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Introduction

Summary

Both autophagy and pro-inflammatory cytokines are involved in the host
defence against mycobacteria, but little is known regarding the effect of
(MTB)-induced cytokine
production. In the present study, we assessed the effect of autophagy on

autophagy on Mpycobacterium tuberculosis
production of monocyte-derived and T-cell-derived cytokines, and exam-
ined whether two functional polymorphisms in autophagy genes led to
altered cytokine production. Blocking autophagy inhibited tumour necro-
sis factor-a (TNF-a) production, while enhancing interleukin-1f (IL-1f)
production in peripheral blood mononuclear cells stimulated with MTB.
Induction of autophagy by starvation or interferon-y (IFN-y) had the
opposite effect. The modulation of both TNF-a and IL-1f production by
autophagy was induced at the level of gene transcription. Functional poly-
morphisms in the autophagy genes ATGI16L1 and IRGM did not have a
major impact on MTB-induced cytokine production in healthy volunteers,
although a moderate effect was observed on IFN-y production by the
ATGI6L1 T300A polymorphism. These data demonstrate the interplay
between autophagy and inflammation during host defence against myco-
bacteria, and future studies to investigate the clinical implications of these
effects for the susceptibility to tuberculosis are warranted.
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different organs compared with wild-type animals.” The
TNF-a is important for formation of granuloma, a mech-

Tuberculosis (TB) is a major health problem with 10 mil-
lion new cases diagnosed each year, causing nearly 2
million deaths.! However, from the estimated 2 billion
individuals that have been initially infected with Mycobac-
terium tuberculosis (MTB), most develop asymptomatic
infection, also called ‘latent tuberculosis’. The pathogen is
often not eliminated and may persist for years inside
macrophages because of its capacity to evade the host
immune response. This persistence allows progression to
active tuberculosis either as the primary disease or, years
later, as reactivation when cellular immunity fails.

The interaction between MTB and cells of both the
innate and adaptive immune systems results in secretion
of pro-inflammatory cytokines such as tumour necrosis
factor-o (TNF-o), interleukin-1f (IL-1f), IL-18, IL-12
and interferon-y (IFN-y). The TNF-a, produced by
mononuclear cells, is crucial for host defence because
TNF-a-deficient mice succumb rapidly after MTB infec-
tion, with significantly higher mycobacterial outgrowth in

anism for containing and restricting the replication of the
bacilli.>? The crucial role played by TNF-o in human TB
is also demonstrated by the increased susceptibility to TB
in patients treated with anti-TNF-o therapy.*
Interleukin-1f is an essential component of the host
defence to mycobacteria.””” MTB-infected IL-1 receptor
type 1 knockout mice exhibit lower production of IFN-y,
defective granuloma formation, and decreased survival.®
Interferon-y is secreted by natural killer, CD4* and CD8"
T cells upon release of endogenous IL-12 and IL-18 by
macrophages and dendritic cells. The IFN-y activates
macrophages to kill and eliminate the mycobacteria. It
also enhances their expression of MHC class II molecules,
which results in improved antigen presentation to T cells.
The crucial importance of IFN-y for human anti-myco-
bacterial defence is demonstrated by the increased suscep-
tibility to mycobacterial infections in patients with IFN-y
receptor or IL-12 receptor deficiencies.*'® As cytokines
are therefore crucial for host defence against MTB, it is
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essential to understand the molecular pathway of the
MTB-induced cytokine production.

Autophagy is a pathway through which cytoplasmic
components, including organelles and intracellular patho-
gens, are sequestered in a double-membrane-bound
autophagosome and delivered to the lysosome for degra-
dation.'™"* Elimination of dysfunctional cell components
is one of the main roles of autophagy, besides the recy-
cling of cytoplasmic material, allowing the cell to main-
tain macromolecular synthesis and energy homeostasis
during starvation and other stressful conditions. In addi-
tion to its role in cell survival, autophagy is also involved
in host defence, with important effects on both innate
and adaptive immune systems.'»'* Autophagy has an
essential role for anti-mycobacterial host defence by fus-
ing the autophagosomes containing mycobacteria with
lysosomes,'>'® leading to antigen presentation and T-cell
activation.'”'® Recent experiments in mice suggest that
autophagy also modulates cytokine production: macro-
phages from ATGI6LI knockout mice with no functional
autophagy exhibit elevated IL-1f production, suggesting
an inhibitory role of autophagy on the production of this
cytokine.'” However, so far this has not been studied in
humans: although both autophagy and pro-inflammatory
cytokines have an important role in host defence against
mycobacteria, there are no reported data regarding the
effect of autophagy on MTB-induced cytokine produc-
tion. Therefore, in the present study, we assessed the
effect of autophagy on production of monocyte-derived
and T-cell-derived cytokines induced by MTB, and exam-
ined if two functional polymorphisms lead to altered
MTB-induced cytokine production.

Material and methods

Peripheral blood mononuclear cell stimulation assays

After obtaining informed consent, venous blood was
drawn from the cubital vein of healthy volunteers into
10 ml EDTA tubes (BD, Franklin Lakes, NJ). The mono-
nuclear cell fraction was isolated by density centrifugation
of blood, diluted 1 : 1 in pyrogen-free saline over Ficoll-
Paque (Pharmacia Biotech, PA). Cells were washed twice
in saline and resuspended in culture medium (RPMI; In-
vitrogen, CA) supplemented with gentamicin 10 pg/ml,
L-glutamine 10 mm and pyruvate 10 mm. Cells were
counted in a Coulter counter (Coulter Electronics, Buck-
inghamshire, UK) and the number was adjusted to
5 % 10° cells/ml. A total of 5 x 10’ mononuclear cells in a
100-pul volume was added to round-bottom 96-wells
plates (Greiner, Frickenhausen, Germany) in duplicate.
Cells were incubated with either RPMI or increasing
doses of 3-methyl adenine (3MA; Sigma, St. Louis, MO)
ranging from 1 to 10 mm for 24 hr, 48 hr or 7 days at
37° (incubation time was dependent on the cytokines

measured). Cytokine concentrations were assessed in the
supernatants using ELISA.

For autophagy inhibition and induction experiments,
cells were pre-incubated for 1 hr at 37° in RPMI or in the
presence of 3MA (10 mwm) or IFN-y (400 IE/ml; Immukine,
Boehringer, Ingelheim, Germany), respectively. After pre-
treatment, 100 ul RPMI (negative control) or sonicated
MTB H37Rv (1 pg/ml end concentration) was added to the
cells. Cells were incubated for 24 hr and cytokine produc-
tion was measured in supernatant using ELISA.

Autophagy was also induced by incubation of periph-
eral blood mononuclear cells (PBMCs) in starvation med-
ium (Earle’s balanced salt solution, EBSS; Invitrogen,
Carlsbad, CA). In some wells, PBMCs were pre-incubated
for 1 hr at 37° in the presence of 3MA (10 mm), to block
the induction of autophagy. Subsequently, cells were stim-
ulated for 3 hr with sonicated MTB H37Rv (1 pg/ml).
Thereafter, supernatants were discarded and TRIzol
reagent was added to the cells, after which they were
stored at —80° until analysed.

To investigate the effect of 3MA on the ATP-dependent
IL-18 release, PBMCs were pre-treated for 1 hr with
either RPMI or 3MA (10 mm). Subsequently, cells were
stimulated with RPMI or MTB H37Rv (1 pg/ml) for 3 hr.
After stimulation, supernatants were discarded and
refreshed with RPMI containing 1 mm ATP, after which
the cells were incubated for another 15 min. The ATP-
dependent IL-1f secretion after the additional 15 min
was assessed in the supernatant.

Inhibition of autophagy by small interfering RNA

As a complementary approach to inhibit the autophagy
PBMCs were transfected with control (scrambled) or
ATG7 small interfering RNA (siRNA) with a nucleofector
kit using an Amaxa electroporation chamber (Lonza,
Basel, Switzerland), After 24 hr of incubation at 37°, cells
were stimulated with MTB H37Rv (1 pg/ml), and after an
additional incubation of 24 hr the supernatants were
collected and stored at —80° until analysis.

Cytokine measurements

Measurements of TNF-o, IL-1f, IL-6, IFN-y, IL-10, IL-22
and IL-23 were performed in the supernatants using com-
mercial ELISA kits (R&D Systems, Minneapolis, MN:
TNF-a, IL-1f, IL-22; Sanquin, Amsterdam, the Nether-
lands: IL-6, IL-10, IFN-y; or E-Bioscience, San Diego, CA:
IL-23).

Real-time PCR for IL-1, TNF-o. and ATG7

RNA purification was performed from TRIzol according
to the manufacturer’s instructions. Isolated RNA was
transcribed into complementary DNA using iScript
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cDNA. Synthesis kit (Bio-Rad, Hercules, CA) followed by
quantitative PCR using SYBR Green. (Applied Biosys-
tems, Foster City, CA). The following primers were used:
IL-18, forward 5-GCCCTAAACAGATGAAGTGCTC-3'
and reverse 5'-GAACCAGCATCTTCCTCAG-3'; TNF-qo,
forward 5'- TGGCCCAGGCAGTCAGA-3' and reverse 5'-
GGTTTGCTACAACATGGGCTACA-3'; and ATG7, for-
ward 5'-CAGTTTGCCCCTTTTAGTAGTGC-3'and reverse
5'-CCTTAATGTCCTTGGGAGCTTCA-3'. Data were cor-
rected for expression of the housekeeping gene f,-mi-
croglobulin, for which the primers forward 5-ATG
AGTATGCCTGCCGTGTG-3" and reverse 5'-CCAAATG
CGGCATCTTCAAAC-3' were used.

Genotyping for ATG16L1 Thr300Ala and IRGM
polymorphisms

DNA was isolated from whole blood by using the Puregene
isolation kit (Gentra Sytems, Minneapolis, MN), according
to the manufacturer’s protocol. Genotyping for the pres-
ence of the ATGI6L1 Thr300Ala (rs2241880),and IRGM
promoter polymorphisms 1rs4958847 and rs13361189
polymorphisms was performed using TagMan single
nucleotide polymorphism (SNP) assays C_9095577_20,
C_1398968_10 and C_31986315_10, respectively, on the
7300 ABI Real-Time PCR system (Applied Biosystems).

These genotyping assays were performed in a 25 pl
total reaction volume, containing 2 pl genomic DNA as
well as primers, two specific probes (with either VIC or
FAM label) and Universal PCR 2 x Master mix (Applied
Biosystems). Cycling conditions were 2 min at 50° and
10 min at 95° followed by 40 cycles of 95° for 15 seconds
and 1 min at 60°. Fluorescence intensities were corrected
using a post-read/pre-read method for 1 min at 60°
before and after the amplification. The software automati-
cally plotted genotypes based on a two-parameter plot
with an overall success rate of > 95%. Intermediate sam-
ples were excluded from the analysis.

Two cohorts of healthy volunteers without known TB
contact have been assessed (n = 73 and n = 104), consist-
ing of foresters from the ‘Geldersch Landschap’ and
‘Kroondomein’ departments in the Netherlands. The indi-
viduals were between 23 and 73 years old, and 77% were
men. All volunteers gave written informed consent, and
the study was approved by the Ethical Committee of the
Radboud University Nijmegen Medical Centre, Nijmegen,
the Netherlands. The cytokine production induced by
sonicated MTB H37Rv in cells isolated from volunteers
bearing various ATGI6LI and IRGM genetic variants was
compared.

Statistical analysis

Differences were analysed using the Wilcoxon signed rank
test or Friedman test for paired samples and Mann—Whit-
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ney or Kruskal-Wallis test for unrelated samples.
P < 0-05 was considered statistically significant. Data are
shown as cumulative results of level obtained in all volun-
teers (means + SEM).
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Figure 1. The effect of the autophagy inhibitor 3-methyl adenine
(3MA) on Mycobacterium tuberculosis (MTB) -induced cytokine pro-
duction. Freshly isolated human peripheral blood mononuclear cells
(PBMCs) were pre-incubated with increasing doses of 3MA (1, 2, 5,
or 10 mm) for 1 hr at 37° in culture medium and subsequently stim-
ulated with sonicated MTB H37Rv (1 pg/ml). After 24 hr of incuba-
tion, tumour necrosis factor-o (TNF-a) (a), interleukin-1f (IL-1f)
(b) and IL-6 (c) were measured in the supernatant using specific
ELISA. Data are presented as means + SEM, n = 4 *P < 0-05 com-
pared with RPMIL.
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Results

Inhibition of autophagy enhances MTB-induced
production of IL-1f and IL-6, but decreases
production of TNF-a

Inhibition of autophagy with 3MA (a blocker of the
Beclinl complex that is crucial for the initiation of auto-
phagy) decreased TNF-o production induced by MTB
H37Rv (Friedman test P = 0-003). In contrast, autophagy
inhibition increased the production of IL-1f and IL-6
(Friedman test P = 0-017 and P = 0-035, respectively) in a
dose-dependent manner (Fig. 1). No changes were
observed in the induction of IL-10 (range 46-50 pg/ml) or
IL-18 (range 2—4 pg/ml) production when autophagy was
inhibited (data not shown). The T-cell-derived cytokines
IFN-y, 1L-17, 1L-22 and IL-23 levels were not detectable
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Figure 2. Modulation of inflammatory cytokine production by inhi-
bition and induction of autophagy. Peripheral blood mononuclear
cells (PBMCs) were pre-incubated for 1 hr with RPMI (negative con-
trol), 3-methyl adenine (3MA) 10 mm (inhibition of autophagy),
interferon-y (IFN-y) (400 IE/ml; induction of autophagy) or both
3MA and IFN-y at 37°. Thereafter, cells were stimulated for 24 hr at
37° with either RPMI or sonicated Mycobacterium tuberculosis (MTB;
1 pg/ml). Tumour necrosis factor-o. (TNF-a) (a) and interleukin-1/
(IL-1p) (b) concentrations were measured in the supernatant using
specific ELISA. Data are presented as means + SEM, n =6,
P < 0-01.

when cells were stimulated with MTB H37Rv, most likely
as a result of the naive TB status of the individuals tested.

Induction of autophagy enhances TNF-a production

In line with the experiments showing that inhibition of
autophagy leads to decreased production of TNF-a,
induction of autophagy with IFN-y enhanced TNF-a pro-
duction in MTB-stimulated PBMCs. This effect was abol-
ished when autophagy was inhibited by 3MA (P < 0-01),
suggesting that normal autophagy is necessary for the
effects of IFN-y on TNF-o production (Fig. 2a). In
contrast, treatment of PBMCs with IFN-y did not signifi-
cantly modify IL-1 production (Fig. 2b).

Inhibition of autophagy using siRNA against ATG7
influences both TNF-a and IL-1f production

Figure 3 shows inhibition of autophagy with siRNA against
ATG7. In line with experiments using a pharmacological
agent (3MA) to inhibit autophagy, inhibition of autophagy
by ATG7 siRNA showed the same trends of diminished
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Figure 3. Modulation of inflammatory cytokine production by inhi-
bition of autophagy with small interfering RNA (siRNA) against
ATG?7. Peripheral blood mononuclear cells (PBMCs) were transfected
with siRNA ATG7 or scrambled siRNA after 24 hr stimulated with
sonicated Mycobacterium tuberculosis (MTB) (1 pg/ml). After another
24 hr incubation tumour necrosis factor-oo (TNF-o) (a) and interleu-
kin-1f (IL-1f) (b) concentrations were measured in the supernatant
using specific ELISA. Data are presented as means + SEM, n = 6.
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production of TNF-« (Fig. 3a) and increased production of
IL-1p (Fig. 3b).

Modulation of IL-1ff and TNF-a production is
regulated at the transcriptional level

In the following set of experiments we assessed the level
at which autophagy regulates cytokine production. Both
induction (with starvation medium EBSS) and inhibition
(with 3MA) of autophagy modulated the transcription of
pro-inflammatory cytokines. The TNF-oo mRNA levels sig-
nificantly increased when incubating stimulated PBMCs
in starvation medium (EBSS) (Fig. 4a), whereas induction
of autophagy seemed to decrease IL-1f mRNA (Fig. 4b).
The opposite effect was exerted by autophagy inhibition
through 3MA: TNF mRNA was decreased (Fig. 4c),
wheeras a trend towards an increase in IL-1f mRNA was
observed (Fig. 4d). In contrast, inhibition of autophagy
had no effect on IL-1f processing and release induced by
the inflammasome activation with ATP 2° (Fig. 4e).

Autophagy gene polymorphisms and cytokine
production induced by MTB

Polymorphisms in two genes involved in the process of
autophagy, ATGI6LI and IRGM, have been associated
with auto-inflammatory disorders,” ** and IRGM poly-

morphisms also with susceptibility to TB.***® Consider-
ing the possible role of autophagy in modulating cytokine
production induced by MTB, we examined if ATGI6LI
and IRGM polymorphisms lead to altered cytokine pro-
duction. However, no statistically significant differences in
MTB-induced cytokine production were observed when
PBMCs were used from healthy volunteers with different
ATGI6LI genotypes, although PBMCs from individuals
bearing the ATGI6LI 300G variant tended to produce less
IFN-y (Fig. 5). In addition, no significant differences in
cytokine production were observed between individuals
bearing the different IRGM alleles (Fig. 6). Although the
cohorts were relatively large (57-104 subjects), only one
(in the case of TNF-a and IFN-y) or two (in the case of
IL-16) individuals were homozygous for the IRGM
rs4958847 AA and rs13361189 CC allele, precluding a
definitive conclusion regarding the effect of these two
IRGM SNPs on cytokine production.

Discussion

Autophagy is essential for host defence against
MTB.">'®** In the present study, we show that autophagy
modulates pro-inflammatory cytokine production after
stimulation with MTB. Autophagy showed differential
effects on MTB-induced cytokine production; autophagy
stimulated TNF-a production and inhibited IL-1§ and
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Figure 5. ATGI6LI polymorphisms and Mycobacterium tuberculosis
(MTB) -induced cytokine production. Cytokine production capacity
of tumour necrosis factor-oo (TNF-a) (a), interleukin-1f (IL-1f) (b)
and interferon-y (IFN-y) (c) by PBMCs obtained from healthy vol-
unteers after stimulation for 24 hr (TNF-o and IL-1f) or 48 hr
(IFN-7) with sonicated MTB stratified for ATG16L1 Thr300Ala geno-
type (the A allele equals 300Thr allele, G allele equals 300Ala allele).
Data are presented as means + SEM, n =73 (13 AA, 37 AG, 23
GG).

IL-6 production. These effects of autophagy on MTB-
induced pro-inflammatory cytokines were exerted at the
transcriptional level.

Activation of autophagy resulted in opposite effects on
TNF-o and IL-1f, exerting an increase of TNF-o produc-
tion and a decrease in IL-1f production. This is an
important, yet puzzling, effect considering the role of

both TNF-¢ and IL-1f in host defence against
MTB.'"'>!#71%27 On the one hand, the increase in the
production of TNF-u is likely to increase anti-mycobacte-
rial innate immunity. On the other hand, one may specu-
late that the decrease in the production of IL-1f may
result in decreased T helper type 17 (Thl7) responses,”®
and so indirectly shifting the response towards protective
Thl cellular immunity, as Thl and Th17 are known to
negatively regulate each other.”” We were not able to
study directly the effect of autophagy on Thl7 responses
for two reasons. Inhibition of autophagy through 3MA
inhibited T-cell proliferation, whereas prolonged incuba-
tion of cells, necessary for optimal Th17 responses, led to
cell death when cells were kept for long periods of time
in the EBSS (starvation) medium. Another mechanism
that might influence cytokine levels in these experiments
is IFN-y-induced Toll-like receptor 2 (TLR2) and nucleo-
tide-binding oligomerization domain containing 2
(NOD2) explression,3 %31 \which in turn can lead to more
cytokine production. However, induction of autophagy
with starvation medium instead of IFN-y led to similar
results, but the effects of IFN-y on cytokine production
were abolished when 3MA was added. Therefore, the
effects of IFN-y on cytokine production are at least partly
mediated through autophagy.

In a separate set of experiments, we investigated the
level at which the effects of autophagy on MTB-induced
cytokines are exerted. Autophagy clearly influenced tran-
scription of both TNF-o and IL-1f but no post-transcrip-
tional effect was observed for modulation of IL-1f
synthesis. However, a different effect was seen on TNF-«
versus IL-1f transcription. There are several pathways
that induce pro-inflammatory cytokines after MTB stimu-
lation. The most important receptors involved in MTB
recognition and subsequent induction of cytokine
responses are TLRs (TLR2 in combination with TLR1 or
TLR6, TLR4 and TLR9) and NOD2. We have previously
shown that NOD2, but not TLR, responses are modulated
by autophagy.”” Transcription of TNF-o and IL-18 is dif-
ferently regulated, with IL-1f transcription being medi-
ated by extracellular signal-regulated kinase (ERK) and
p38, but not Jun N-terminal kinase (JNK) kinase. In
contrast, TNF-o transcription is mediated through ERK-
dependent and JNK-dependent pathways, with little effect
through p38 kinase.”> Our data therefore suggest that dif-
ferential modulation of the MAP kinase transcriptional
pathways by autophagy may be responsible for the differ-
ences in TNF-o and IL-1f production, although this
remains to be confirmed in future studies.

Interleukin-1f is processed and secreted after activation
of a protein complex called the inflammasome, leading to
activation of caspase-1 and processing of inactive pro-IL-
1f into the active cytokine. ATP acting on the P2X7
receptor is a known activator of the inflammasome. No
effect of autophagy on the IL-1f processing and secretion
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induced by ATP was observed, providing an additional
argument that autophagy modulates cytokine production
in humans at the transcriptional, rather than the post-
transcriptional level.’® This is in contrast to studies in
murine cells, in which inhibition of the inflammasome by
autophagy seems to play an important role.'®** This
argues that important differences exist between the effects
of autophagy in mice and humans.

Single nucleotide polymorphisms in the autophagy
genes ATGI6LI and IRGM have been associated with
Crohn’s disease,”’ > and an association of IRGM SNPs
and TB has also been reported.**® ATGI6L1 is a com-
ponent of a large protein complex formed together with
ATG5 and ATGI2 that is essential for autophagosome
formation. IRGM is a downstream effector of IFN-y and
has been implicated in the process of autophagy induc-
tion in macrophages.'® Subsequently, reductions in
IRGM1 levels are associated with decreased autophagy.**
However, these polymorphisms did not influence the
induction of TNF-o or IL-1f production by cells isolated
from healthy volunteers and stimulated with MTB.
Whereas the T300A ATGI6LI polymorphism has been
shown to modulate NOD2-induced IL-1f production, it
does mnot affect TLR-induced cytokine synthesis.’”
Although we should be careful interpreting these data,
given the small number of subjects carrying the functional
SNPs, this suggests that modulation of cytokine produc-
tion by NOD2 ligands in MTB may be compensated by

Autophagy and Mycobacterium tuberculosis

rs13361189

rs4958847 750 (d)
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the unaffected TLR-dependent induction. Interestingly, a
trend towards lower IFN-y production was observed in
cells isolated from individuals homozygous for the 300A
allele of ATGI6LI, and this may affect anti-mycobacterial
host defence in the patients. Whether the T300A
ATGI6L1 polymorphism also modulates susceptibility to
TB remains unclear. The effects of this ATGI6L1 SNP
may be exerted not only though IFN-y production, but
also through modulation of antigen presentation at the
level of MHC class II, a process known to be influenced
by autophagy.'”'®

Our findings might have been strengthened by exami-
nation of the M. tuberculosis genotype in relation to host
genotype. Another SNP in the IRGM gene, —261T, has
been shown to be associated with protection from cer-
tain MTB genotypes but not with protection against
Mpycobacterium africanum.>> This supports the concept of
co-evolution of M. tuberculosis and the human immune
system described in a previous study.’ In this study we
looked at the relation between host genotype and auto-
phagy-mediated modulation of cytokine production, but
in future patient studies we hope to investigate whether
there is a relation between certain autophagy host geno-
types and M. tuberculosis genotypes

In conclusion, the process of autophagy influences
cytokine production induced in human PBMCs by MTB.
These effects are different on TNF-a compared with IL-
1/ induction, and are induced at the transcriptional level.
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The next step will be to relate these effects on cytokine
production to the direct anti-mycobacterial defence
mechanisms in macrophages. Finally, an assessment of the
clinical implications of this autophagy—inflammation
interaction is needed, with the important question
whether (partial) defects in autophagy may increase sus-
ceptibility to TB.
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