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1. Introduction
The identification of host factors associated with tuberculosis disease progression is
crucial for the discovery of host-directed therapies. Repurposing of FDA approved drugs
for new therapeutic intervention against TB is more affordable compared to developing
new drugs which is a time consuming and high rate of failure. Sphingolipids play a
significant role in innate immunity, and, thus, display substantial potential for developing
new antimicrobial treatments. Ceramide, in particular, has demonstrated to be highly
involved in mammalian cell infection by a wide range of bacteria, including pathogenic
mycobacteria, viruses, and some parasites. One of the pathways that synthesize ceramide
is the acid sphingomyelinase (ASM) (Figure 1). We hypothesize that the ASM pathway
could be exploited as a potential therapeutic target for Mycobacterium tuberculosis (Mtb)
clearance using FDA approved drugs inhibitors of the ASM pathway.

Figure 1. Pathways for ceramide metabolism detected within the 
human Mtb granuloma

Among the lipid species identified after
univariate and multivariate data analyses,
the Sphingolipids were highlighted as the
most significantly affected lipid category
within 30 Mtb granuloma lung tissue relative
to 15 healthy controls, including Ceramides
(Cer), Phosphosphingolipids (SM), and
Neutral glycosphingolipids. Mtb granuloma
samples displayed a general decrease on
the SM levels, together with a general
increase in the levels of Cer and Neutral
glycosphingolipids (Figure 2). Additionally,
sphingosine and 3-ketosphinganine levels
were also found downregulated (FC 0.5 and
0.45, respectively) in the Mtb granuloma.
The colour differences in the heatmap
schematically represented a general
reduction of the SM levels and an increase
in the Cer, HexCer, Hex2Cer, and Hex3Cer
levels in the Mtb granuloma when
comparing with healthy lung tissue,
together with a great hierarchical clustering
of the samples (Figure 3A). Additionally, the
obtained sphingolipid network delivered
highly insightful results, reflecting the
interconnections among mostly all the
affected sphingolipids detected in our
analysis (Figure 3B).

3. Untargeted lipidomics in human TB lesions vs 
healthy lung tissue

Figure 3. A. Heatmap of significantly altered sphingolipids 
associated with the Mtb granuloma formation generated with 
MetaboAnalyst 5.0.

B. Sphingolipid network generated with LINEX depicting the 
connection among the SM, Cer, HexCer, Hex2Cer, and 
Hex3Cer in terms of chain length, desaturation, and head 
group modification.

Figure 2. Intensity average of each sphingolipid species reflecting the 
differences between the Mtb granuloma samples (blue bar) and the control 
(grey bar) group. 
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GFP Mtb infected THP-1 macrophages treated with 5 µM ASM
inhibitors, Desipramine, Clomipramine, Nortriptyline and
Fluoxetine and 50 µM concentration of sphingosine kinase
inhibitor, PF-543 were stained with Lysotracker Red DND-99 dye
(Stains acidified lysosomes) and Hoechst 33342 dye (stains live
cells) to score for acidification and phagosome and lysosome
fusion.
Analysis of 10 x cellular images analysis showed a significant

increase in lysotracker dye staining following 24 hrs of treatment
with ASM inhibitors and PF-543 compared to untreated control
demonstrating the significant increase in acidification (Figure 7).
Significantly higher acidification was observed in Fluoxetine and
Nortriptyline followed by Clomipramine and Desipramine
compared to untreated control. In addition, 40 x cellular images
analysis showed a significant increase in co-localization of GFP-
M. tb with lysotracker dye following treatment with ASM inhibitors
and PF-543 compared to untreated control (Figure 8)
Significantly increased co-localization was observed in Fluoxetine
by 7.25-fold and Nortriptyline (6.0-fold) followed by Clomipramine
(5.2-fold), PF-543 (3.8 fold) and Desipramine (3 fold) compared
to untreated control (Figure 8). Lysotracker staining was not
observed in the GFP-M. tb infected macrophages that were
treated with Bafilomycin A1, a negative control, and the untreated
(Figure 7 and 8)

DesiControl

PF-543FluoNor

Baf

Clom

5. ASM inhibitors enhance acidification and phagosome 
lysosome fusion in Mtb infected THP-1 macrophages

Figure 7.  Enhanced phagosome lysosome fusion following treatment with 
ASM inhibitors in M. tuberculosis infected THP1 macrophages

Figure 8. Increased acidification following treatment 
with ASM inhibitors in M. tuberculosis infected THP1 
macrophages.

4. Treatment of different Mtb infection models with ASM inhibitors
We then proceeded to investigate whether inhibition of ASM by FDA-
approved ASM inhibitors would be associated with Mtb clearance in 3
different Mtb infection models. In the 2-D cell culture model of THP-1
macrophages infected with GFP Mtb, Trimipramine, Clomipramine and
Fluoxetine at 10 µM significantly reduced GFP compared to untreated
control (Figure 4A). Protriptyline, Trimipramine, Clomipramine, Lofepramine
at 10 µM in combination with Rifampicin at 50 ng/ml was efficient in
significantly reducing M. tb growth compared to Rifampicin alone (Figure
4A). However, ASM inhibitors at 10 µM alone or in combination with
Rifampicin at 50 ng/ml did not reduce the M. tb CFU compared to their
respective controls inside the THP-1 macrophages (Figure 4B). Fluoxetine
at 20 µM in combination with Rifampicin at 50 ng/ml and Isoniazid at 25
ng/ml reduced M. tb CFU significantly compared to Rifampicin at 50 ng/ml
and Isoniazid at 25 ng/ml control (Figure 4C). The other ASM inhibitors at
20 µM alone or in combination with Rifampicin at 50 ng/ml and Isoniazid at
25 ng/ml did not reduce the M. tb CFU compared to their respective
controls in THP-1 macrophages (Figure 4C).
In the 3-D in vitro granuloma cell culture model infected with luminescent
M.tb, treatment with 40 µM of the ASM inhibitors alone (orange) significantly
decreased luminescence relative to the untreated group (black) (p <
0.0001) (Figure 5A) at day 12 post-infection. Treatment with 20 µM (purple)
or 40 µM (blue) of the ASM inhibitors in combination with Rifampicin and
Isoniazid significantly decreased luminescence relative to the Rifampicin
and Isoniazid (green) treatment group (p < 0.0001) (Figure 5A). The effect
of the ASM inhibitors on CFU burden within the in vitro granuloma was
determined by treatment with Amitriptyline, Desipramine, Clomipramine,
Nortriptyline or Fluoxetine 50 µM alone and in combination with Rifampicin
(15 ng/ml) and Isoniazid (9 ng/ml). Treatment with 50 µM of the
Clomipramine (p < 0.0064) or Fluoxetine (p < 0.047) alone significantly
decreased CFUs relative to the untreated group (Figure 5B). Treatment with
50 µM of Clomipramine (p < 0.0001), Nortriptyline (p < 0.0091) or
Fluoxetine (0.0117) in combination with Rifampicin and Isoniazid
significantly decreased CFUs relative to the Rifampicin and Isoniazid
treatment group (Figure 5B).
In the in vivo mouse model infected with a laboratory M.tb strain, H37Rv,
treatment with 50mg/kg Desipramine or Nortriptyline significantly reduced
Mtb CFU burden in the lungs (Figure 6 ).
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Figure 4. Effect of ASM Inhibitors on the survival of M. tb in 
THP-1 macrophages

Figure 5. Effect of ASM Inhibitors on the survival of M. 
tb in in vitro granuloma

Figure 6. Effect of ASM Inhibitors on CFU burden in 
the lung in the mouse model infected with H37Rv
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2. Methods

CASE

n = 30 n = 15

CONTROL

~100mg snap frozen 
lung samples

Homogenize sample in 
50% methanol

Formic acid 
extraction

MeOH/MTBE 
extraction

CE-MS

LC-MS GC-MS

Untargeted Lipidomics

Infection and treatment of 2-D cell culture model
Infection with Mtb H37Rv 
GFP MOI = 5 for 2hrs

Treatment with 1, 10, 20 µM 
ASM inhibitors and 25ng/ml 
INH and 50ng/ml Rif for 3 days

Measure GFP

Plate for CFUs on 
7H11 Agar plates, 
incubate at 37 o C for 
3 weeks

Infection and treatment of 3-D cell culture model

PBMC isolation from 
leukopak obtained from 
SANBS

Seed 400 000 PBMCs per well of the Corning 
Spheroid microtiter plate to form the In vitro 
granulomas

Overnight infection 
with Mtb H37Rv lux 
MOI = 0.1 Treatment with 20 or 40 µM 

ASM inhibitors in combination 
with 9ng/ml INH and 15ng/ml 
Rif or 40 µM alone from day 3 
or 6 post-infection every 3 
days until day 12

Measure 
luminescence 
days 3, 6, 9 
and 12 post-
infection 

Plate for CFUs on 
7H10 Agar plates, 
incubate at 37 o C for 
3 weeks

Infection and treatment of in vivo mouse model

Mice were aerosol infected with Mtb H37Rv using the aerosol inhalation exposure
system (Glas-Col, USA) to deliver ~120-250 CFU/mouse lung. Drug treatment with
was initiated from 1 day post infection and continued for 4 weeks. The drugs used in
the study- Desipramine (50mg/kg body wt), Clomipramine (50mg/kg body wt) and
Nortriptyline (50mg/kg body wt) were adminstered orally for 5 days/week, while PF-
543 (15mg/kg body wt) was given twice a week through IP route. The
antimycobacterial drug Isoniazid and Rifampicin (IR) (100mg/L each) was
supplemented in the drinking water of the mice, 5 day/week for a total of 4 weeks
during the same time in the IR group only. Four weeks post drug treatment, mice
were sacrificed using anesthesia with isoflurane followed by gentle cervical
dislocation. Mice organs were aseptically harvested and homogenised in 2 ml of 1x
PBS, pH 7.4. Serial dilutions of homogenates were prepared in 1x PBS and plated
on 7H11 agar plates and incubated at 37 ⁰C for 3 weeks

Acidification and co-localization of M. tb H37Rv 
in THP-1 macrophages.

ASM inhibitors, Desipramine, Clomipramine, Nortriptyline,
Fluoxetine (5 µM); PF-543 (50 µM) and Bafilomycin (100 ng/ml)
were added to M. tb infected THP-1 macrophages and
incubated at 37 o C, 5% CO2 for 24 hrs. M. tb H37Rv GFP
infected THP-1 cells were stained with 100 ng/ml of Lysotracker
Red DND-99 dye (Stains acidified lysosomes) and 2 ug/ml of
Hoechst 33342 dye (stains live cells) to score for acidification,
phagosome and lysosome fusion by capturing images at 10 x
and 40 x magnification respectively at 37 o C, 5% CO2 using
Cytation 5 cell imaging multi-mode reader.

6. Summary
• Mtb granuloma lung tissue displayed a general decrease on sphingomyelin levels, together with a

general increase in the levels of ceramides and glycosphingolipids.

• Trimipramine, Clomipramine and Fluoxetine at 10 µM significantly reduced M. tb derived GFP
compared to untreated control in THP-1 macrophages. Protriptyline, Trimipramine, Clomipramine,
Lofepramine at 10 µM in combination with Rifampicin at 50 ng/ml was efficient in significantly
reducing M. tb growth compared to Rifampicin alone, suggesting that some of these ASM inhibitors
exhibited potential synergistic effect with Rifampicin in reducing bacillary burden in macrophages.
However, a significant reduction in the Mtb CFU burden inside the THP-1 macrophages was not
observed.

• Treatment with 20 µM Fluoxetine in combination with 50 ng/ml Rifampicin and 25 ng/ml Isoniazid
at reduced M. tb CFU significantly compared to 50 ng/ml Rifampicin and 25 ng/ml Isoniazid control,
suggesting that 20 µM Fluoxetine is potentially have synergistic effect with Rifampicin and
Isoniazid in THP-1 macrophages.

• Treatment of M. tb infected in vitro granulomas with 40 µM of the ASM inhibitors alone significantly
decreased luminescence relative to the untreated group and Treatment with 20 µM or 40 µM of the
ASM inhibitors in combination with Rifampicin and Isoniazid significantly decreased luminescence
relative to the Rifampicin and Isoniazid treatment group. This significant reduction in the Mtb CFU
burden inside the in vitro granuloma was only observed upon treatment with 50 µM of the
Clomipramine or Fluoxetine alone significantly relative to the untreated group and with 50 µM of
Clomipramine, Nortriptyline or Fluoxetine in combination with Rifampicin and Isoniazid relative to
the Rifampicin and Isoniazid treatment group, suggesting that these drugs have a potential
synergistic effect with Rifampicin and Isoniazid.

• A substantial reduction in pulmonary Mtb burden was observed in the mouse model of Mtb upon
treatment with desipramine and nortriptyline.

• Inhibiting the ASM pathway promotes the acidification of the phagosome which facilitates Mtb
clearance.
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