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Abstract: Previous studies demonstrated that live Mycobacterium leprae (M. leprae) infection promoted macro-
phage differentiation toward the M2 type, with elevated interleukin (IL)-10 production. The underlying mechanism is 
not entirely clear. In this study, we treated macrophages with primary M. leprae strains isolated from both leproma-
tous leprosy (L-lep) and tuberculoid leprosy (T-lep) patients. We found that infection by live M. leprae, regardless of 
the primary strain, resulted in M2 skewing in the infected macrophage. This skewing was associated with downregu-
lated IRGM expression, a core organizer protein in the autophagy assembly and reduced autophagosome formation, 
and with lower annexin V staining and lower caspase 3 and caspase 9 activity. Moreover, live M. leprae-infected 
macrophages prevented efficient phagocytosis by uninfected bystander macrophages. As a result, the phagocytes 
secreted less pro-inflammatory cytokines, and preferentially primed anti-inflammatory T cell responses. Together, 
these results suggested that live M. leprae could employ a strain-independent mechanism to suppress inflamma-
tion, possibly involving the inhibition of autophagy and apoptosis in the infected macrophages.
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Introduction

Mycobacterium leprae (M. leprae) is the caus-
ative pathogen of human leprosy and infects 
macrophages and Schwann cells [1]. As an obli-
gate intracellular pathogen, clearance of M. 
leprae is dependent on efficient T cell-mediat-
ed clearance of infected host cells. However, 
studies by others and us have found that live M. 
leprae-infected macrophages, but not heat-
killed M. leprae-treated macrophages, prefer-
entially exhibit the regulatory M2 type, which is 
characterized by high interleukin 10 (IL-10) and 
low IL-12 expression [2-5]. As antigen present-
ing cells (APCs), these infected macrophages 
preferentially induce regulatory T cell respons-
es instead of proinflammatory and cytotoxic T 
cell responses [2]. These features are thought 
to contribute to the persistence of M. leprae in 
the host and result in worse infection out-

comes. Indeed, patients with lepromatous lep-
rosy (L-lep), a progressive disease with numer-
ous lesions and plenty of intracellular bacteria, 
are found to have weak cellular immunity and 
elevated Foxp3+ regulatory T cells at the lesion 
site [6-9], while patients with tuberculoid le- 
prosy (T-lep), a self-containing disease with 
fewer lesions and less bacteria, are found with 
robust Th1-skewing immunity [10, 11]. These 
results raised the question of how live, but not 
dead, M. leprae promoted M2 macrophage 
skewing and whether there were strain differ-
ences between L-lep and T-lep patients.

Internalization of cytosolic contents through 
autophagy is crucial for the homeostasis of  
cellular organelles. During intracellular infec-
tion, autophagy provides a defense mechanism 
through which antigens of intracellular patho-
gens can be internalized in lysosomes, and 
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then presented by MHC molecules [12, 13]. 
Programmed cell death through apoptosis rep-
resents another defense mechanism during 
which the dying infected cell keeps its cellular 
membrane intact and prevents the release of 
intracellular pathogens [14]. In another myco-
bacterium infection by virulent M. tuberculosis, 
it has been shown that inhibition of autophagy 
and apoptosis is a strategy to evade antigen 
presentation and facilitate bacterial release 
[15]. Similarly, mutations in NOD2, a bacterial 
peptidoglycan sensor that initiates autophagy, 
is associated with susceptibility to leprosy [16-
18]. Our previous study has also identified that 
polymorphisms in immunity-related GTPase 
(IRGM), an organizer of the core autophagy 
machinery [19], is associated with leprosy risk 
[20]. Moreover, infection of murine macro-
phages by live M. leprae inhibits apoptosis [21]. 
Whether live M. leprae infection promotes M2 
macrophage differentiation and inhibits proin-
flammatory T cell immunity through the inhibi-
tion of apoptosis and autophagy is unclear.

In this study, we investigated the underlying 
mechanism that M. leprae promoted M2 mac-
rophage differentiation and inhibited proinflam-
matory T cell immunity. We found that live M. 
leprae, but not killed M. leprae, could inhibit 
autophagy and apoptosis in infected macro-
phages. The effectiveness of this function de- 
pended on the concentration but not on wheth-
er the strain was harvested from L-lep or T-lep 
patients.

Materials and methods

Human samples

The source of uninfected peripheral blood 
mononuclear cells (PBMCs) was a healthy fe- 
male individual who did not have leprosy, auto-
immune disorders, other systemic diseases or 
leprosy in a family member (within third-degree 
relatives). All L-lep and T-lep participants were 
diagnosed by the consensus of two dermatolo-
gists based on Ridley and Jopling’s criteria [6]. 
They were also free of M. tuberculosis infection 
and other chronic infections except M. leprae.  
A 6-mm skin biopsy specimen was obtained by 
standard punch technique. All participants  
provided written informed consent. The study 
was approved by the ethics committee of 
Shanghai Skin Disease Hospital.

Harvest and growth of primary M. leprae

Collection of primary M. leprae was attempted 
using the skin biopsy samples from six L-lep 
and two T-lep individuals, using a method 
adopted from digesting mice foot pads with 
slight modifications [22]. Briefly, the tissue was 
minced in Hanks’ balanced salt solution (HBSS, 
Thermo Fisher) containing 0.05% Tween 80 
(Sigma Aldrich), and then centrifuged at 150 g 
for 10 min. The supernatant was treated with 
0.05% trypsin at 37°C for 1 hour. The bacilli 
was then pelleted by centrifuging for 20 min at 
4000 g, resuspended in HBSS, and treated 
with 1% sodium hydroxide for 15 min at 33°C. 
The bacilli was then washed and counted for 
resuspension at a final concentration of 2 × 107 
per mL [23]. The amount of 0.05 mL suspen-
sion was injected into the foot pads of BALB/c 
athymic NU/NU mice for further amplification. 
Three primary strains, including L1 and L5  
from two L-lep subjects and T2 from one T-lep 
subject were successfully obtained. M. leprae 
viability was determined by viability staining 
[24]. More than 85% viability was used as a 
standard for live M. leprae. Equivalent amount 
of live M. leprae was heated in 80°C for 30 min 
to obtain heat-killed M. leprae. All M. leprae 
samples were used within 24 h of harvest.

Cell isolation

Macrophage was derived from peripheral blood 
monocytes, which was obtained by using Hu- 
man Monocyte Isolation Kit II (Miltenyi) on 
PBMCs from the healthy control individual. A 
total of 106 per mL monocytes were then cul-
tured in RPMI 1640 with L-glutamine, Pen Strep 
(Thermo Fisher) and 10% autologous serum for 
6 days at 37°C and 5% CO2, with media repla- 
cement every two days. At the end, the plate 
was swirled gently and the upper level medium 
was carefully removed to leave only live adher-
ent macrophages at the bottom. Macrophage 
identity was then confirmed by microscopic 
examination and CD16 straining. Autologous 
naive CD45RA+ T cells was obtained by apply-
ing Naive Pan T Cell Isolation Kit (Miltenyi) and 
confirmed by CD45RA staining.

M. leprae treatment of macrophages

Live or heat-killed M. leprae was added to 
adherent macrophages at an MOI of 20:1 and 
100:1 for 6 h at 33°C. The plates were then 
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washed twice to remove excess bacteria, fol-
lowing a previously established method [21].

Flow cytometry

For the detection of autophagosomes, live or 
heat-killed M. leprae-treated macrophages 
were washed twice and incubated with pre-
pared Cyto-ID Green Dye (Enzo Life Sciences) 
for 30 min at 37°C, and then washed again  
and incubated with Violet Dead Cell Stain 
(Invitrogen) and APC-conjugated anti-CD16 
antibody (BioLegend) for 15 min in 4°C. For 
identification of apoptotic cells, the Annexin 
V-FITC Apoptosis Detection Kit (Abcam) was 
used. Samples were acquired in a BD FACS 
Canto cytometer and analyzed in FlowJo (Tree 
Star).

Coculture with T cells

We followed a previously published protocol [2]. 
Briefly, naive T cells were cocultured with M. 
leprae-treated macrophages for 6 days, and 
then purified using Human T Cell Enrichment 
Kit (Stemcell) and cultured alone for an addi-
tional 72 h in the presence of anti-human CD3 
(OKT3, BD) and anti-human CD28 (CD28.2, 
eBioscience).

ELISA

Macrophages after 12 h incubation, or T cells 
after 72 h incubation were centrifuged at 300 g 
for 5 min. 100 µl supernatant was taken per 2 
× 105 cells. Human interferon (IFN) gamma, 
IL-12 p70, and IL-10 ELISA kits (eBioscience) 
were used.

Quantitative RT-PCR

cDNA from M. leprae-treated macrophages 
was obtained by coupling the RNeasy Mini Kit 
and the QuantiTect Reverse Transcription Kit 
(Qiagen). IRGM expression was measured by 
quantitative real-time PCR using the using  
the LightCycler SYBR Green System (Roche). 
5’-GCAGATCAGAGAAAATGTCCTGGAA-3’ foward 
primer and 5’-TGGCTAGCTGTTGAATATCCTGA- 
GC-3’ reverse primer were used under the fol-
lowing condition: 1 min at 94°C, 45 cycles of 
30 s at 94°C, 30 s at 55°C, and 30 s 72°C, and 
7 min at 72°C.

Caspase assay

A total of 106 M. leprae-treated macrophages 
were lysed on ice and the caspase 3 and cas-

pase 9 activities were measured using Cas- 
pase-3 and Caspase-9 Colorimetric Assay Kit 
(R&D Systems), following manufacturer’s ins- 
tructions. For all experiments, a separate mac-
rophage culture with the pan-caspase inhibitor 
z-VAD-FMK (100 µM, Santa Cruz Biotechnology) 
was used as a negative control for the colori-
metric assays.

Phagocytosis assay

Uninfected macrophages (phagocytes) were 
labeled with FITC-anti-human CD16 (BioLe- 
gend) and added to pHrodo-labeled M. leprae-
treated macrophages at 4:1 phagocyte to tar-
get cell ratio. pHrodo-labeling was completed 
using pHrodo Red AM Intracellular pH Indicator 
(Thermo Fisher) following manufacturer’s ins- 
tructions. FITC-labeled cells was acquired in 
FACS Canto for measuring the level of pHrodo 
fluorescence or sorted in FACS Aria for subse-
quent coculture with T cells.

Statistical analyses

All results were expressed as mean ± SEM. 
Differences between live or heat-killed M. lep-
rae treatment were examined by Welch’s t test 
or one-way ANOVA followed by Tukey’s test per 
experiment. Two-tailed P < 0.05 was consid-
ered significant.

Results

Low proinflammatory/regulatory T cell ratio 
after priming by live M. leprae-infected macro-
phage

We previously reported that live, but not dead, 
M. leprae Thai 53 strain induced M2-type mac-
rophage differentiation. These live M. leprae-
infected macrophages preferentially primed re- 
gulatory T cell responses with elevated IL-10 
secretion, lower IFN-γ secretion, and reduced 
cytotoxicity [2]. However, monocytes from T-lep 
patients were significantly less IL-10-producing 
and more IL-12-producing than monocytes from 
L-lep patients [2]. These previous observations 
raised the question of whether strain differenc-
es induced different macrophage responses, 
such that the M. leprae strain from T-lep sub-
jects promoted M1-type differentiation while M. 
leprae strain from L-lep subjects promoted 
M2-type differentiation. To answer this, we cul-
tured primary M. leprae isolates from two L-lep 
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patients, named strain L1 and strain L5, and 
from one T-lep patient, named strain T2. These 
primary strains were then cultured with macro-
phages derived from peripheral blood mono-
cytes from healthy volunteers, in live or heat-
killed form. After M. leprae treatment, the IL-10 

and IL-12 mRNA transcription levels in macro-
phages, as well as the secreted IL-10 and IL-12 
concentrations in the supernatant, were mea-
sured. We found that in general, macrophages 
incubated with live and killed strains present- 
ed similar levels of IL-10 secretion, but macro-

Figure 1. Macrophages treated with primary live M. leprae strains tended to present M2-type functionality. Macro-
phages were derived from peripheral blood monocytes from a healthy volunteer and were incubated with live (black 
bars) or heat-killed (white bars) primary L1 and L5 strains from two L-lep patients and primary T2 strain from one 
T-lep patient. A. IL-10 and IL-12 mRNA levels, as well as the IL-10/IL-12 mRNA ratio, in macrophages, as measured 
by qPCR. B. Secreted IL-10 and IL-12 protein concentrations, as well as the IL-10/IL-12 protein concentration ratio, 
by macrophages in the supernatant, as measured by ELISA. C. MHC class II expression level by macrophages after 
treatment with live or killed M. leprae. The mean fluorescence intensity (MFI) was shown. D. Cytokine expression 
by autologous naive CD45RA+ T cells after incubation with live or killed M. leprae-treated macrophages. Naive 
CD45RA+ T cells were first incubated with macrophages for 6 days, and then purified and incubated separately with 
anti-CD3/CD28 stimulation for 72 hours. IFN-γ and IL-10 concentration was measured by ELISA. The ratio of IFN-γ 
to IL-10 level is shown. All experiments were performed in triplicates. Welch’s t test. *P < 0.05. **P < 0.01. ***P 
< 0.001. NS: not significant.
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phages incubated with live strains presented 
very low IL-12 expression, while macrophages 
incubated with killed strains presented signifi-
cantly elevated IL-12 expression (Figure 1A and 
1B). Macrophages incubated with live L1 and 
T2 strains presented significantly higher IL-10/
IL-12 concentration ratio compared to macro-
phages incubated with killed L1 and T2 strains. 
Macrophages incubated with live L1, L5 and T2 
strains also expressed lower MHC class II than 
those incubated with killed strains (Figure 1C). 
A fraction of macrophages were washed and 
cocultured with CD45RA+ naive T cells. The T 
cells were isolated again after 6 days and cul-
tured alone for 72 additional hours in the pres-
ence of anti-CD3/CD28 stimulation. Cytokine 
secretion in the supernatant was measured by 
ELISA. We found that T cells incubated with live 
L1, L5 and T2-treated macrophages presented 
lower IFN-γ/IL-10 secretion than T cells incu-
bated with killed L1, L5 and T2-treated macro-
phages (Figure 1D). Together, these data dem-
onstrated that primary M. leprae isolates re- 
capitulated our previous finding in the Thai 53 
strain [2]. Moreover, the primary M. leprae 
strain T2 from T-lep patients was not different 
from the primary L1 and L5 strains from L-lep 
patients in terms of converting macrophages 
toward a more regulatory type.

Live M. leprae infection selectively inhibited 
macrophage autophagy

IRGM is necessary for defense against intracel-
lular pathogens, such as Listeria, Toxoplasma, 
and M. tuberculosis, by inducing autophagy 
[25], a process through which macrophage 
degrades cytoplasmic components and pres-
ents them on the MHC molecules. Previous 
studies by others and us have shown that poly-
morphisms in IRGM is associated with suscep-
tibility to tuberculosis and leprosy [2, 20, 26, 
27]. We therefore investigated whether live or 
heat-killed M. leprae-treatment affected the 
expression of IRGM. At high multiplicity of infec-
tion (MOI = 100:1), killed L5 strain-treated mac-
rophages expressed significantly higher IRGM 
than live L5-strain treated macrophages, while 
the difference in IRGM expression between live 
or killed L1 and T5 treatment were not signifi-
cant (Figure 2A). At low MOI (20:1), however, 
live L1, L5, and T2-treated macrophages ex- 
pressed significantly lower levels of IRGM th- 
an killed L1, L5 and T2-treared macrophages 

(Figure 2B). Since IRGM acts as the core pro-
tein for autophagy assembly, we also investi-
gated the level of autophagy in live or killed M. 
leprae-treated macrophages by flow cytometry 
(Figure 2C). At high MOI, the level of autophagy 
in live L5-treated macrophages was significant-
ly higher than that in killed L5-treated macro-
phages, while at low MOI, the level of autopha-
gy was significantly lower in all macrophages 
treated with live strains (Figure 2C). Together, 
these results suggest that autophagy was not 
effectively upregulated when live, but not killed, 
M. leprae was added at low concentrations.

Live M. leprae infection at low multiplicity of in-
fection (MOI) inhibited caspase 3 and caspase 
9 activation

Apoptosis represents another mechanism th- 
rough which the host controls intracellular 
infections. It is thought that rupture of infected 
macrophages in necrosis can result in bacterial 
dispersal to uninfected neighboring cells, while 
apoptosis keeps the membrane intact and pro-
motes the uptake of dying cell by other phago-
cytes, which can then present intracellular  
bacterial antigen. Indeed, M. tuberculosis was 
previously shown to block the formation of 
apoptotic envelope in infected macrophages 
and resulted in reduced mycobacterial antigen 
presentation [15, 28]. Here we show that M. 
tuberculosis phagosomes are secluded from 
the cytosolic MHC-I processing pathway and 
that mycobacteria-infected cells lose their anti-
gen-presenting capacity. We also show that 
mycobacteria induce apoptosis in macroph- 
ages, causing the release of apoptotic vesicles 
that carry mycobacterial antigens to uninfected 
antigen-presenting cells (APCs. Here, we inves-
tigated the effect of live or killed M. leprae 
treatment in macrophage apoptosis at high 
(100:1) and low (20:1) MOI by annexin V stain-
ing (Figure 3A). No significant difference was 
observed between live or killed M. leprae-treat-
ed macrophages at high MOI, but at low MOI, 
the killed M. leprae-treated macrophages pre-
sented significantly higher apoptosis than live 
M. leprae-treated macrophages (Figure 3B). 
The caspase 3 and caspase 9 activation in live 
or killed M. leprae-treated macrophages was 
also examined and was expressed as a ratio 
compared to untreated control macrophages. 
We found that at high MOI, live and killed M. 
leprae-treated macrophages presented com-
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parable levels of caspase 3 and caspase 9 acti-
vation, which were higher than the levels in con-
trols (Figure 3C). At low MOI, live L1, L5, and  
T2 strains induced lower caspase 3 activation 

than killed L1, L5 and T2 strains; live L1 and T2 
strains also induced lower caspase 9 activation 
than killed L1 and T2 strains. Interestingly, live 
M. leprae treatment at low MOI actually inhibit-

Figure 2. IRGM was preferentially expressed in killed M. leprae-treated macrophages. Macrophages were incubated 
with live (black bar) or heat-killed (white bar) M. leprae at various MOI levels. The macrophages were then harvested 
for IRGM mRNA expression by quantitative RT-PCR. A. IRGM expression in macrophages when M. leprae was added 
at 100:1 or at 20:1 MOI level. B. Detection of autophagy by Cyto-ID Green Autophagy Dye was first verified in control 
macrophages (incubated in full-nutrient medium), starved macrophages (incubated in amino acid-deprived medium 
for 18 h), and recovered macrophages (starved macrophages replaced in full-nutrient medium for 4 h). The level of 
autophagy was then examined in live or killed M. leprae-treated macrophages. C. The level of autophagy in macro-
phages when M. leprae was added at 100:1 or at 20:1 MOI level. All experiments were performed in triplicates. *P 
< 0.05. **P < 0.01. ***P < 0.001. NS: not significant.
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Figure 3. Apoptosis was higher in killed M. leprae-treated macrophages at low MOI. Macrophages were incubated 
with either live (black bar) or heat-killed (white bar) M. leprae. A. Representative gating of apoptotic cells (annexin 
V+PI-) in L5-treated macrophages. B. The percentage of annexin V+PI- cells in live or killed M. leprae-treated mac-
rophages at high (100:1) or low (20:1) MOI levels. C. The induction of caspase 3 and caspase 9 was examined. 
Untreated macrophages were used as a control. The results were expressed as experiment to control ratio. A. The 
caspase 3 and caspase 9 activation by macrophages at high (100:1) or low (20:1) MOI levels. All experiments were 
performed in triplicates. Welch’s t test. **P < 0.01. *P < 0.05. NS: not significant.
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ed apoptosis, since the ratios of caspase 3 and 
caspade 9 activation when compared to con-
trols were smaller than 1, suggesting that M. 
leprae might employ anti-apoptotic machinery 
similar to that in M. tuberculosis [15].

Lack of apoptosis prevented antigen transfer 
to bystander antigen presenting cells, thus 
preventing proinflammatory T cell priming

The results above suggest that live M. leprae 
infection could inhibit autophagy and apopto-
sis, but how this leads to higher levels of M2 
type macrophages and lower levels of proin-
flammatory T cell inflammation is unknown. We 
hypothesized that reduction in autophagy and 
apoptosis in live M. leprae-infected macro-
phages might prevent them from being digest-
ed by uninfected macrophages, thus prevent-
ing effective antigen presentation. To inves- 
tigate this hypothesis, we labeled live or killed 
M. leprae-treated macrophages with pHrodo, a 
dye that is only weakly fluorescent at neutral 
pH, such as in the medium or cytosol, but is 
increasingly fluorescent as the pH value drops 
in phagosomes and endosomes [29]. The pHro-
do-labeled macrophages were then cultured 
with untreated macrophages, which were then 
examined in flow cytometry for engulfment an- 
alysis. pHrodo-labeled irradiated macrophages 
were used as a positive control while pHrodo-
labeled untreated macrophages were used as 
negative controls. We found that killed M. lep-
rae-treated macrophages were engulfed more 
efficiently than live M. leprae-treated macro-
phages (Figure 4A). These phagocytic macro-
phages were then stained for intracellular cyto-
kine secretion, and also sorted and cocultured 
with naive CD45RA+ T cells. We found that unin-
fected macrophages that were cocultured with 
killed M. leprae-treated macrophages had sig-
nificantly lower IL-10/IL-12 ratio than uninfect-
ed macrophages that were cocultured with live 
M. leprae-treated macrophages. T cells incu-
bated with macrophages that were cocultured 
with killed M. leprae-treated macrophages also 
present significantly elevated IFN-γ/IL-10 ratio 
(Figure 4B). Together, these results demon-
strated that live M. leprae-treated macro-
phages were not engulfed effectively by unin-
fected macrophages, which resulted in less 
proinflammatory cytokine secretion by both 
macrophages and T cells.

Discussion

This study has two major findings. First, we 
found that no significant difference was ob- 
served between primary M. leprae isolates 
from L-lep and T-lep patients, suggesting that 
the different infection outcome was not primar-
ily due to strain differences. To demonstrate 
this, primary L1 and L5 strains from two L-lep 
patients and primary T2 strain from one T-lep 
subject were harvested. When used to treat 
macrophages from a healthy volunteer, all three 
live M. leprae isolates preferentially promoted 
M2 macrophage differentiation, inhibited proin-
flammatory T cell activity, and suppressed 
autophagy and apoptosis, regardless of wheth-
er the strain was obtained from L-lep or T-lep 
subject. Second, we found that the M2 macro-
phage differentiation and inhibition of T cell 
activity was associated with autophagy and 
apoptosis. At low MOI (20:1), we found that 
macrophages treated by heat-killed M. leprae 
upregulated IRGM, an inducer of the autophagy 
assembly, while macrophages treated by live 
M. leprae failed to do so. This reduction in 
autophagy, coupled with lower MHC class II 
expression in live M. leprae-treated macro-
phages (Figure 1B), likely results in reduced M. 
leprae antigen presentation on the cell surface 
and limited T cell stimulation. Moreover, we 
found that at high MOI (100:1), both live and 
heat-killed M. leprae-treated macrophages 
exhibited higher caspase 3 and caspase 9 
activity than control untreated macrophages. 
However, at low MOI (20:1), live M. leprae-treat-
ed macrophages actually downregulated the 
caspase 3 and caspase 9 activity compared  
to untreated control macrophages, suggesting 
that live M. leprae infection could actually in- 
hibit apoptosis. Overall, these results con-
firmed earlier findings in murine macrophages 
[21], and discovered that primary live, but not 
heat-killed, M. leprae isolates from both L-lep 
and T-lep subjects promoted M2 macrophage 
skewing and inhibited autophagy and apo- 
ptosis.

Interestingly, differences between live or killed 
M. leprae were more pronounced at low MOI 
(20:1) than at high MOI (100:1). It is possible 
that at high MOI, the amount of dead bacteria 
in the live M. leprae sample (viability ≥ 85%) 
was concentrated enough to stimulate an 
inflammatory response like the heat-killed M. 
leprae. 
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The inhibition of apoptosis could assist the per-
sistence of M. leprae through several mecha-
nisms. First, M. leprae is an obligate intracellu-
lar pathogen that depends on the macrophage 
fatty acid metabolism for the synthesis of 
microbial lipids [30], thus requires the host 
cells to persist. Second, the failure of apoptosis 
could induce necrosis, another cell death mo- 
dality in which the cell membrane is fragment-
ed, resulting in the release of viable M. leprae 
for spreading infection. Indeed, it was shown 
that virulent M. tuberculosis actively prevented 
the formation of a stable apoptotic envelope 
matrix in macrophages, which resulted in mem-
brane disintegration and necrosis [15]. And 
third, uptake of apoptotic cells enables anti- 
gen presentation to T cells by the uninfected 
phagocyte, which can then initiate an immune 
response against infected macrophages [28]. 
Failure to induce apoptosis may prevent effi-
cient uptake of M. leprae-infected macro-
phages. We specifically examined the third  
possibility by using pHrodo to label M. leprea-
treated macrophages and FITC-anti-human 
CD16 to label uninfected macrophages, which 
were used as phagocytes. We found that he- 
at-killed M. leprea-treated macrophages were 

more efficiently ingested by phagocytes than 
live M. leprae-treated macrophages. Further- 
more, we showed that FITC-labeled macro-
phages that were cocultured with live M. lep-
rae-treated macrophages were skewed toward 
M2 type and preferentially primes regulatory T 
cell responses. Together, these results demon-
strated an additional mechanism through whi- 
ch the suppression of apoptosis by live M.  
leprae resulted in reduced proinflammatory 
immune responses.

Our study has a couple of unresolved issues. 
First, in this study, no obvious differences be- 
tween the L-lep strains and T-lep strains were 
found, but this conclusion is limited by the  
lack of more primary T-lep and L-lep strains. 
Therefore, whether the differences in the in- 
flammatory responses between L-lep and T-lep 
patients are more host-dependent or strain-
dependent still requires further investigations. 
Second, the mechanisms by which live M. lep-
rae inhibited macrophage autophagy and apop-
tosis is still unclear. It has been demonstrated 
by several reports that M. tuberculosis and M. 
bovis Bacillus Calmette Guérin could evade 
macrophage apoptosis [31, 32], involving sev-

Figure 4. Live M. leprae-treated macrophages were not as effectively ingested as heat-killed M. leprae-treated mac-
rophages. Live or heat-killed M. leprae-treated macrophages (MOI = 20:1) were labeled with pHrodo and cultured 
with FITC-anti-CD16-labeled uninfected macrophages. The amount of macrophages being ingested was then quanti-
fied by flow cytometry. A. The level of engulfment expressed as the MFI of pHrodo fluorescence under acidic pH. One-
way ANOVA followed by Tukey’s test. *P < 0.05. B. The IL-10 to IL-12 expression ratio by uninfected macrophages 
after incubation with live or killed M. leprae-treated macrophages. The uninfected macrophages (phagocytes) were 
isolated by FITC sorting and cultured separately for 24 hours. The supernatant was harvested for ELISA measure-
ment. C. The IFN-γ to IL-10 expression ratio by naive CD45RA+ T cells after coculture with FITC-sorted uninfected 
macrophages (phagocytes). Naive CD45RA+ T cells were first incubated with phagocytes for 6 days, and then puri-
fied and incubated separately with anti-CD3/CD28 stimulation for 72 hours. IFN-γ and IL-10 concentration was 
measured in the supernatant by ELISA. Welch’s t test. * P < 0.05.
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eral virulence genes and alterations in the 
expression of pro-survival transcription factors, 
such as bcl-2 [33, 34]. Whether M. leprae 
employs a shared mechanism or has unique 
virulence factors is still unclear. Also, Th1 po- 
larization tended to induce macrophage au- 
tophagy while Th2 polarization tended to inhi- 
bit it [35]. Since a reduction in T cell-secreted 
IFN-γ/IL-10 ratio was observed following Live  
M. leprae treatment, it might further inhibit 
autophagy through a positive feedback loop. 
The molecular mechanisms for the inhibition  
of autophagy and apoptosis in M. leprae still 
requires further investigations.
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