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Abstract: With a disease as widespread and destructive
as tuberculosis, more effective drugs and healthcare
strategies, in addition to the current antibiotics regimen,
are crucial for the enhanced well-being of millions of
people suffering from the disease. Host-directed therapy
is a new and emerging concept in treating chronic
infectious diseases, such as tuberculosis. Repurposing of
anti-cancer drugs, such as everolimus, may be an effective
way to supplement the standard antibiotic treatment.
Individuals with type 2 diabetes are increasingly
susceptible to co-morbidities and co-infections including
Mycobacterium tuberculosis, the causative agent of
tuberculosis. We demonstrated in this study that in vitro
everolimus treatment of granulomas from individuals
with type 2 diabetes caused significant reduction in the
viability of Mycobacterium tuberculosis.
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Further investigations revealed the effects of
everolimus in targeting foamy macrophages, a
macrophage phenotype that forms around granulomas,
and is characterized by a higher lipid accumulation inside
the cells. These foamy macrophages are thought to harbor
dormant bacilli, which are potential sources of disease
reactivation. Therefore, blocking foamy macrophage
formation would help better killing of intracellular
bacteria. Here, we report the potential of everolimus
treatment to downregulate lipid content within the foamy
macrophages of in vitro granulomas, thus leading to a
potential decrease in the number of foamy macrophages
and a more robust response to Mycobacterium tuberculosis.
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Introduction

Tuberculosis (TB), an infectious disease caused by
Mycobacterium tuberculosis (M. tb), is estimated to infect
nearly 10 million people a year [1]. M. tb is transmitted
through inhalation of aerosolized droplets, which first
infects the alveoliin thelungs and then spreads throughout
the body, infecting other organs. To control the infection,
macrophages ingest and destroy the M. tb pathogen.
While some of the infection may be cleared with bacterial
killing, the macrophages begin to aggregate around the
infected cell and create a granuloma, which acts to enclose
and suppress the infection instead of clearing it, leading
to latent tuberculosis (LTBI). Currently, the infection
remains latent in about 1.7 billion people around the
world [1]. The granuloma suppresses M. tb replication by
creating a hypoxic environment, depriving the pathogen
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of the oxygen and nutrients it needs to replicate. Thus,
the infection becomes localized within the lungs and can
no longer be transmitted to other organs [2,3]. However,
LTBI cases can reactivate to symptomatic TB disease
upon host-immunocompromising conditions. Thus,
immunocompromised individuals are more susceptible
to reactivation of LTBI [4]. Specifically, individuals with
type 2 diabetes mellitus (T2DM) are at a greater risk for
developing active TB, likely due to alterations in immunity
duetoelevated blood glucose levels. It has been shown that
individuals with T2DM have increased proinflammatory
cytokines, increased oxidative stress, decreased levels
of cytokines involved in controlling M. tb infection, and
decreased levels of glutathione (GSH) in macrophages,
which can hinder the formation of granulomas and the
control of M. tb infection [5].

The current treatment for TB, namely the directly
observed treatment short-course (DOTS), consists of
a variety of antibiotics, including isoniazid (INH),
rifampicin (RIF), pyrazinamide (PZA), and ethambutol
(ETH), administered during the two-month initial phase,
followed by INH and RIF in the continuation phase for
four months. However, this treatment has higher rates of
non-compliance due to side effects of the drugs, prolonged
duration of therapy, and unawareness of patients. This
non-compliance can lead to the development of drug-
resistant TB, which is more lethal and very difficult to
treat [6]. Since it is more likely for immunocompromised
individuals to develop an active TB infection, it is crucial
to create therapies that will be more successful than the
current options, especially with the threat of developing
resistant strains of M. tb. More recently, a promising
research has been conducted to treat TB with host-
directed therapy (HDT), which targets boosting the host
immune functions to fight infection. HDT is different from
antibiotics because it modulates the host cell functions;
the drug everolimus, for example, can induce autophagy
in host cells, which is capable of inhibiting intracellular
M. tb growth [7,8].

Everolimus is an inhibitor of the mammalian target
of rapamycin (mTOR) serine/threonine kinase signal
transduction pathway. mTOR regulates multiple cellular
processes involved in cell growth and differentiation; it is
involved in metabolic processes, such as lipid metabolism,
glucose metabolism, and protein metabolism, and
inhibiting catabolic processes such as autophagy [7,9].
Autophagy is a crucial cellular defense mechanism in
which damaged elements are removed by the cell via
lysosomal degradation. This natural mechanism has been
targeted to be used as a possible therapeutic method to
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rid cells of intracellular pathogens such as M. tb [10].
Since mTOR activity is increased in cells infected with M.
tb [11], autophagy may be inhibited more than normal.
Everolimus may be able to reverse these effects by
inhibiting mTOR activity. Although everolimus is known
to be an immunosuppressant used for patients with
organ transplants, it has been suggested that low doses
of everolimus improve immune response [12]. Everolimus
hasbeen used as a treatment for certain cancers and shows
promising effects as a treatment for M. tb. This is due to its
high water solubility and relatively low intracellular half-
life [13]. Recently we reported that everolimus enhanced
autophagy and restricted M. tb growth within an in vitro
human granuloma when treated with a combination of
first-line anti-TB drugs [8]. We also found that everolimus
was in favor of modulating inflammation levels, oxidative
stress, and the cytokine profile of granulomas during M.
tb infection [8].

In this study, we determined the effects of everolimus
treatment in improving the ability of in vitro granulomas
generated from immune cells isolated from individuals
with uncontrolled diabetes to control of M. tb infection.
Our study findings reveal that everolimus treatment
significantly diminished the viability of M. tb in the
in vitro granulomas from individuals with T2DM. To
understand the underlying mechanisms behind these
effects, additional preclinical studies were performed in
THP-1 cells.

M. tb infection is known to have characteristic
effects on lipid metabolism [14]. Such changes in lipid
metabolism are responsible for the development of foamy
macrophages. Also known as foam cells, these are a type
of macrophage that is packed with cholesterol and other
lipids in the form of lipid bodies and are known to create
fatty deposits on blood vessel walls. During M. tb infection,
the granulomas become highly vascularized and recruit
lymphocytes, macrophages, and dendritic cells to fight the
infection. As the granuloma matures and macrophages
differentiate, foamy macrophages begin to develop due
to an uneven amount of low-density lipoprotein (LDL)
entering and exiting the cell [15]. These foam cells have
been shown to increase inflammation [16], and can
keep M. tb infection in a vegetative, non-replicating
state, creating a nutrient-rich reservoir favorable for the
bacteria’s persistence. However, the foam cells become
unable to ingest, kill, or otherwise respond against the
bacteria [17]. Frédéric Altare’s team demonstrated that
foamy macrophages could not mediate phagocytosis of
new bacteria and showed decreased antimycobacterial
capabilities [18]. In their study, Peyron et al. also showed
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that M. tb survived and remained in a dormant state inside
foamy macrophages, which can provide the mycobacteria
with nutrients and form a secure environment [18].
Therefore, decreasing the levels of lipid components of the
foamy macrophages could be a potential way to control
the viability of M. tb within these cells. Our current report
builds upon our past studies on the effects of everolimus
on M. tb infection of peripheral blood mononuclear cells
(PBMCs) isolated from T2DM patients. Specifically, we
evaluated the effects of everolimus in altering the levels
of lipid bodies within macrophages infected with clinical
M. tb. Strains, CDC1551 and HN878. We hypothesize that
treatment with everolimus may play a role in decreasing
the amount of lipid bodies within the M. tb infected
macrophages, allowing these cells to control M. tb
infection more effectively.

Materials and Methods

T2DM Subjects Recruitment and Human
Blood Collection

Eight individuals with T2DM between the ages of 18 to
65 years old were recruited for this study. The T2DM
individuals had no history of HIV infection or TB, and
they had a glycated hemoglobin (HbAlc) level of more
than 8.0%. Exclusion criteria for the T2DM subjects also
included hepatitis, pregnancy, and medication history of
metformin, which plays a role in M. tb inhibition [19,20].
After obtaining written informed consent, 40 mL of whole
blood was drawn from the patients and collected in acid
citrate dextrose tubes by a licensed phlebotomist at
Western University Patient Care Center.

Ethical approval: The research related to human use
has complied with all the relevant national regulations,
institutional policies and in accordance with the tenets of
the Helsinki Declaration, and has been approved by both
the Institutional Review Board (IRB) and the Institutional
Biosafety Committee (IBC) of Western University of Health
Sciences.

Informed consent: Informed consent has been
obtained from all individuals included in this study.

Bacteria Preparation for Infection
The Erdman strain of M. tb, which was gifted by

Selvakumar Subbian, Rutgers New Jersey Medical
School, was used for the infection of isolated human
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PBMCs. The HN878 and CDC1551 strains were used to
infect human THP-1 macrophages as reported earlier
(29). All M. tb strains were cultured in Middlebrook
7H9 medium (BD and company, Sparks, MD, USA) with
10% albumin-dextrose complex (ADC) at 370. After M.
tb growth reached a logarithmic phase (determined by
an optical density (OD) between 0.5-0.8) the bacteria
were processed for infection. M. tb was centrifuged and
resuspended in sterile 1X phosphate-buffered saline
(PBS). Sterile 3-mm glass beads (Corning, NY, USA) were
added to the PBS buffer and bacteria pellet. The mixture
was then vortexed to disperse the clumps. The processed
bacteria were then filtered using a 5 um diameter syringe
filter (Corning, NY, USA) to remove large clumps. The
filtered bacteria were serially diluted and plated on 7H11
agar plates to determine the concentration of the stocks.
The processed bacteria were aliquoted in Cryo Eppendorf
tubes and stored in the freezer at -808 for further use. All
M. tb handling was carried out inside a certified biosafety
level 3 facility under a biosafety cabinet.

PBMC Isolation, Treatment, Infection and
Granuloma Formation

20 mL whole blood samples were layered on top of the
same amount of Ficoll-Histopaque reagent (Sigma-Aldrich,
St. Louis, MO, USA) in two 50 mL conical centrifuge tubes.
After centrifugation at 1800 rpm for 30 mins, the PBMC
layer was gently isolated into new 50 mL conical tubes.
The isolated PBMCs were washed twice with sterile 1X
PBS buffer and suspended in Rosewell Park Memorial
Institute (RPMI) medium (Sigma-Aldrich, St. Louis, MO,
USA) containing 5% human AB serum (Sigma-Aldrich, St.
Louis, MO, USA). The PBMC numbers were determined by
Trypan blue (Sigma-Aldrich, St. Louis, MO, USA) exclusion
staining with the aid of a hemocytometer.

PBMCs were distributed into 24-well cell culture
plates (Corning, NY, USA) coated with 0.001% poly-
lysine overnight at a density of 6x10°/well. The M. tb
Erdman strain was added to the wells at a multiplicity of
infection (MOI) of 0.1:1. The infected PBMCs were either
sham-treated (control) or treated with 1InM everolimus
(LKT Laboratories, St Paul, MN). Based on our extensive
experience in generating human in vitro granulomas, it is
most common to observe solid aggregation of PBMCs to
form granulomas approximately 7 days post-infection with
M. tb [8,21-23]. Therefore, infected PBMCs were terminated
at 8- and 15-days post-infection.
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THP-1 Cell Culture, Treatment, and Infection

THP-1 cells were recovered from frozen stock, and DMSO-
Cryopreservative medium (Sigma-Aldrich, St. Louis, MO,
USA) was removed by washing in 1X sterile PBS. The
cells were centrifuged at 2000 rpm at room temperature
for 15 min, then resuspended in the RPMI medium
with 10% fetal bovine serum (Sigma-Aldrich, St. Louis,
MO, USA). The cells were maintained in tissue culture
flasks at 37°C, in a 5% CO, incubator. For experimental
assays, THP-1 cells were processed as follows: cells
were recovered from the flasks and centrifuged at 2000
rpm for 15 min at room temperature. The cell pellet
was dispersed and was resuspended in a fresh RPMI
medium with 10% fetal bovine serum. The cell numbers
of the THP-1 resuspension were determined by Trypan
blue. 2X10° cells/well were distributed in 24-well cell
culture plates coated with 0.001% poly-lysine. THP-1
macrophages were differentiated by incubation with
10ng/mL phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, St. Louis, MO, USA) overnight at 378 in a 5%
CO, incubator. The media was replaced the following
day. Differentiated THP-1 macrophages were infected
with clinical M. tb isolates HN878 or CDC1551 at an
MOI of 5:1 and incubated for 3 hours at 378 in a 5% CO,
incubator for internalization. Following the infection,
non-phagocytosed bacteria were removed by washing
with warm sterile 1X PBS. Fresh RPMI medium with 10%
fetal bovine serum with or without everolimus (0.5ug/
ml) was added to the infected THP-1 macrophages. Two
extra wells per category were used for Oil red staining.
The infected THP-1 macrophages were maintained for
24h, 48h, and 72h post-infection.

Termination of in vitro Granulomas and THP-1
Macrophages for CFUs Assay

Following the different incubation times, the granulomas
were terminated on day 8 and day 15 post-infection,
and the THP-1 macrophages were terminated on 24h,
48h, and 72h post-infection. The terminated samples
were used in the colony-forming units (CFUs) assay to
determine the survival of M. tb inside the granulomas
and THP-1 macrophages. The supernatants of each group
were collected into Eppendorf tubes, and 250 pl of ice-
cold sterile 1X PBS was added into the cells, followed by
scraping of the wells.
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CFUs Assay

The supernatant and lysate samples collected from the
termination were vortexed and subjected to three freeze-
thaw cycles for the bacteria to fully release from the cells.
The samples from different treatment categories were
plated on 7H11 agar plates containing albumin dextrose
complex (ADC). The plates were incubated for 4-6 weeks
until M. tb colonies appear and are ready to count.

Lipid Body Content Measurements by Oil
Red Staining in THP-1 Macrophages and
Immunofluorescent Staining

For fluorescence staining, macrophages were collected in
PBS, and the lipid bodies were stained with Oil red (Sigma-
Aldrich, St. Louis, MO, USA) at 0.1 ug/ml, from a stock
solution in methanol for 15 min. The samples were then
washed with PBS, fixed for 30 min in PBS-PFA 4%, and
mounted with the fluorescent DAPI-mounting medium
(Thermo Fisher Scientific, Waltham, MA, USA). The slides
were analyzed on an EVOS FL cell imaging system (Thermo
Fisher Scientific, CA, USA).

Statistical Analysis

Experimental data were analyzed by using GraphPad
Prism Software 8.0. Unpaired t-test with Welch correction
was applied for two-sample comparisons. A one-way
ANOVA was used for multiple samples comparison with
Tukey corrections for the analysis of variance. All the
values reported are the means values with each category.
A p<0.05 was considered significant and labeled with one
asterisk (*). The p<0.005 was labeled with two asterisks
(**). The sample size of the pre-clinical trial was eight
T2DM positive subjects. The THP-1 study was repeated in
six samples.

Results and Discussion

Everolimus Restricts Growth of M. tb within
in vitro Human Granulomas from Individuals
with T2DM.

We first tested the ability of everolimus in inhibiting the
growth of intracellular M. tb within in vitro granulomas
generated with PBMCs from individuals with T2DM. The in
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Figure 1: Survival of M.tb. Erdman strain in untreated (control) and Everolimus-treated in vitro granulomas generated from PBMCs isolated
from individuals with type 2 diabetes. PBMCs isolated from individuals with type 2 diabetes were infected in vitro with M.tb. Erdman strain
and were either untreated (control) or treated in vitro with everolimus (1 nM). Granulomas were terminated at 8-days (Figure 1A) and 15-days
(Figure 1B) post-infection. Cell-free supernatants were collected and stored. Granulomas were lysed with ice-cold PBS. Supernatants and
granuloma lysates were plated on 7H11 agar plates containing ADC to determine the survival of M.tb.

vitro granulomas were either sham-treated or treated with
1 nM everolimus. Granulomas were terminated at 8-days
(Figure 1A) and 15-days (Figure 1B) post-infection. There
was a significant decrease in bacterial CFUs at both 8 days
and 15 days post-infection in granulomas treated with 1
nM everolimus, compared to untreated control groups.
These results suggest the efficacy of everolimus against
M. tb infection within in vitro granulomas generated with
PBMCs from individuals with uncontrolled T2DM.

Our previous study in healthy subjects suggests that
the elemental mechanism of everolimus in controlling
M. tb infection is due to its attributes in augmenting
autophagy, decreasing ROS production, and reducing
the production of proinflammatory cytokines, therefore
decreasing M. tb burden within in vitro granulomas [8].
The control of intracellular survival of M. tb is a complex
process not only affected by the host cell but by the bacillus
itself as well. Despite the mechanisms we explored, much
is still poorly understood.

During M. tb infection, the granuloma becomes highly
vascularized and recruits lymphocytes, macrophages,
and dendritic cells to fight the infection. A special group
of cell types found within the granuloma structure during
M. tb infection are the foamy macrophages. These cells
play a large role in either localized M. tb infection and
mineralization of the lesion or the process of caseation
and necrosis that further evokes the reactivation of M.

tb. The main characteristic of foamy macrophages is the
overexpression of lipid bodies. As the granuloma matures
and macrophages differentiate, foamy macrophages begin
to develop due to an uneven amount of LDL entering and
exiting the cell [15]. Peyron et al. have demonstrated that
M. tb long-chain fatty acids (oxygenated mycolic acids)
can also trigger the differentiation of macrophages into
foam cells [18]. Foamy macrophages are not only the
product of an inflammatory response, but they are also
inflammatory cells themselves. Our recent research has
shown that treatment with everolimus can downregulate
the oxidative stress and TNF-a levels (which elevate with
inflammation) and attenuate the inflammatory responses
within human in vitro granulomas [8]. Therefore, it is
crucial to test the effects of everolimus treatment in
altering the hemostasis of foamy macrophages (such as
lipid body levels) and link the intracellular survival of M.
tb within foamy macrophages to the lipid components
load.

Everolimus Reduces the Intracellular Survival
of M. tb HN878 and CDC1551 in THP-1
Macrophages

We induced a foamy macrophage model using THP-1
macrophages and evaluated the effects of everolimus on
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M. tb HN878 or CDC1551 infected THP-1 macrophages. We
determined the intracellular survival of M. tb in HN878
or CDC1551 infected THP-1 macrophages by CFU assay. To
illustrate the antimicrobial ability of everolimus inside
macrophages, THP-1 macrophages were infected by either
HN878 or CDC1551 at MOI 5:1, the viability of M. tb was
determined by CFU assay at 24 hrs, 48 hrs, and 72 hrs
post-infection time points. Consistent with our findings in
human in vitro granulomas studies, everolimus decreased
the viability of M. tb in the THP-1 macrophages at the 72
hrs post-infection timepoint. However, there were no
significant differences in bacterial killing at the 24 hrs and
48 hrs post-infection time points (Figure 2A, B, C). These
observations suggest that foamy macrophages phenotype
is established during later time of infection (72hrs) and
everolimus treatment is more pronounced only when the
macrophages are in a foamy phenotype. Thus everolimus
treatment of foamy macrophages can restrict bacterial
proliferation, although it does not kill all the bacilli during
early time points (Figure 2A, B, C).

The underlying mechanisms of everolimus in the
killing of M. tb within foamy macrophages need to be
investigated. The foamy macrophages are known for rich-
lipid body contents and act as a pivotal nutrient resource for
bacilli persistence. We speculated that the enriched lipid
bodies may cause the disability of foamy macrophages in
inhibiting the intracellular M. tb growth, and everolimus
may play a role in preferentially scavenging the lipid
bodies inside the foamy macrophages.

M. tb Infection Causes an Increase in Lipid
Body Levels within THP-1 Macrophages

Next we tested the effect of Mtb infection in promoting
a foamy phenotype to infected macrophages. We found
that the infection of THP-1 macrophages by both HN878
and CDC1551 strains caused a significant increase in lipid
body contents within the THP-1 macrophages, compared
to uninfected groups in all three post-infection timepoints
(24hrs, 48hrs, and 72 hrs), which also correlates with a
higher CFU burden. Our data support the hypothesis that
the formation of lipid bodies impacts the bactericidal
ability of foamy macrophages.

It has been demonstrated that foamy macrophages
exist in leprosy patients, Mycobacterium avium infected
HIV patients, and chronic M. tb infected mice [24-26]. As a
result, lipid body contents accumulate in those conditions.
Frédéric Altare’s laboratory has tested multiple bacterial
strains of M. th, M. smegmatis, and M. avium and found that
they all triggered foamy macrophage formation [18]. They
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Figure 2: Survival of M.tb in THP-1 cells. THP-1 cells were infected in
vitro with CDC 1551 and HN878 strains of M.tb. Infected THP-1 cells
were either untreated (control) or treated in vitro with everolimus
(0.5 mg/ml). Infected macrophages were terminated at 24h (Figure
2A), 48h (Figure 2B) and 72h (Figure 2C) post-infection. Cell-free
supernatants were collected and stored. Granulomas were lysed
with ice-cold PBS. Supernatants and granuloma lysates were plated
on 7H11 agar plates containing ADC to determine the survival of
M.tb.
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Figure 3: Quantification of Mean Fluorescent Intensity for Oil Red Staining: M. tb (CDC1551 or HN878)-infected macrophages cultured in the
presence and absence of everolimus (0.5 mg/ml) were terminated at 24h (Figure 3A), 48h (Figure 3B), and 72h (Figure 3C) post-infection.
Lipid bodies were stained with Oil red (Sigma-Aldrich, 0.1 pg/ml, from a stock solution in methanol) for 15 min. The samples were then
washed with PBS, fixed for 30 min in PBS-PFA 4%, and mounted with the fluorescent DAPI-mounting medium. The slides were observed
under a confocal microscope. Mean Fluorescent Intensity was calculated using Image) software.Figure 3D, E, F, G, H, I, ), K, L, M, N, O, P, Q,
R, S, Tand U areimages showing Oil Red Staining. M. tb (CDC or HN878)-infected macrophages cultured in the absence (Figure 3D, E, F, ], K,
L, P, Q, R) and presence (Figure 3G, H, I, M, N, O, S,T,U) of everolimus (0.5 mg/ml) were terminated at 24h (D,E,F,G,H,), 48h (J,K,L,M,N,0)
and 72 h (P, Q,R,S,T,U) post-infection. Lipid bodies were stained with Oil red for 15 min. The samples were then washed with PBS, fixed for
30 min in PBS-PFA 4%, and mounted with the fluorescent DAPI-mounting medium. The slides were observed under a confocal microscope.
Images were captured under 40X.
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suggested that macrophages lost the capability to control
the growth of M. tb once they were induced into foamy
macrophages [18]. Our study also demonstrates that the
formation of lipid bodies has a negative correlation with
intracellular M. tb control. Several hypotheses explain
how foamy macrophages inhibit M. tb clearance. Russel
et al. suggest that the conversion of macrophages into
foam cells is a pathogen-driven process that eventually
can lead to reactivation of the bacteria and death of the
macrophages [27]. Therefore, manipulating the host tissue
is a promising therapy. This is supported by the work of
Pandey and Sassetti, who show that M. tb can metabolize
cholesterol to survive in the foamy macrophages,
characterizing the transformed macrophages as beneficial
to the bacteria rather than detrimental [28].

Everolimus Reduces Lipid Body Contents
within THP-1 Macrophages Infected by
CDC1551 and HN878

Everolimus has been proposed to be a promising host-
directed therapy in conjunction with front-line antibiotics
in treating TB. In our previous study, we have tested
the effects of everolimus in the downregulation of the
oxidative stress levels, elevating autophagy of human in
vitro granulomas, and inhibiting the intracellular growth
of M. tb [8]. However, the correlation between the levels
of lipid body contents within the immune cells and the
ability to restrict M. tb replication within the host cells has
been untapped. Based on our preliminary findings, we
postulate that everolimus also plays a critical role in the
lipid metabolism of host cells and the fate of M. tb infection.
We administered 0.5 pg/mL everolimus to differentiated
THP-1 macrophages infected with either CDC1551 or HN878.
Treatment with everolimus significantly decreased the
levels of lipid bodies inside the THP-1 macrophages at all
time points (24hrs, 48hrs, and 72hrs post-infection) when
compared with sham-treated groups. This supports our
hypothesis that everolimus can downregulate the lipid
components caused by the M. tb infection in the THP-1
macrophages, indicative that diminished lipid bodies can
therefore decrease the viability of M. tb.

Conclusion

Our work unfolds a novel underlying mechanism of action
by which everolimus-treated macrophages control M.
tb infection. Although everolimus may inhibit the growth
of M. tb in several ways, findings from this study indicate
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that reduction in the lipid body content of infected
macrophages may play a significant role in enhancing
the antimycobacterial defense. In this study, THP-1
macrophages infected with M. tb were shown to have
elevated levels of lipid bodies, and THP-1 macrophages
treated with everolimus were shown to have decreased
levels of lipid bodies. Concurrently, M. tb-infected THP-1
macrophages treated with everolimus were shown to have
a reduced level of M. tb survival. These results provide
further evidence in favor of using everolimus as a possible
adjunctive therapy for TB.

Acknowledgments: The authors appreciate the funding
support from Your Energy Systems and NIH (HL143545-
01A1) to conduct this study. Sincere thanks to the
participants of this study for their time and involvement.
SS acknowledges the funding support from the Bill and
Melinda Gates Foundation (OPP1157210).

Conflict of interest: The authors state no conflict of
interest.

Data Availability Statement: The datasets generated
during and/or analysed during the current study are
available from the corresponding author on reasonable
request.

References

1. Barberis |, Bragazzi NL, Galluzzo L, Martini M. The history of
tuberculosis: from the first historical records to the isolation of
Koch’s bacillus. ) Prev Med Hyg. 2017 Mar;58(1):E9-12.

2. Guirado E, Mbawuike U, Keiser TL, Arcos J, Azad AK, Wang SH,
et al. Characterization of host and microbial determinants in
individuals with latent tuberculosis infection using a human
granuloma model. MBio. 2015 Feb;6(1):e02537-14.

3. Ramakrishnan L. Revisiting the role of the granuloma in
tuberculosis. Nat Rev Immunol. 2012 Apr;12(5):352-66.

. World Health Organization. Tuberculosis (Edinb). 2017.

5. Lagman M, Ly J, Saing T, Kaur Singh M, Vera Tudela E, Morris
D, et al. Investigating the causes for decreased levels of
glutathione in individuals with type Il diabetes. PLoS One. 2015
Mar;10(3):e0118436.

6. MittalV, Muralee S, Williamson D, McEnerney N, Thomas J, Cash
M, et al. Review: delirium in the elderly: a comprehensive review.
Am ] Alzheimers Dis Other Demen. 2011 Mar;26(2):97-109.

7. Cerni S, Shafer D, To K, Venketaraman V. Investigating the Role
of Everolimus in mTOR Inhibition and Autophagy Promotion as
a Potential Host-Directed Therapeutic Target in Mycobacterium
tuberculosis Infection. ] Clin Med. 2019 Feb;8(2):232.

8. Ashley D, Hernandez J, Cao R, To K, Yegiazaryan A, Abrahem
R, et al. Antimycobacterial Effects of Everolimus in a Human
Granuloma Model. J Clin Med. 2020 Jun;9(7):2043.



54

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

= Ruogiong Cao et al: Everolimus-induced effector mechanism in macrophages and survivability of Erdman ...

Everolimus HJ. Recent Results Cancer Res. 2018;211:101-23.
Singh P, Subbian S. Harnessing the mTOR Pathway for
Tuberculosis Treatment. Front Microbiol. 2018 Jan;9:70.
Lachmandas E, Beigier-Bompadre M, Cheng SC, Kumar V, van
Laarhoven A, Wang X, et al. Rewiring cellular metabolism via
the AKT/mTOR pathway contributes to host defence against
Mycobacterium tuberculosis in human and murine cells. Eur )
Immunol. 2016 Nov;46(11):2574-86.

Mannick JB, Del Giudice G, Lattanzi M, Valiante NM, Praestgaard
J, Huang B, et al. mTOR inhibition improves immune function in
the elderly. Sci Transl Med. 2014 Dec;6(268):268ra179. https://
doi.org/10.1126/scitranslmed.3009892.
Kirchner GIl, Meier-Wiedenbach I,
pharmacokinetics of everolimus.
2004;43(2):83-95.

Windle HJ, Kelleher D, Crabtree JE. Childhood Helicobacter pylori
infection and growth impairment in developing countries: a
vicious cycle? Pediatrics. 2007 Mar;119(3):e754-9.

Galkina E, Ley K. Immune and inflammatory mechanisms of
atherosclerosis (*). Annu Rev Immunol. 2009;27(1):165-97.
Baldan A, Gomes AV, Ping P, Edwards PA. Loss of ABCG1
results in chronic pulmonary inflammation. J Immunol. 2008
Mar;180(5):3560-8.

Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the
site of inflammation: the leukocyte adhesion cascade updated.
Nat Rev Immunol. 2007 Sep;7(9):678-89.

Peyron P, Vaubourgeix ), Poquet Y, Levillain F, Botanch
C, Bardou F, et al. Foamy macrophages from tuberculous
patients’ granulomas constitute a nutrient-rich reservoir
for M. tuberculosis persistence. PLoS Pathog. 2008
Nov;4(11):€1000204.

HyerS, Balani), ShehataH. Metforminin Pregnancy: Mechanisms
and Clinical Applications. Int ) Mol Sci. 2018 Jul;19(7):4.

Singhal A, Jie L, Kumar P, Hong GS, Leow MK, Paleja B, et al.
Metformin as adjunct antituberculosis therapy. Sci Transl
Med. 2014 Nov;6(263):263ra159. https://doi.org/10.1126/
scitranslmed.3009885.

Teskey G, Cao R, Islamoglu H, Medina A, Prasad C, Prasad R, et
al. The Synergistic Effects of the Glutathione Precursor, NAC and
First-Line Antibiotics in the Granulomatous Response Against
Mycobacterium tuberculosis. Front Immunol. 2018 Sep;9:2069.
Islamoglu H, Cao R, Teskey G, Gyurjian K, Lucar S, Fraix MP,
et al. Effects of ReadiSorb L-GSH in Altering Granulomatous
Responses against Mycobacterium tuberculosis Infection. J Clin
Med. 2018 Mar;7(3):40.

Cao R, Teskey G, Islamoglu H, Abrahem R, Munjal S, Gyurjian
K, et al. Characterizing the Effects of Glutathione as an
Immunoadjuvant in the Treatment of Tuberculosis. Antimicrob
Agents Chemother. 2018 Oct;62(11):e01132-18.

Cardona PJ, Ausina V. Hipersensibilidad retardada y necrosis
caseosa en el granuloma tuberculoso. Nuevas ideas para el
disefio de una nueva vacuna contra la tuberculosis humana
[Delayed-type hypersensitivity and caseous necrosis in
tuberculous granuloma. New ideas for the design of a new
vaccine against human tuberculosis]. Med Clin (Barc). 2000
Oct 21;115(13):503-9. Spanish. . PMID: 11093873. https://doi.
0rg/10.1016/50025-7753(00)71606-X.

Manns MP. Clinical
Clin  Pharmacokinet.

25.

26.

27.

28.

29.

DE GRUYTER

Barros GC, Labate RC. Psychological repercussions related
to brachytherapy treatment in women with gynecological
cancer: analysis of production from 1987 to 2007. Rev Lat Am
Enfermagem. 2008 Nov-Dec;16(6):1049-53.

Miiller H. Wie man Krebszellen zum Selbstmord treibt [Achieving
self-destruction of cancer cells]. Praxis (Bern 1994). 1999 Feb
25;88(9):374-6. German. PMID: 10191685.

Russell DG, Cardona PJ, Kim M]J, Allain S, Altare F. Foamy
macrophages and the progression of the human tuberculosis
granuloma. Nat Immunol. 2009 Sep;10(9):943-8.

Pandey AK, Sassetti CM. Mycobacterial persistence requires
the utilization of host cholesterol [Erratum in: Proc Natl Acad
Sci US A. 2008 Jul 1;105] [26] [:9130. PMID: 18334639; PMCID:
PM(C2393810]. Proc Natl Acad Sci USA. 2008 Mar;105(11):4376—
80.

Subbian S, Singh P, Kolloli A, Nemes E, Scriba T, Hanekom
WA, et al. BCG Vaccination of Infants Confers Mycobacterium
tuberculosis Strain-Specific Inmune Responses by Leukocytes.
ACS Infect Dis. 2020 Dec;6(12):3141-6.



