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Fig. 1. Autophagy protects from excessive inflammation in a mouse model of tuberculosis infection. (A) Bacterial burden (cfu) in organs of Atg5™f LysM-Cre*
and Atg5™" LysM-Cre™ mice infected aerogenously with low-dose M. tuberculosis H37Rv [3 x 10e? cfu (+30%) of initial bacterial deposition per lung following
exposure to the infectious inoculum]. The data shown are representative of more than three independent low-dose experiments. (B) Weight loss in Atg5™"!
LysM-Cre* and Atg5™f! LysM-Cre™ mice infected with low-dose M. tuberculosis H37Rv. (C) Gross lung pathology (low dose). (D) Lung histological sections (low
dose, day 36). (i—iv) H&E staining. Arrows indicate necrotic lesions. (v and vi) Acid-fast staining. Arrows indicate bacilli. (Insets) Enlarged views of boxed areas.
AFB, acid-fast bacilli. (E) Survival of Atg5™f LysM-Cre™ and -Cre* mice infected with high-dose M. tuberculosis H37Rv (Kaplan-Meier survival analysis, log-rank
method). (F) Weight loss in Atg5™f LysM-Cre™ and -Cre* mice infected with high-dose M. tuberculosis H37Rv (10e* cfu per lung). When not otherwise
specified, data are shown as mean + SE; *P < 0.05, **P < 0.01, P > 0.05 (ANOVA; n > 3).

(PMN) leukocytes (Ly6G™) (SI Appendix, Fig. S1 C-E). Acid-
fast bacilli per unit area were twofold higher in lung sections
from Atg5"? LysM-Cre™ mice than in lung sections from
Atg5"" LysM-Cre™ mice (Fig. 1D, v and vi). In keeping with the
well-known general resistance of mice to tuberculosis, neither
group of mice succumbed to the infection in short term (36 d).
A 10-fold higher infection dose (10e* cfu) resulted in animal
mortality with accelerated deaths (along with continuing weight
loss) among Atg5" LysM-Cre* mice relative to their Atg5™™
LysM-Cre™ littermates, starting 3 wk postinfection (Fig. 1 £ and F).
These data indicate that Atg5™ LysM-Cre* mice are more
susceptible to M. tuberculosis infection over a range of infectious
doses and also suggest that the differences in lung pathology
exceed the observed differences in bacterial burden.

Atg5 Deficiency in Myeloid Lineage Results in Excessive Inflammatory
Response During Infection and Reflects, in Part, the Elevated Basal
Markers of Inflammation. The cytokine profile in the lungs of M.
tuberculosis-infected animals was remarkable for significant
increases in IL-1a, IL-12, and CXCL1 in the Atg5"™ LysM-Cre*
lungs relative to -Cre™ littermates (Fig. 2. A-C). Additionally, IL-
17 was elevated in infected mice with disabled autophagy in
myeloid cells (Fig. 2D and SI Appendix, Fig. S24). No differences
were observed in the lungs of infected Atg5™™ LysM-Cre* vs. -Cre~
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mice for IFN-y and TNF-q, [the well-established antituberculosis
cytokines (35)], IL-4 [a cytokine known to inhibit autophagy ex
vivo (22)], IL-6, and MIP-1p (SI Appendix, Fig. S2 B-F). Some
increases in GM-CSF and IL-1p were detected in infected Atg5™1
LysM-Cre™ mice as compared with -Cre™ animals, but the abso-
lute levels of IL-1f were much lower than the levels of IL-1a (S7
Appendix, Fig. S2 G and H).

The uninfected Atg5"® LysM-Cre* and -Cre™ animals did not
display signs of morbidity, overt disease, or discomfort per
standards of veterinary care or differences in mortality. How-
ever, IL-1a was detectable at low basal levels even in the lungs of
uninfected mice and was higher in Atg5"? LysM-Cre™ mice than
in Atg5" LysM-Cre™ littermates (SI Appendix, Fig. S3A4). In-
creased basal levels of CXCL1 were observed in the lungs of
Atg5" LysM-Cre™ mice compared to lungs from -Cre™ mice (81
Appendix, Fig. S3B), whereas IL-12p70 levels were equal in both
uninfected animal groups (SI Appendix, Fig. S3C). IL-1p and IL-
17 were below the limits of detection in the lungs of both un-
infected Atg5™® LysM-Cre* and uninfected -Cre™ mice (SI Ap-
pendix, Fig. S3 D and E). Thus, some components of the cytokine
profiles seen during infection (notably IL-1a and CXCL1) were
present at low levels in uninfected animals.

In uninfected Atg5™" LysM-Cre* and -Cre™ mice, similar
numbers of cells expressing macrophage markers (F4/80* CD11b™;
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Fig. 2. Multiplex cytokine detection by Luminex in the lungs of Atg5™f LysM-Cre™ and -Cre* mice infected with low-dose M. tuberculosis H37Rv shows
inflammatory cytokines are increased in Atg5™ LysM-Cre* mice. See S/ Appendix, Fig. S2 for additional cytokines. BDL, below detection limit. Data are shown
as mean =+ SE; *P < 0.05, **P < 0.01, TP > 0.05 (t test; n > 3). Data in D represent the mean (+ range) from a single cohort of infected mice. (See S/ Appendix,

Fig. S2A for pooled IL-17 data.)

lineage-negative CD3~ CD197) were detected in the lungs and
bone marrow (SI Appendix, Fig. S3 F and G). However, unlike
samples from their autophagy-competent littermates, a fraction
of lung macrophages obtained from uninfected Atg5" LysM-
Cre* mice displayed activated phenotype (SI Appendix, Fig.
S3H). Depending on the marker, 3-20% of Atg5"™ LysM-Cre™*
macrophages had increased expression of MHC class II,
DEC205, and CD86. An indication of increased CD11b™ F4/
80~ cell numbers was observed in uninfected Atg5"" LysM-
Cre™* lungs (SI Appendix, Fig. S3F, Top Left Quadrant). Further
examination revealed that these cells were Ly6G* (1a8 clone)
PMN granulocytes (neutrophils) (SI Appendix, Fig. S3I). This
increase in total PMN number was observed only in the lungs,
because bone marrow PMN numbers were comparable in the
two groups of mice (SI Appendix, Fig. S3J). The innate immune
cell analyses in uninfected animals, along with the cytokine data,
indicate that the lungs of Atg5"™ LysM-Cre* mice have elevated
markers of immune activation under basal conditions as com-
pared with their Atg5" LysM-Cre~ littermates. Thus, autophagy
in myeloid cells of the lung, a peripheral organ where con-
tinual immune surveillance is necessary, maintains a homeo-
static balance of immune cells and their activation states, a pro-
cess that was perturbed in Atg5™™ LysM-Cre* mice even before
M. tuberculosis exposure.

Functional Autophagic Machinery in Myeloid Lineage Affects CD4 T-
Cell Activation and IL-17 Response in Uninfected Animals. The PMN
infiltrates, cytokines, and elevated IL-17 levels in the infected
animals suggest elements of a Th17 response (36, 37). In the
absence of infection, the fraction of lung CD4 and CDS8 T cells
with an activated/memory phenotype (CD44"e"; Fig. 34) was
increased significantly in uninfected Atg5"® LysM-Cre* mice
relative to uninfected Atg5™® LysM-Cre™ littermates. We next
stimulated total leukocytes from the lungs of uninfected mice
with phorbol-12-myristate-13-acetate and ionomycin in the pres-
ence of protein secretion inhibitors and assessed intracellular
levels of IL-17A and IFN-y expressed by CD4 T cells. CD4 T cells
from uninfected Atg5"® LysM-Cre* lungs, but not those from
uninfected Atg5™ LysM-Cre~ lungs, produced IL-17A (Fig. 3 B
and C). There was no marked difference in the ability of CD4 T
cells from the two sources to mount an IFN-y response (Fig. 3 D
and E). These findings show the propensity of CD4 T cells from
uninfected Atg5™ LysM-Cre® mice to produce IL-17A upon
stimulation, perhaps because of the increased IL-1a in the lung,
reflecting the in vivo state of T cells induced by the lack of
autophagy in myeloid cells.
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Defective Autophagy in Myeloid Lineage of Atg5™" LysM-Cre* Mice
Promotes the IL-17 Response to Defined M. tuberculosis Antigens by T
Cells. The proinflammatory properties described above were in-
vestigated next using immunologically active components of M.
tuberculosis. We used a mixture of five well-defined M. tubercu-
losis protein antigens (DnaK, GroEL, Rv009, Rv0569, and
Rv0685) collectively referred to as “synthetic PPD” (38) in ref-
erence to the purified protein derivative (PPD) used clinically as
a tuberculin skin test for evidence of recent tuberculosis in-
fection or bacillus Calmette-Guérin vaccination. The synthetic
PPD reproduces the anatomical and molecular properties of the
tuberculin skin test but eliminates false-positive inflammatory
reactions (seen in uninfected hosts) caused by the contaminating
lipoglycans and carbohydrates resident in conventional PPD
(38). Atg5"™ LysM-Cre™ and -Cre™ mice were injected perito-
neally with live Mycobacterium bovis bacillus Calmette—Guérin,
and the quality of their immune responses was evaluated 3 wk
later. Mice were injected with the synthetic PPD or PBS (as
control) in the hind footpad, and delayed-type hypersensitivity
(DTH) induration was measured at 0, 2, 24, and 48 h post-
inoculation (Fig. 44). No differences between the autophagy-
competent and mutant mice were observed at the 24 and 48 h
time points. However, when splenocytes from the animals in-
oculated with bacillus Calmette-Guérin were restimulated ex
vivo with synthetic PPD, IL-17A was detected at significantly
higher levels in splenocytes from Atg5" LysM-Cre* animals
(Fig. 4B), but no differences were observed for typical Thl and
Th2 cytokine signatures (Fig. 4 C-E) indicating polarization to
the IL-17—-producing phenotype in Atg5"™ LysM-Cre* mice.

Atg5 Deficiency Causes Cell-Autonomous Increase in IL-1a Secretion
by Macrophages. The increased level of IL-17 in the lungs of
infected Atg5"™ LysM-Cre* animals is a product of T-cell po-
larization downstream of the changes in myeloid cells. The
Atg5" LysM-Cre* macrophages are known to possess increased
inflammasome activation (6, 7, 23-25) downstream of reactive
oxygen species (ROS) (16) and mitochondrial DNA (24) re-
leased from unkempt mitochondria in the absence of autophagy.
A key proinflammatory cytokine activated via inflammasome, IL-
1B, can lead to Th17 differentiation via IL-1 receptor signaling
(37). However, IL-1p was present only in minor quantities in the
lungs of Atg5"® LysM-Cre™ animals infected with M. tuberculosis
and was undetectable in uninfected lungs (S Appendix, Figs. S2H
and S3D). Nevertheless, IL-1a, which also signals via the IL-1
receptor, was a dominant cytokine elevated in both infected and
uninfected Atg5"® LysM-Cre™ lungs (Fig. 24 and SI Appendix,
Fig. S24). When we tested whether IL-1a can substitute for IL-
1B (in combination with TGF-p and IL-6) in driving Th17 differ-
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Fig. 3. Activated phenotype of CD4 T cells from uninfected Atg5™ LysM-Cre* mice and their propensity to undergo polarization into IL-17-producing cells.
(A) CD44 expression on lung T cells. Graph displays the percent of CD44"9" CD4 and CD8 T cells in the lung of uninfected Atg5"" LysM-Cre™ and -Cre* mice.
The uninfected mice were 10-12 wk of age. (B-D) Intracellular levels of IL-17A (B and C) and IFN-y (D and E) in CD44 T cells isolated from lungs of uninfected
Atg5" LysM-Cre™ and -Cre* mice and stimulated with phorbol 12-myristate 13-acetate and ionomycin ex vivo in the presence of brefeldin A and monensin.

Data are shown as mean =+ SE; *P < 0.05, **P < 0.01 (t test; n > 3).

entiation ex vivo, IL-1a showed a capacity to promote Th17 po-
larization (SI Appendix, Fi%. S4 C-F).

In vitro-activated Atg5"" LysM-Cre* bone marrow macro-
phages (BMM) recapitulated the in vivo pattern of elevated se-
cretion of IL-1a (along with CXCL1 and IL-12p70) relative to
Atg5"" LysM-Cre~ BMM (Fig. 5 A-C). The CXCL1 phenotype
was likely secondary to IL-1 increase, because IL-1 receptor
antagonist (IL-1RA) lowered CXCLI1 levels (Fig. 5D). Differ-
ential release of IL-1a, which is a cytosolic protein, was not
caused by changes in cell death or increased membrane perme-
ability, because in vitro-activated BMM from Atg5"® LysM-Cre™*
and Atg5" LysM-Cre™ mice showed no difference in staining
with 7-aminoactinomycin D (7-AAD) (Fig. 5E). These experi-
ments, and additional data showing elevated secretion of IL-1a
in the lungs of uninfected Atg5™" LysM-Cre* animals [whereas
IL-12p70 and IL-1p were below detection levels in these mice (S
Appendix, Fig. S3 D and E)], singled out IL-1a as a potential
pivot of the proinflammatory pathology observed with Atg5™!
LysM-Cre™ mice in the tuberculosis model. We could not test
this conclusion in vivo, however, because IL-1a also plays a crit-
ical protective role against bacterial burden, as recently shown in
IL-la—knockout mice (39).

Cellular Mechanism for Increased Secretion of IL-1a by Autophagy-
Deficient Macrophages Is Inflammasome Independent. We wanted
to understand the cellular mechanism of the IL-1a hypersecre-
tion phenotype in Atg5™™ LysM-Cre* macrophages. Autophagy
was confirmed as a negative regulator of IL-la release by
pharmacologically manipulating autophagy in Atg5"" LysM-
Cre” BMM. The induction of autophagy with rapamycin in
autophagy-competent macrophages reduced the amount of IL-
la being secreted (Fig. 5F), paralleling the effects on IL-1p (S/
Appendix, Fig. S54), a cytokine whose secretion we (6) and others
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(23, 24) previously have reported to be affected by autophagy.
Conversely, when Atg5™™ LysM-Cre~ BMM were treated with 3-
methyladenine (3MA), an inhibitor of autophagosome formation,
the levels of IL-la were increased significantly (Fig. 5SE). As a
control, autophagy-deficient Atg5™® LysM-Cre* BMM showed no
response in IL-la secretion to these pharmacological agents (S/
Appendix, Fig. S5B). An effect similar to 3MA was observed upon
treatment of Atg5"" LysM-Cre~ BMM with bafilomycin Al (Baf
Al), an inhibitor of autophagic flux (Fig. 5G).

We next considered multiple levels at which absence of
autophagy could result in elevated IL-la secretion. The auto-
phagic adaptor protein p62, which is consumed during autophagy
(40) and is the founding member of the SLR family of PRR (31),
also functions prominently in innate immunity signaling (41). It
accumulates in the absence of autophagy and has been shown to
perturb NF-kB responses and cytokine secretion (41, 42). Be-
cause IL-la expression is controlled by NF-xB (43), we tested
whether p62-mediated NF-kB activation could be the cause of
elevated IL-la expression. However, knocking down p62 via
siRNA in Atg5"" LysM-Cre* BMM (SI Appendix, Fig. S64) did
not abrogate the elevated IL-la secretion by these cells (SI
Appendix, Fig. S6B). Knocking down Atg5 in BMM from p62~"~
knockout mice still caused more (albeit less pronounced, be-
cause of residual Atg5 levels) IL-la secretion than in the
scrambled siRNA control (SI Appendix, Fig. S6C). Finally, no
increase in IL-la mRNA levels was detected in Atg5"" LysM-
Cre™ BMM relative to Atg5"" LysM-Cre™ BMM (SI Appendix,
Fig. S6D). Thus, the p62-NF-kB axis does not contribute to the
IL-1o phenotype in AtgS-deficient cells, and IL-1a expression is
not transcriptionally activated in Atg5" LysM-Cre™ macro-
phages. We next considered whether IL-1a was a direct target for
removal by autophagic organelles. Endogenous LC3 and IL-1a
did not colocalize (SI Appendix, Fig. SOE, Left and Center
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Fig.4. Invivo and ex vivo immune response to defined M. tuberculosis antigens of Atg5™™ LysM-Cre* mice and IL-17 production by their splenocytes upon ex
vivo restimulation. (A) DTH reaction (footpad induration) at day 21 postinfection in Atg5™ LysM-Cre™ and -Cre* mice infected i.p. with bacillus Calmette-
Guérin. Mice were injected in the footpad with synthetic PPD. Data are shown as percent change in footpad thickness upon challenge with the synthetic PPD
relative to the contralateral, PBS-challenged footpad. (B-E) Cytokine production by splenocytes from Atg5"" LysM-Cre™ and -Cre* mice (day 23 after peri-
toneal injection of bacillus Calmette-Guérin) restimulated for 3 d ex vivo with synthetic PPD. All mice were 10-12 wk of age at the onset of the experiment.

Data are shown as mean + SE; **P < 0.01, "P > 0.05 (t test; n > 3).

Images), displayed a negative Pearson’s colocalization coefficient
even upon treatment with Baf Al (SI Appendix, Fig. SO6E,
Graph), and showed complete separation of respective profiles
(SI Appendix, Fig. SOE, Right Image). Thus, IL-1a is unlikely to
be a direct substrate for autophagic elimination.

Pathways leading to IL-1a secretion have been reported to use
inflammasome components (44, 45) although, unlike IL-1, in-
tracellular IL-1a is not an enzymatic substrate for caspase 1.
Atg5" LysM-Cre™ BMM showed elevated levels of p20 caspase
1 (its activated form) in comparison with Atg5"" LysM-Cre~
BMM (SI Appendix, Fig. S6 F and G). The fluorochrome-labeled
inhibitor of caspase (FLICA) assay confirmed increased enzy-
matically active caspase 1 in Atg5"® LysM-Cre* BMM com-
pared with Atg5™™ LysM-Cre™ BMM (SI Appendix, Fig. S6H). In
keeping with the potential role for inflammasome and caspase 1
in IL-1a release (44, 45), adding silica to macrophages increased
their IL-la output (Fig. 5H). However, both the basal and
inflammasome agonist (silica)-induced levels of IL-1a released
from macrophages were increased in Atg5" LysM-Cre* BMM.
Furthermore, when we tested whether this release was caspase 1
dependent, neither the enzymatic inhibitor of caspase 1, YVAD
(Fig. 5I), nor caspase 1 knockdown (Fig. 5 J-L) decreased rel-
ative IL-1a output. We next tested whether the elevated IL-1a
secretion by Atg5™”® LysM-Cre* BMM was dependent on other
inflammasome components. Knocking down the key inflamma-
some constituents ASC and NLRP3 did not diminish the IL-1a
output of Atg5"™ LysM-Cre* cells (Fig. 5M). These observa-
tions, although surprising, are in agreement with the recent report
of an inflammasome/caspase 1-independent pathway for IL-la

E3172 | www.pnas.org/cgi/doi/10.1073/pnas.1210500109

secretion (46) and show that, although the inflammasome is ac-
tivated in Atg5"" LysM-Cre* BMM, it is not responsible for the
increase in IL-1a output.

Increased IL-1« in Atg5"f LysM-Cre* Macrophages Defines a ROS-
Calpain Proinflammatory Pathway. We next searched for poten-
tial sources of IL-1a activation upstream of the inflammasome.
ROS released by accumulated dysfunctional mitochondria in
autophagy-deficient cells have been implicated in inflammatory
signaling both during RLR response to viral products (16) and
inflammasome activation in IL-1p production (23). Atg5™"®
LysM-Cre* BMM had elevated mitochondrial content (in-
creased MitoTracker Green staining; SI Appendix, Fig. ST A-C)
accompanied by reduced mitochondrial polarization (decrease in
MitoTracker Red staining; SI Appendix, Fig. S7 D and E). We
tested whether ROS associated with the mitochondrial defect in
other inflammatory signaling (16, 23) played a role in elevated
IL-1a release from Atg5™® LysM-Cre* macrophages. The ROS
inhibitor (2R,4R)-4-aminopyrrolidine-2, 4-dicarboxylate (APDC)
abrogated excessive IL-1a (Fig. 50). In keeping with the previous
reports (23), APDC also inhibited excessive IL-1p release from
Atg5" LysM-Cre* BMM (Fig. 5P). Thus, ROS are mediators
leading to hypersecretion of both IL-1a and IL-1p by autophagy-
deficient cells, but the machinery downstream of ROS differs for
the two cytokines, because IL-1p depends on the inflammasome
(23), whereas IL-1a, as shown here, does not.

ROS can lead to calpain activation (47, 48), although this
pathway has not been implicated previously in inflammation. We
used ALLN, a calpain inhibitor, to test whether calpain is in-
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Fig. 5. Excess cytokine secretion is a cell-autonomous property of autophagy-deficient macrophages, and IL-1a hypersecretion by Atg5™ LysM-Cre*
macrophages depends on reactive oxygen intermediates and calpain. (A-C) In vitro cytokine [IL-1a (A), CXCL1 (B), and IL-12p70 (C)] release (ELISA) from
LPS- and IFN-y-stimulated Atg5™" LysM-Cre™ and -Cre* BMM. (D) CXCL1 released (ELISA) from LPS- and IFN-y-stimulated Atg5™f LysM-Cre* BMM in the
absence of presence of IL-1RA (0.5 pg/mL). (E) Fraction (flow cytometry) of 7-AAD* BMM after LPS and IFN-y stimulation in vitro. (F and G) IL-1a (ELISA)
released from LPS- and IFN-y—stimulated Athﬂ’fI LysM-Cre™ BMM in the presence of 50 pg/mL rapamycin (Rap) or 10 mM 3-MA (F) or 100 nM Baf A1 (G)
after 12 h of treatment. (H) IL-1a secretion during inflammasome activation. Atg5™" LysM-Cre™ and -Cre* BMM were pretreated overnight with LPS (100
ng/mL) and then were stimulated for 1 h in the absence or presence of the inflammasome agonist silica (250 pg/mL) in EBSS. (/) IL-1a secretion in the
presence of caspase 1 inhibitor YVAD. Atg5™" LysM-Cre™ and -Cre* BMM were pretreated overnight with LPS (100 ng/mL) and then were stimulated for
1 h in the absence or presence of YVAD (50 uM) during inflammasome activation with silica as in H. (J-L) Effects of caspase 1 siRNA knockdown (im-
munoblot, J) on IL-1a release (graphs, K and L) from Atg5™" LysM-Cre* BMM. (K) IL-1a release was measured (ELISA) from LPS-stimulated and siRNA-
treated Atg5™ LysM-Cre* BMM in full medium or EBSS (Starv) (K) or in full medium only (L). Casp 1, caspase 1 siRNA; Scr, scrambled siRNA (control).
(M and N) Effects of NLRP3 and ASC siRNA knockdown (immunoblot, M) on IL-1a release (N). IL-1a release was measured (ELISA) from LPS- and
IFN-y-stimulated Atg5™" LysM-Cre* BMM knocked down with siRNA for inflammasome components ASC and NLRP3. (O and P) ROS inhibition and IL-1
secretion. IL-1a (O) and IL-1p (P) released (ELISA) from LPS- and IFN-y-stimulated Atg5™" LysM-Cre™ and -Cre* BMM in the absence or presence of the ROS
antagonist APDC (50 uM) after 12 h of incubation. (Q) Calpain and IL-1a hypersecretion phenotype. IL-1a (ELISA) released from LPS- and IFN-y-stimulated
Atg5" LysM-Cre™ and -Cre* BMM in the absence or presence of the calpain inhibitor ALLN (100 pM) after 12 h of stimulation. (R) IL-1« release from
LPS- and IFN-y-stimulated Atg5™f LysM-Cre™ BMM and Atg5™ LysM-Cre* BMM knocked down with siRNA for Calpain S1. Data are shown as mean =+ SE;
*P < 0.05, **P < 0.01, TP > 0.05 (t test; n > 3).
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volved in the IL-1a hypersecretion phenotype of Atg5™™ LysM-
Cre™ cells. ALLN treatment of Atg5"" LysM-Cre* completely
inhibited the excess IL-1a production, normalizing its output to
the levels seen with Atg5™ LysM-Cre™ cells (Fig. 5Q). An
siRNA knockdown of the common calpain regulatory (small)
subunit Capnsl, which forms heterodimers with and is required
for function of the conventional murine calpains Capnl and
Capn?2 (49), abrogated IL-1a hypersecretion (Fig. SR). We also
considered the possibility that calpain may be a target for deg-
radation by autophagy; however, calpain levels were not different
in Atg5"" LysM-Cre ™ vs. -Cre™ cells (SI Appendix, Fig. S6F), and
calpain did not colocalize with autophagic organelles (SI Ap-
pendix, Fig. S6G). We conclude that the increase in IL-la as-
sociated with the Atg5 defect in macrophages is caused by
elevated ROS and depends not on the absolute levels of calpain
but on its activation downstream of ROS, thus defining an ad-
ditional proinflammatory pathway downstream of autophagy.

Discussion

This work demonstrates the in vivo role of autophagy in protection
against tuberculosis. Along with the previous in vitro studies
addressing the antimycobacterial effector mechanisms of autoph-
agy (17, 22,26-29, 50, 51), these results establish that autophagy is
a bona fide barrier again tuberculosis. Autophagy protects against
tissue necrosis and lung pathology, the hallmarks of active tuber-
culosis. This effect is not a simple consequence of increased
bacillary loads but is compounded by the cell-autonomous action
of autophagy in macrophage-driven inflammatory processes.
Autophagy-deficient macrophages release excessive amounts of
inflammatory mediators, such as IL-1a, even in the absence of in-
fection. A model emerges whereby these mediators, when in excess,
pivot inflammation with features of a Th17 response, neutrophilic
infiltration, tissue necrosis, and organ damage, the main features of
active tuberculosis and a contagious state of the host.

The mechanisms of cell-autonomous elimination of M. tuber-
culosis by autophagy have been studied extensively in vitro and
include direct microbial digestion in autophagolysosomes (26),
delivery of neo-antimicrobial peptides generated in autolysosomes
to compartments harboring intracellular mycobacteria (27, 32,
50), and an interplay of autophagy with conventional antimicrobial
peptides (28). Our previous work (32) highlighted the role of the
SLR p62 in these processes, complementing the examples of other
SLRs engaging an array of intracellular bacteria (31, 52-55) and
viruses (56). In contrast to a preponderance of studies in vitro,
autophagic control of microbes is not fully documented in vivo (34,
56). Altered intestinal tissue and Paneth cell function has been
noted in response to microbial flora and viral coinfection in an
Atgl6L1 hypomorph mouse model of Crohn disease, a chronic
inflammatory condition (57). In the animal model of protection
against lethal Sindbis virus infection, the dominant contribution of
autophagy was in preventing tissue damage independently of viral
loads (56). These observations dovetail with the aspect of our study
that shows autophagic protection against excessive inflammation
and necrosis in the murine model of tuberculosis. We interpret our
data and reports by others (23, 24, 57, 58) as evidence that partial
seeds of endogenous inflammation and predisposition to hyper-
reactivity exist in autophagy-deficient uninfected animals. This
predisposition is in keeping with the cell-autonomous IL-1a hy-
persecretion shown here and eventually leads to increased pathol-
ogy in infected animals. Although leukocytes from uninfected
Atg5"® LysM-Cre* animals show a propensity to polarize into
IL-17 cells when tested ex vivo, IL-17 has been detected in vivo
only in infected animals. Thus, the elevated IL-17 response rep-
resents a product of interactions between M. tuberculosis and a
host defective for autophagy in myeloid cells.

The findings that a loss of autophagy in macrophages results in
increased release of IL-1a and fosters an environment in which T
cells produce IL-17 link autophagy with elements of the Th17 re-
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sponse. The associated elevated presence of neutrophils in the
lungs of Atg5" LysM-Cre ™ mice infected with M. tuberculosis may
be linked to increased pathology. IL-17 and neutrophils play
a complex role in tuberculosis (59) and confer both positive (60—
62) and negative elements of protection (63-65). The latter aspect
of the role of neutrophils in tuberculosis has been highlighted re-
cently in patient cohort studies (66) and is compounded further by
correlates between type I IFN (not addressed in our study) and
different participating cells (66, 67). The pathogenic effects of
neutrophils are notably manifested during repeat exposure to
mycobacterial antigens (65) and at times when a lingering Th17
response does not give way to Th1 control (64) or is not suppressed
by regulatory mechanisms (63). Our findings indicate that auto-
phagy, when functional, curbs neutrophilic response, possibly at
the time when it needs to be diminished (63-65).

All reports thus far (6, 23-25, 58, 68) agree that autophagy
plays a negative role in inflammasome activation through a vari-
ety of triggers or additional mechanisms. Autophagy suppresses
the basal level of inflammasome activation by continually re-
moving (23, 24) endogenous sources of inflammasome agonists
such as ROS and mitochondrial DNA (23, 24). Our findings with
the ROS—calpain axis in IL-1a activation and findings by others
regarding ROS-RLR signaling (16) expand these proin-
flammatory phenomena to noninflammasome pathways down-
stream of the accumulation of dysfunctional mitochondria and
ROS in autophagy-deficient cells. Other changes with in-
flammatory consequences have been noted in mice with Atg5-
deficient macrophages (57, 69).

Tuberculosis has been and remains one of the main global public
health hazards further augmented by the HIV co-pandemic (70).
The classical presentation of disease often is masked by the un-
treated HIV coinfection (70), but in principle the majority of
humans have a well-developed capacity to contain the infection, so
that the majority of the world’s population infected with the tu-
bercle bacillus is asymptomatic, and only ~10% of individuals
develop active disease. This tip of the iceberg nevertheless is key to
continuing the tuberculosis contagion in human populations, be-
cause active disease is necessary for the transmission of tubercu-
losis. We propose that autophagy plays a dual role: It both protects
against the microbe and guards against host-inflicted tissue de-
struction and active disease. In this model autophagy curbs tu-
berculosis transmission by helping maintain the majority of the
infected population asymptomatic. Strategies aimed at pharma-
cological manipulation of autophagy may diminish tuberculosis
spread and may prove vital in containing the emergence of the
increasingly drug-resistant tuberculosis strains.

Materials and Methods

Mice and Infection. The transgenic Atg5™f LysM-Cre* (myeloid-specific Atg5
deletion) and Atg5™" LysM-Cre™ mice have been characterized previously
(34), and the autophagy defect in BMM has been documented extensively
(6). LC3-GFP knockin transgenic mice (71) and p62’/’ knockout mice (72)
have been described previously. Mice were maintained under specific
pathogen-free conditions. F1 progeny from Atg5™f LysM-Cre x Atg5™
crosses were genotyped for the presence (LysM-Cre*) or absence (LysM-Cre)
of the LysM-Cre allele by Transnetyx Inc. Infection studies were carried out
using a murine respiratory infection model (73) and virulent M. tuberculosis
H37Rv with modifications (74, 75) described in S/ Appendix. The standard
low dose resulted in the initial bacterial deposition ranging in independent
experiments from 10e’>~10e> cfu of M. tuberculosis per lung. The high dose
had the deposition range of 10e* cfu per lung. All experiments were approved
by the Institutional Animal Care and Use Committee of the University of New
Mexico Health Sciences Center, in accordance with the National Institutes of
Health guidelines for use of live animals. The University of New Mexico Health
Sciences Center is accredited by the American Association for Accreditation of
Laboratory Animal Care.

Cells, Flow Cytometry, and Immunodetection. All cells were pretreated with

Stain FcX (anti-CD16/32) (Biolegend) before being stained for CD14 (Sa14-2),
F4/80 (BMS8), IFN-y (XMG1.2), IL-17A (TC11-18H10.1), CD11b (M1/70), DEC205
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(NLDL-145), CD8 (53-6.7), CD86 (GL-1), Ly6G (1A8), CD25 (PC61), MHC Il (M5/
114.15.2) (Biolegend), CD19 (eBio1D3), TCRP (H57-597), CD3e (145-2C11),
CD44 (IM7), CD4 (GK1.5), CD1d (1B1), DEC205 (205yekta), CD4 (RM4-5), CD45
(30-F11), CD3 (17A2), F4/80 (BMS8), CD11b (M1/70), B220 (RA3-6B2), CD8a
(53-6.7), IL-12p35 (4D10p35), IL-1a (ALF-161), MCH Il (M5/114.15.2), CD25
(PC61.5) (eBioscience), and Ly6G (1a8) (BD Biosciences). Caspase 1 activity
was measured by flow cytometry using the FLICA caspase 1 reagent (FAM-
YVAD-FMK) (Immunochemistry Technologies). Cells were incubated with 7-
AAD for viability assessment. Secreted cytokines (IL-1a, IL-1p, CXCL1, CXCL2,
and IL-12p70) were measured by ELISA (R&D Systems). For cytokine secre-
tion, murine BMM, prepared as described (32), were stimulated with 5 ng/mL
mouse IFN-y and 1 pg/mL LPS, with autophagy agonist and antagonists
rapamycin (Invivogen), 3-MA, and bafilomycin A1; chemical inhibitors bre-
feldin A (Biolegend), YVAD, and ALLN (Sigma); or IL-1RA (R&D Systems), all
added 30 min before LPS and IFN-y stimulation. For autophagy-dependent
unconventional secretion of cytosolic cytokines as described (6), BMM were
stimulated for 1 h with 250 pg/mL silica (MIN-U-SIL-15; US Silica) with star-
vation (Earle’s balanced salt solution; EBSS, Atlanta Biologicals) to induce
autophagy.

DTH and Cell-Mediated Immunity. Mice were infected i.p. with 5 x 10° bacillus
Calmette-Guérin for 21 d and then were injected in separate footpads with
50 pL of the synthetic PPD (a mixture of five antigens: Dnak, GroEL, Rv009,
Rv0569, and Rv0685) at 1.0 pg/mL in PBS or with PBS (control). DTH was
assessed as described (38) by comparing swelling to a baseline value im-
mediately after injection. Splenocytes (5.0 x 10° cells per well) were
restimulated with the synthetic PPD adjusted for 2.0 pg/mL (Dnak and GroEL)
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assayed for IFN-y, TNF-o, IL-4, and IL-17 secretion by ELISA (R&D Systems).

T-Cell Assays. Single-cell suspensions from whole lungs isolated from naive
Atg5™f! LysM-Cre* and -Cre™ mice were cultured in RPMI 10% FBS and Cell
Stimulation Mixture (phorbol 12-myristate 13-acetate and ionomycin plus
brefeldin A and monensin) (eBioscience) for 4 h and were analyzed by flow
cytometry. For in vitro polarization, naive CD4* T cells from spleens were
sorted as CD44'°“CD4*TCRp* cells in a MoFlo high-speed cell sorter (Beckman
Coulter). Sorted cells (5 x 10° cells per well) were incubated with plate-bound
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Other Experimental Procedures. Additional methods are described in S/ Appendix.
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