .05; **P < .01; ***P< .0005; ****P<.0001.

antibiotics. Treatment of MDR tuberculosis-infected macro-
phages with vitD+PBA induced several important antimicro-
bial effector functions, primarily LL-37, but also B-defensin 1,
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iNOS, and activation of autophagy. Accordingly, intracellular
MDR tuberculosis growth was significantly enhanced after spe-
cific inhibition of LL-37 expression in infected macrophages.
Pronounced additive effects on vitD+PBA-mediated inhibi-
tion of intracellular MDR tuberculosis growth were observed
primarily in combination with high-dose INH. In support of
this result, additive effects on vitD+PBA-induced activation of
autophagy were observed together with INH, while inhibition
of the P2X7R had a specific effect on vitD+PBA-mediated re-
duction of MDR tuberculosis growth in the presence of INH
but not RIE

Altogether, our results suggest that vitD+PBA-mediated in-
duction of LL-37 and activation of autophagy are important
mechanisms involved in preventing intracellular growth of
MDR tuberculosis strains and imply that vitD+PBA can support
MDR tuberculosis treatment regimens that include high-dose
INH [36]. These findings are promising for clinical implemen-
tation of vitD+PBA as adjunctive treatment to enhance the effi-
cacy of MDR tuberculosis chemotherapy and point to additive
interactions of standard antibiotics with host immunity.

We have previously demonstrated the efficacy of vitD+PBA
treatment in drug-susceptible tuberculosis, both in vitro [10]
and in vivo in healthy volunteers [24] and in randomized con-
trolled trials conducted in Bangladesh [25] and Ethiopia [26].
M. tuberculosis inhibits the expression of LL-37 [10] but also
autophagy by blocking the maturation and acidification of
phagolysosomes [9]. Treatment of human macrophages with
vitD+PBA can overcome M. tuberculosis—-mediated immune
subversion. In the clinical trials, vitD+PBA was administered
together with standard antituberculosis drugs, which reduced
clinical symptoms and accelerated sputum culture conversion
in patients with drug-susceptible pulmonary tuberculosis [25,
26]. The observed effects could involve intracellular growth in-
hibition of M. tuberculosis in the respiratory tract but may also
result from a dampened inflammatory response including di-
minished endoplasmic reticulum stress [37]. This is consistent
with the findings that vitD alone can mediate antimicrobial ac-
tivity in M. tuberculosis-infected macrophages via LL-37 [10, 29]
and simultaneously down-regulate proinflammatory responses
at high doses [38, 39]. Similarly, PBA has been shown to regu-
late inflammatory responses in tuberculosis [19]. However, no
studies have investigated whether there is an effect of vitD+PBA
on MDR tuberculosis in combination with RIF or INH.

The majority of in vitro studies on vitD alone support a pos-
itive effect on innate immune functions and reduction of intra-
cellular M. tuberculosis growth [7]. In contrast, several clinical
trials using vitD as adjunctive therapy failed to show overall ef-
fects on clinical symptoms or sputum culture conversion [40,
41], except for a potential beneficial effect in patients with MDR
tuberculosis [42]. The discrepancy between experimental and
clinical findings may be explained by the fact that antibiotics
rapidly reduce M. tuberculosis loads in the lungs of patients

with drug-susceptible tuberculosis and thereby mask the po-
tential antimicrobial effects induced by vitD. Importantly, it has
been demonstrated that prophylactic vitD supplementation did
not reduce the risk of either tuberculosis infection or disease
compared with placebo among vitD-deficient schoolchildren in
Mongolia [43]. Additional studies are required to explore how
vitD-mediated immune pathways are altered in vivo in the pres-
ence or absence of antituberculosis drugs, and whether adjunct
immunomodulatory treatment could be effectively designed for
use in certain patient groups in which antibiotics are insuffi-
cient, such as those with MDR tuberculosis.

Our results suggest that LL-37-induced pathways are impor-
tant mechanisms involved in vitD+PBA-mediated intracellular
killing of MDR tuberculosis. VitD+PBA stimulates autocrine
or paracrine secretion of LL-37 from macrophages to mediate
its intracellular effects, including enhanced phagocytosis [44]
and activation of autophagy [10]. LL-37 can be internalized
via P2X7R and traffic to the lysosome, where it is involved in
intracellular clearance of bacteria [34]. PBA and vitD have a
synergistic effect on LL-37 expression in host cells at both tran-
scriptional and peptide levels [23]. The vitD receptor is a key
transcription factor required for PBA-mediated induction of
LL-37 [45]. As an HDAC inhibitor, PBA can open up the chro-
matin and enable binding of the vitD-vitD receptor complex
to access the promoter region of target genes [46], such as the
CAMP gene and genes associated with autophagy. Thereby, PBA
could support vitD in the up-regulation of antimicrobial immu-
nity in M. tuberculosis—infected cells.

Major strengths of this study are that we have infected human
primary macrophages with clinical isolates obtained from pa-
tients, ranging from drug-susceptible to MDR tuberculosis
strains with different drug resistance profiles, and compared
the results with those of the laboratory H37Rv strain. The clin-
ical isolates represented all major genetic M. tuberculosis lin-
eages, while the selected strains were from the same lineage.
However, the experimental setup had limitations on how many
donors, strains, conditions, and doses could be included in each
experiment, and therefore we did not study the individual ef-
fects of vitD or PBA in combination with RIF or INH. Instead,
we focused on unraveling the interactions between vitD+PBA
and the primary drugs, and we thereby confirmed that the
immunomodulatory compounds and the antibacterial drugs
use different and complementary mechanism to reduce intra-
cellular M. tuberculosis growth.

Importantly, these drug combinations do not seem to induce
adverse effects that could compromise antituberculosis treat-
ment. Instead, our results suggest that vitD+PBA can partly
overcome drug resistance and inhibit intracellular growth of
MDR tuberculosis bacilli. Whether vitD+PBA can also bypass
resistance to other primary and secondary antituberculosis
drugs needs to be systematically tested. Genotypic testing of the
MDR tuberculosis strains exposed compensatory mutations that
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may restore or enhance bacterial fitness [1], which could con-
tribute to impaired immunity [13-15] and promote transmis-
sibility of hypervirulent MDR tuberculosis strains, such as the
Beijing genotype family [47]. Accordingly, immunomodulatory
agents should be effective in virulent MDR tuberculosis strains
that may be particularly able to diminish host immunity.

In arecent meta-analysis, the general MDR tuberculosis treat-
ment strategy was revised to prioritize bedaquiline, clofazimine,
and linezolid [48]. However, as drug resistance is rapidly
increasing, host-directed therapy with vitD+PBA may very well
be as effective as some of the second-line drugs that need to be
included in the therapy to prevent further development of re-
sistance. The World Health Organization has endorsed a short-
ened 9-month regimen for patients with MDR tuberculosis
based on the STREAM (Standardised Treatment Regimen of
Anti-TB Drugs for Patients with MDR-TB) trials [49], which is
suitable for “less complicated” MDR tuberculosis and includes
7 drugs supplemented with high-dose INH. VitD+PBA may be
especially effective during the first 4 months of intensive treat-
ment with high-dose INH, to inhibit growth of INH-tolerant
bacilli that may persist after the initial phase of INH-mediated
bacterial killing [50]. Our positive results encourage adjunct
therapy with immunomodulatory agents such as vitD+PBA, to
strengthen the effect of MDR tuberculosis regimens for patients
with difficult-to-treat MDR tuberculosis or extensively drug-
resistant tuberculosis when treatment options are scarce.
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