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Impaired autophagy in macrophages promotes inflammatory eye disease
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ABSTRACT
Autophagy is critical for maintaining cellular homeostasis. Organs such as the eye and brain are immunologically
privileged. Here, we demonstrate that autophagy is essential for maintaining ocular immune privilege. Deletion
of multiple autophagy genes in macrophages leads to an inflammation-mediated eye disease called uveitis that
can cause blindness. Loss of autophagy activates inflammasome-mediated IL1B secretion that increases disease
severity. Inhibition of caspase activity by gene deletion or pharmacological means completely reverses the
disease phenotype. Of interest, experimental uveitis was also increased in a model of Crohn disease, a systemic
autoimmune disease in which patients often develop uveitis, offering a potential mechanistic link between
macrophage autophagy and systemic disease. These findings directly implicate the homeostatic process of
autophagy in blinding eye disease and identify novel pathways for therapeutic intervention in uveitis.
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Introduction

Autophagy is a process by which proteins, organelles, and cellular
pathogens are isolated and transported for degradationwithin lyso-
somes.1 There are 3 distinct forms of autophagy: microautophagy,
chaperone-mediated autophagy, and macroautophagy (hereafter
referred to as autophagy). During autophagy, targets in the cyto-
plasm such as damaged organelles are isolated and enclosed within
a double-membrane compartment termed the phagophore. The
phagophore expands and matures to form the autophagosome.
Maturation of the autophagosome includes conversion of the cyto-
solic protein LC3-I into the lipidated membrane-associated LC3-II,
following its recruitment to the phagophore membrane. The outer
membrane of the autophagosome subsequently fuses with the
membrane of a lysosome, forming the autolysosome. Targeted
materials are then degraded within the autolysosome.1 The auto-
phagic cascade has been reviewed recently and involves numerous
proteins in the initiation, elongation, and maturation phases of the
process.2 In addition to its role in cellular homeostasis, autophagy
can regulate both innate and adaptive immunity bymodulating sig-
naling mediators and platforms such as the inflammasome.3,4

Conversely, cellular and soluble factors in the immune system reg-
ulate themagnitude of autophagic flux.

The eye is an immune-privileged organ. Both innate and adap-
tive immune responses are actively dampened within the ocular
micromilieu in order to protect the delicate ocular tissues and the
visual axis from immune-mediated damage and inflammation that
may obstruct the passage of light to the retina. Immune privilege is
not simply a function of antigenic sequestration and immune eva-
sion, as antigens introduced into the eye can be recognized by the
immune system.5 Macrophages are key antigen presenting cells
(APCs) that under normal circumstances process intraocular anti-
gens and induce a deviant immune response highlighted by induc-
tion of regulatory cells that lead to tolerance. The molecular
mechanisms by which macrophages contribute to immune privi-
lege in the eye are not completely understood, but they are critically
important in preventing autoimmune diseases of the eye.5 Loss of
ocular immune privilege is associated with uveitis, a term used for
a set of diseases characterized by intraocular inflammation of uveal
tissues. Uveitis accounts for 10% of all legal blindness in the United
States and can be classified according to the parts of the eye
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involved (anterior, intermediate, posterior, or panuveitis), or by eti-
ology (infectious or noninfectious).6 Noninfectious uveitis, which
accounts for the majority of uveitis and blindness in the industrial-
izedworld, is thought to be a result of unbridled immune responses
to either selfantigens in the eye (autoimmunity) or an innate
immune reaction to tissue damage. Of interest, a subset of patients
with diverse systemic autoimmune diseases such as lupus and
Crohn disease develop uveitis, but the molecular mechanisms that
link eye disease with systemic immunity in these disorders are
unclear. 7 Current therapeutic approaches are not based on the
molecular mechanisms that drive disease but on globally inhibiting
inflammation.8 Understanding the pathophysiology of immune-
mediated uveitis might open novel therapeutic vistas for targeted
approaches that are more efficacious than current treatment para-
digms with fewer off-target effects.

In these studies, we investigate the role of autophagy in the
pathobiology of uveitis. Using multiple models of uveitis, we
demonstrate that inhibiting autophagy within macrophages
leads to activation of the inflammasome and an IL1B-mediated
severe uveitis disease phenotype, thus implicating autophagy
proteins in this devastating disease. These studies also demon-
strate that macrophage-mediated autophagy and the inflamma-
some are the shared molecular link that may drive uveitis in
patients with systemic autoimmune disease.

Results

Selective deletion of Atg5 in macrophages abrogates
autophagy and leads to increased expression of
inflammatory cytokines

Germline deletion of Atg5 (autophagy-related 5) results in lethal-
ity soon after birth due to developmental defects.9 To create a
model in which Atg5 was specifically deleted in macrophages, we
bred mice in which exon 3 of Atg5 was flanked by loxP sites
(Atg5flox/flox), to mice expressing the Cre recombinase transgene
at the Lyz2 (lysozyme 2) locus to yield mice in which Atg5 was
conditionally ablated from circulating macrophages (Mfs) (Atg5
CKO) (Fig. S1A).10 The genotype and efficacy of Cre-mediated
gene deletion was confirmed by PCR (Fig. S1B), and gene expres-
sion analysis confirmed efficient reduction of Atg5 mRNA in
peritoneal Mfs from Atg5 CKO mice compared to Atg5 floxed
controls (Atgfl/fl) (Fig. 1A). Electron micrographs of Atg5 CKO
Mfs revealed a lack of intracellular double-membrane vacuoles
compared to Atg5 floxed control Mfs (Fig. 1B). Western blot
analysis of Atg5 CKO Mfs stimulated with LPS and cotreated
with bafilomycin A1 (BAF) to inhibit autophagosome degrada-
tion revealed an increased conversion of the cytosolic form of
MAP1LC3A/B (microtubule-associated protein 1 light chain 3
a/b (LC3A/B-I or LC3-I henceforth in the text) to the phosphati-
dylethanolamine-conjugated form (LC3-II), associated with
phagophore and autophagosome membranes after activation of
autophagy. This conversion was absent in Mfs from Atg5 CKO
mice. Additionally, Atg5 CKO Mfs showed an accumulation of
SQSTM1 (sequestosome 1) compared to Mfs from floxed con-
trol mice, even at baseline conditions, indicating impaired auto-
phagic flux (Fig. 1C). Together, these data indicate that
macrophages fromAtg5CKOmice have impaired autophagy.

Upon LPS stimulation for 6 h in culture,Atg5 CKOMfs exhib-
ited significantly increased expression of markers of classically

activated macrophages, such as Il6 (interleukin 6), Il1b (interleukin
1b),Nos2 (nitric oxide synthase 2, inducible), Ccl2 (chemokine [C-C
motif] ligand 2), and Ptgs2 (prostaglandin-endoperoxide synthase 2)
(Fig. 1D). Examination of secreted cytokines at 24 h after LPS stim-
ulation in culture revealed significantly increased IL6 and IL1B
secretion by Atg5 CKOMfs versus controls, though no significant
difference was observed at baseline (Fig. 1E and F). Of note, there
was no difference in the systemic immune cell composition ofAtg5
CKO mice compared to littermate Atg5 floxed controls, and Atg5
CKO Mfs were able to induce antigen-specific (peptide and pro-
tein) T-lymphocyte proliferation at levels comparable to littermate
controls (data not shown). Additionally, differences in LPS respon-
siveness were not related to differences in TLR4 receptor frequency
(Fig. 1G).

Autophagy in macrophages regulates the severity of
uveitis

Two models for studying uveitis in mice and rats include endo-
toxin-induced uveitis (EIU) and experimental autoimmune uveitis
(EAU). In the EIU model, ocular inflammation is induced by sys-
temic injection of bacterial lipopolysaccharide (LPS), while induc-
tion of uveitis by EAU results from immunization with retinal
antigen such as RBP3/IRBP (retinol binding protein 3) peptide
(RBP31-20).

11,12 Given thatmacrophages are critical formaintaining
ocular immune privilege, we examined the susceptibility of Atg5
CKO mice to LPS-induced uveitis. Atg5 CKO mice and littermate
controls were treated intraperitoneally (i.p.) with LPS from E. coli
(10 mg/kg), and the severity of uveitis was assessed 24 h later by
quantifying the number of adherent leukocytes in the retinal vascu-
lature. This was accomplished by imaging and counting the num-
ber of leukocytes in retinal whole mounts frommice perfused with
FITC-conjugated concavalin A to identify both leukocytes and reti-
nal vessels (Fig. 2A top panel) or by immunohistochemical staining
of whole retinas (Fig. 2A middle panel). All EIU quantifications
herein were obtained using concavalin A perfused retinas. At base-
line, eyes of Atg5 CKO mice did not show any evidence of altered
leukocyte stasis or adherence compared to littermate controls
(Fig. S2A). Upon induction of EIU, eyes of Atg5 CKO mice devel-
oped severe uveitis, characterized by a 2.5-fold increase in the num-
ber of adherent leukocytes in the retinal vessels (Fig. 2A). Serum
collected 6 h post-EIU induction from Atg5 CKO mice also dem-
onstrated a significant increase in IL6, IL1B and IL10 compared to
littermate controls (Fig. 2B). We next induced organ-specific
inflammation in Atg5 CKO and littermate control mice via EAU
by inoculation with RBP31-20. Uveitis severity in EAU is assessed
by scoring histology of eye sections based on inflammatory cell
infiltration and retinal damage. Twenty-eight d post-EAU induc-
tion, Atg5 CKOmice displayed EAU scores approximately 2.5-fold
higher than littermate floxed controls (Fig. 2C), similar to the dif-
ferences observed using the LPS-based EIU model, demonstrating
that macrophage deletion of Atg5 contributes to uveitis severity in
2 models of experimental uveitis. Animals injected with vehicle in
place of RBP31-20 showed no signs of inflammation (Fig. S2B). No
differences in serum IL6 levels were observed in the tissue-specific
EAU model (Fig 2D), and the levels of these cytokines were more
than 100-fold lower than those noted in mice with EIU. Both IL1B
and IL10 levels were below the limit of detection by ELISA. These
results highlight that impaired macrophage autophagy leads to
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increased severity of uveitis, both in the presence or absence of sys-
temic inflammation.

It is possible that the increased severity of uveitis seen in Atg5
CKOmice is related to a deficiency in Atg5 but may not be related
to the overall process of autophagy.13-16 To rule out this possibility,
we examined how macrophage-specific deletion of genes involved
in the initiation of autophagy (Rb1cc1 and Atg14), and in autopha-
gosome formation (Atg16l1, Atg7 and Atg3) affected the severity of
uveitis using the LPS-based EIUmodel. As shown in Figure 3, mac-
rophage-specific deletion of each of these genes significantly
increased the severity of uveitis compared to floxed littermate con-
trols in the EIU model, while no evidence of uveitis could be
detected in vehicle-treatedmice (Fig. S3).

In addition, macrophages from these mice lacking various
autophagy genes also showed a significant increase in serum
IL1B compared to littermate controls (Fig. 3). Therefore, multi-
ple genes essential for autophagy play key roles in controlling
the severity of experimental uveitis, confirming that the homeo-
static process of autophagy regulates intraocular inflammation.

Uveitis severity is increased in mice expressing the human
ATG16L1T300A polymorphism

An important question is whether our discovery that autophagy
regulates immune-mediated uveitis has relevance to human
disease. To do this, we tested whether known human mutations

Figure 1. Effects of Atg5 ablation on double-membrane vesicle formation, cytokine gene expression, and protein secretion. (A) Atg5 gene expression in Atg5 CKO Mfs
(n D 3 mice) vs. floxed controls (n D 3 mice) as measured by qPCR. Student t test ����, P < 0.0001. (B) Representative electron micrographs of a Atg5fl/fl control or Atg5
CKO peritoneal Mf. (C) Representative western blot from Mf cell lysates treated with LPS alone or LPS and bafilomycin A1 for 18 h in culture. (D) Representative qPCR
gene expression analyses of Mf polarization markers (M1 markers Il1B (n D 4 vs n D 4 mice), Il6 (n D 4 vs n D 10 mice), Nos2 (n D 4 vs n D 4 mice), Ccl2 (n D 2 vs n D 6
mice), and Ptgs2 (n D 2 vs n D 6 mice) and M2 markers Il10 (n D 4 vs n D 10 mice) and Arg1 (arginase, liver; n D 2 vs n D 6 mice) from baseline or LPS-treated Atg5CKO
Mfs and controls. One-way ANOVA with the Tukey post-hoc test ��, P < 0.01; ���, P < 0.001. (E) IL6 (n D 7 vs n D 6) and (F) IL1B (n D 7 vs n D 6) secretion by Atg5fl/fl

control or Atg5 CKO conditional knockout peritoneal Mf at baseline or following 24 h of LPS stimulation in culture (n D 2 vs n D 2). One-way ANOVA with the Tukey
post-hoc test ��, P < 0.01; ���, P < 0.001. (G) TLR4 surface levels from Atg5 CKO (n D 12 mice) or control (n D 11 mice) peritoneal Mfs following INFG priming or INFG
priming plus LPS stimulation as measured by FACS analysis. Ns, not significant. All data are represented as mean § SEM.
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in essential autophagy genes might predispose to uveitis in our
animal model. It has been previously reported that a risk allele
in humans, specifically a coding polymorphism (Thr300Ala or
T300A), in ATG16L1, a gene orthologous to murine Atg16l1,
increases the risk for an inflammatory bowel condition called
Crohn disease.17,18 Of interest, a subset of patients with Crohn
disease can develop vision loss from immune-mediated uveitis,
but the molecular basis of this association is unclear.7 We
wanted to test whether mice carrying the human T300A
knock-in variant of Atg16l1 were more susceptible to uveitis.
While noninjected mice show no evidence of spontaneous uve-
itis at 6 to 8 wk of age (Fig. S3), mice with the T300A polymor-
phism have a significant increase in the severity of uveitis in the
context of the LPS-induced EIU model compared to their litter-
mate controls (Fig. 4A and B), as well as increased levels of
IL1B serum levels (Fig. 4C). Though further study is warranted,

these findings suggest macrophage-mediated autophagy as a
potential molecular link between systemic disease and uveitis
in Crohn disease.

Loss of autophagy induces uveitis by activation of the
inflammasome

The results above demonstrate a role for autophagy genes and
the overall autophagy pathway in regulating ocular inflamma-
tion, immune privilege, and secretion of proinflammatory cyto-
kines. A leading potential mechanism to explain these
observations is the antagonistic relationship between autophagy
and the inflammasome. Inflammasome activation results in
cleavage of IL1B and IL18 into their active forms.3,4 We there-
fore compared the activity of the inflammasome in vitro by
examining the secretion of IL1B after activation of autophagy

Figure 2. Atg5 CKO mice develop severe uveitis and undergo a cytokine storm. (A) Representative concavalin A lectin perfused (top; scale bar: 100 mm) or PECAM1 (plate-
let/endothelial cell adhesion molecule 1) and PTPRC (protein tyrosine phosphatase, receptor type, C) costained (bottom; scale bar: 20 mm) retinal vasculature whole
mount images from Atg5fl/fl control (n D 10) or Atg5 CKO (n D 10) conditional knockout mice 24 h postuveitis initiation by 10 mg/kg bacterial LPS and quantification of
retinal leukostasis (graph). Student t test ����, P < 0.0001. (B) IL6, IL1B, and IL10 serum levels in Atg5 CKO (n D 3 mice) and control mice (n D 3) 6 h postLPS treatment.
Student t test �, P < 0.05; ��, P < 0.01. (C) Representative histology from Atg5fl/fl control (n D 19) or Atg5 CKO (n D 17) conditional knockout mice treated with 200 mg
RBP31-20 to induce EAU (top; scale bar: 200 mm) with corresponding fundus (top) and OCT imaging (middle), and EAU grading (bottom). The black line in the eye fundus
photo indicates the area used for the OCT image below. Arrows in Atg5 CKO images indicate an area of intra-retinal abnormality that was observed across histology, fun-
dus imaging and OCT imaging. Mann-Whitney U-test �, P < 0.05 (D) IL6 serum levels 3, 7 or 28 d postRBP31-20 inoculation to initiate EAU in Atg5 CKO (n D 5) or floxed
control (n D 4) mice. All data are represented as mean § SEM.
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Figure 3. Loss of autophagy promotes uveitis. Representative images of concavalin A lectin- perfused retinal flatmounts from Rb1cc1 CKO (n D 17 vs. n D 10), Atg14 CKO
(n D 8 vs. n D 16), Atg16l1 CKO (n D 7 vs. n D 14), Atg7 CKO (n D 9 vs n D 7), and Atg3 CKO (n D 17 vs n D 8) mice and littermate controls with corresponding quantifi-
cation of adhered leukocytes per retina and serum IL1B levels for each genotype. Scale bar: 100 mm. All data are represented as mean § SEM. Student t test or Mann-
Whitney U-test �, P < 0.05; ��, P < 0.01; ���, P < 0.001.

Figure 4. Assessment of uveitis in a murine model of Crohn disease. (A) Representative images of concavalin A lectin perfused retinal whole mount images from mice
with genetic knock-in of the Crohn-associated variant ATG16L1T300A (n D 18) versus Atg16l1 WT controls (n D 14). Scale bar: 100 mm. (B) Corresponding quantification of
retinal leukostasis. (C) Serum IL1B levels from Atg16l1T300A (n D 3) vs. Atg16l1 WT controls (n D 3). All data are represented as mean § SEM. Student t test �, P < 0.05; ��,
P < 0.01.
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by a combination of LPS, to stimulate autophagy, and ATP, to
promote the release of IL1. Consistent with prior work with
Atg16l1-deficient macrophages18, Atg5 CKO Mfs demon-
strated significantly increased secreted IL1B after stimulation
with LPS and ATP compared to littermate floxed control mac-
rophages (Fig. 5A). Floxed control macrophages demonstrated
an increase in IL1B secretion after LPS stimulation; however,
the amplitude of this response was significantly higher in Atg5
CKO Mfs (Student t test, �, P D 0.0242). Inhibition of general
caspase-activation with Z-VAD or of more specific CASP1 and
CASP4-inhibition with Z-YVAD resulted in a significant
decrease in IL1B in both control and Atg5 CKO Mfs (Fig. 5A),

suggesting that activation of the inflammasome was involved in
this phenotype. In order to directly assess the role of inflamma-
some activation and IL1B in the pathogenesis and severity of
uveitis, we treated Atg5 CKO mice i.p. with an IL1 receptor
antagonist (AnakinraTM; 10 mg/kg) or vehicle prior to LPS
treatment. Neutralization of IL1 signaling completely reversed
the increased severity of uveitis in Atg5 CKO mice (Fig. 5B).
These experiments demonstrate that secreted IL1B is responsi-
ble for uveitis seen in Atg5 CKO mice.

In order to confirm the role of canonical and noncanonical
inflammasome-mediated caspase activation and subsequent
IL1B secretion in the uveitis phenotype, we generated knockout

Figure 5. Blocking IL1B reverses severe uveitis. (A) The level of IL1B secreted by Atg5 CKO and floxed control peritoneal macrophages in response to LPS treatment can be
reduced in both knockouts and controls by treatment with the pancaspase inhibitor, Z-VAD-FMK or CASP1and CASP4 inhibitor Z -YVAD-FMK. Two-way ANOVA (confi-
dence levelD95%) with the Bonferroni post-hoc test ����, P < 0.0001. (B) Pharmacological IL1B inhibition in Atg5 CKO mice using the IL1R (interleukin 1 receptor) antago-
nist AnakinraTM. Representative retinal whole mounts from FITC-concavalin A lectin-perfused vehicle (n D 11) and AnakinraTM (n D 12) treated mice and quantification of
adhered leukocytes per retina. Scale bar: 100 mm. Student t test ��, P < 0.01 (C) Images of concavalin A lectin-perfused retinal wholemounts from control (Atg5fl/fl) (n D
6), Atg5 CKO (n D 15), casp1¡/¡ casp4¡/¡ knockout (n D 7) or Atg5 CKO casp1 casp4 triple-KO mice (n D 8) and quantification of adhered leukocytes in the retinal vascu-
lature and IL1B serum levels from each group. (D). Representative histology from Atg5fl/fl control (n D 10), or Atg5 CKO (n D 14), casp1¡/¡ casp4¡/¡ double knockout
(nD 14), and Atg5 CKO casp1¡/¡ casp4¡/¡ triple knockout mice (n D 14) treated with 200 ug RBP31-20 to induce EAU (top; scale bar: 200 mm) with corresponding fundus
and OCT imaging, and EAU grading. Arrows indicate clusters of inflammatory cells in the vitreous and the circled areas highlight a region of retinal abnormality observed
across imaging modalities. Kruskal-Wallis test with the Dunn post-hoc test �, P < 0.05; ��, P < 0.01; ���, P < 0.001. All data are represented as mean § SEM.
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mice that were deficient in Atg5 in macrophages and also had
germline deletion of Casp1 and Casp4 (Atg5 CKO casp1¡/¡

casp4¡/¡), and compared them to littermate Atg5 CKO mice.
Deletion of Casp1 and Casp4 in Atg5 CKO mice (Atg5 CKO
casp1¡/¡ casp4¡/¡) reduced the severity of uveitis back to levels
observed after inhibition of IL1 signaling and similar to the
phenotype observed in Atg5 floxed control (Atg5fl/fl) or casp1
and casp4 knockout mice (casp1¡/¡ casp4¡/¡) (Fig. 5C). Vehi-
cle treated controls showed no difference between any of the
various genotypes and no evidence of uveitis (Fig. S3). Serum
levels of IL1B were significantly reduced in Atg5 CKO casp1¡/¡

casp4¡/¡ knockout mice 24 h after LPS treatment compared to
Atg5fl/fl littermates, and comparable to those seen in both
casp1¡/¡ casp4¡/¡ mice and Atg5fl/fl control mice (Fig. 5C).
Furthermore, in response to LPS stimulation, macrophages
from Atg5 CKO casp1¡/¡ casp4¡/¡ mice secreted significantly
less IL1B than macrophages from Atg5 CKO mice (Fig. S4A).
We next examined the contribution of caspase activation in the
tissue-specific EAU model. Again, deletion of Casp1 and Casp4
ameliorated disease severity in Atg5 CKO mice, with no signifi-
cant differences noted between Atg5 CKO casp1¡/¡ casp4¡/¡,
casp1¡/¡ casp4¡/¡ or Atg5fl/fl control mice (Fig. 5D). There was
no significant inflammation noted in vehicle-treated animals
(Fig. S4). These experiments demonstrate that autophagy-defi-
cient macrophages cause severe immune-mediated uveitis via
activation of the inflammasome leading to caspase-mediated
secretion of IL1B.

Discussion

Autophagy as a homeostatic mechanism may have evolved in
order to efficiently eliminate intracellular pathogens. The pro-
cess is evolutionarily conserved and plays a critical role in
immune-mediated disease and the pathophysiology of can-
cers.1,19 The eye is an immune-privileged organ where cellular
and soluble factors normally contribute to both immune eva-
sion and suppression leading to tolerance, a phenotype critical
for maintaining the visual axis. Macrophages play a key role in
this process.5 In autoimmune or immune-mediated diseases of
the eye, dysregulated immunity can trigger severe inflammation
and uveitis, which left untreated, can lead to blindness. The
molecular mechanisms that control ocular inflammation and
thereby limit uveitis are not fully understood. Here, we have
shown that autophagy genes in macrophages regulate ocular
inflammation and prevent uveitis. By showing the involvement
of many independent essential autophagy genes in this process,
we feel it likely that the overall process of autophagy, rather
than nonautophagic functions of autophagy proteins is impor-
tant to regulate ocular inflammation. The mechanism by which
impaired autophagy causes uveitis is through activation of the
macrophage inflammasome. This process is dependent on cas-
pase-mediated IL1B secretion and can be completely reversed
by pharmacological neutralization or genetic deletion of either
IL1B or Casp1 and Casp4.

Treatment of severe uveitis currently involves nonspecific
systemic inhibition of immune responses that can have signifi-
cant off-target effects and complications.8 The findings
reported here may provide a novel therapeutic avenue in the
treatment of this blinding disease.

Materials and methods

Animals

All animal experiments were conducted in accordance with
Washington University in St. Louis School of Medicine Animal
Care and Use guidelines and after approval by the Animal
Studies Committee. Mice in which exon 3 of the Atg5 gene was
flanked by loxP sites (Atg5fl/fl) were kindly provided by Dr.
Noboru Mizushima (Tokyo University, Japan) and have been
previously characterized.20 To obtain Mf-specific Atg5 condi-
tional knockout mice, we bred Atg5fl/fl mice to mice carrying
the Lyz2-Cre recombinase transgene (The Jackson Laboratory,
004781), yielding mice in which Atg5 is conditionally ablated
from circulating Mfs (Atg5 CKO). This breeding approach
(Atg5fl/fl Lyz2-CreC/¡) X (Atg5fl/fl Lyz2-Cre¡/¡) produced litters
in which roughly half of the mice were Cre-negative, or floxed
controls, (Atg5fl/fl) and half were Cre-positive, or conditional
knockout (Atg5 CKO). Other autophagy genes including
Atg16l1, Atg14, Atg7, Rb1cc1, and Atg3 were conditionally
deleted in macrophages using a similar protocol and have been
previously characterized.10,14,18,21-24 Casp1 knockout mice were
originally created in the 129 background strain, which is natu-
rally deficient in Casp4/Casp1. Due to the close genomic prox-
imity of casp1 and casp4, the genes did not segregate upon
backcrossing into the C57Bl/6 background. Thus, Casp1 knock-
out mice are also Casp4-deficient25 and are designated within
this paper as casp1¡/¡ casp4¡/¡. casp1¡/¡ casp4¡/¡ mice were
crossed with Atg5fl/fl Lyz2-Cre mice to create the Atg5 CKO
casp1¡/¡ casp4¡/¡ mice used within this work.

Genotyping

For genotyping, mouse toe DNA was extracted using the
DNeasy� Blood and Tissue Kit (Qiagen; 69506). PCR was per-
formed to distinguish between Atg5WT and Atg5flox alleles using
Atg5WT-specific (forward 50-GAATATGAAGGCACACCCCT-
GAAATG-30) and Atg5flox-specific (forward 50-ACAACGTC-
GAGCACAGCTGCGCAAGG-30) primers, combined with an
Atg5 common reverse primer (forward 50-GTACTGCA-
TAATGGTTTAACTCTTGC-30). The resulting Atg5WT frag-
ment is 310 base pairs (bp), while the resulting Atg5flox product
is 650 bp. The presence of Cre recombinase was determined
using the following primers: forward 50-CCCAAGAAGAA-
GAGGAAGGTGTCC-30 and reverse 50-CCCAGAAATGCCA-
GATTACG-30. The resulting Cre product was 500 bp. For
confirmation of excision of exon 3 of Atg5, a specific Atg5D

primer was used in combination with the common reverse
primer (forward 50-cagggaatggtgtctcccac-30). The resulting
Atg5 mutant product was 300 bp. A complete list of primers
used for all mice in this study can be found in Table S1.

Isolation of primary peritoneal Mfs

Peritoneal Mfs were elicited by intraperitoneal (i.p.) injection
of 4% thioglycollate (Sigma-Aldrich, T9032). Five d postinjec-
tion, Mfs were harvested via peritoneal lavage using 10 mL of
sterile 1X Dulbecco’s phosphate-buffered saline (Life Technolo-
gies, 14190-144), centrifuged, resuspended, and cultured in
RPMI-1640 (Life Technologies, 22400154) supplemented with
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10% fetal bovine serum, 1% penicillin/streptomycin and 1%
GlutaMAXTM (Life Technologies, 35050061) overnight to allow
adherence. Mfs were then washed twice with RPMI-1640 to
remove nonadherent cells.

For macrophage polarization studies, cells were treated with
100 ng/ml LPS (Sigma-Aldrich, L9641) for 6 h.

Transmission electron microscopy

For ultrastructural analysis, peritoneal Mfs from Atg5fl/fl con-
trol and Atg5 CKO mice were fixed in 2% paraformaldehyde,
2.5% glutaraldehyde (Polysciences Inc.; 07710) in 100 mM
phosphate buffer, pH 7.2 for 1 h at room temperature. Samples
were washed in phosphate buffer and postfixed in 1% osmium
tetroxide (Polysciences Inc., 0223C-10) for 1 h. Samples were
then rinsed extensively in distilled H20 prior to en bloc staining
with 1% aqueous uranyl acetate (Ted Pella Inc., 19481) for 1 h.
Following several rinses in distilled H20, samples were dehy-
drated in a graded series of ethanol and embedded in Eponate
12 resin (Ted Pella Inc., 18005). Sections of 95 nm were cut
with a Leica Ultracut UCT ultramicrotome (Leica Microsys-
tems Inc., Buffalo Grove, IL), stained with uranyl acetate and
lead citrate, and viewed on a JEOL 1200 EX transmission elec-
tron microscope (JEOL USA Inc., Peabody, MA).

Real-time PCR and gene expression analysis

Total RNA was prepared from peritoneal Mfs using the
RNeasy mini kit (Qiagen, 74014). cDNA was prepared using
the High Capacity cDNA Reverse Transcription Kit (Life Tech-
nologies, 4368813) and PCR amplifications of cDNA were per-
formed using Taqman probe-based gene expression assay (Life
Technologies) according to the manufacturer’s protocols.
Primer and probe sets were as follows: Actb, Mm00607939_s1;
Il6, Mm00446190_m1; Il10, Mm99999062_m1; Il1b, Mm01336
189_m1; Nos2, Mm00440502_m1; Ccl2, Mm00441242_m1;
Ptgs2, Mm00478374_m1; Arg1, Mm00475988_m1.

Western blot analysis

Primary peritoneal Mfs were lysed using protease inhibitor-
containing RIPA buffer (Thermo-Fisher, 89901) for 30 min fol-
lowed by centrifugation at 18,400 £ g for 10 min, both at 4�C.
Lysates (20 mg) were resolved using Mini-PROTEAN TGX gra-
dient gels (Bio-Rad, 456-1094) and Tris/Glycine/SDS Buffer
(Bio-Rad, 161-0732) and electro-transferred to nitrocellulose
membranes, pore size 0.2 mm, (Bio-Rad,162-0097) according
to the manufacturer’s instructions. Membranes were blocked in
5% BSA (Sigma-Aldrich, A7030) in TBST (50mM Tris HCL,
150mM NaCl, 0.1% Tween-20) for 1 h at room temperature
then incubated with antibodies against LC3 (Cell Signaling
Technology, 4108), SQSTM1/p62 (Progen, GP62-C) or ACTB
(actin, b; Sigma-Aldrich, 5316) in 5% BSA in TBST at 4�C
overnight. Blots were then washed and incubated with second-
ary antibodies (goat anti-rabbit IRDye� 680LT, donkey anti-
guinea pig IRDye� 800CW and goat anti-mouse IRDye�

680LT, Licor, 926-68021, 926-32411 and 962-68020, respec-
tively). Proteins were detected using the corresponding

wavelengths on an Odyssey Infrared Imaging System (Licor,
Lincoln, NE).

Flow cytometry

Peritoneal macrophages (1 £ 106 per mouse) were primed with
10 ng/mL INFG (R&D Systems, 485-MI-100) for 16 h in cul-
ture followed by 24 h stimulation with 10 ng/mL LPS. Cells
were stained for TLR4 (clone SA15-21; BioLegend, 145402) at a
concentration of 1:200 and FACS data was acquired using a
FACSCalibur or a FACSCanto flow cytometer (BD Biosciences,
San Jose, CA) and analyzed using FlowJo software (Tree Star,
Ashland, OR).

ELISA

The following assays were used according to the manufacturer’s
recommendations: IL6 (R&D Systems, M600B), IL1B (R&D
Systems, MLB00C), and IL10 (R&D Systems, M1000B).

For cultured macrophages, cells pooled from 4 mice for each
genotype were treated with 100 ng/mL LPS for 24 h. Superna-
tants were assayed for cytokine levels and cells were pelleted,
lysed, and quantified by BCA assay (Thermo/Pierce, 23225) to
enable normalization of cytokine levels to total cell protein.

For inflammasome inhibition studies, cells pooled from 4
mice for each genotype were treated for 1 h with 40 mM Z-
VAD-FMK or Z-YVAD-FMK (R&D Systems, FMK001 and
FMK005). 100 ng/mL LPS was added for 2 h followed by
2.5 mM ATP (Sigma-Aldrich, A6559) for 1 h. Supernatants
were collected and assayed by ELISA (R&D Systems, MLB00C)
according to the manufacturer’s instructions, while cells were
harvested and lysed to normalize for total protein content per
sample as above.

For serum cytokine analysis, whole blood was collected via
submandibular puncture into microtainer tubes (BD Bioscien-
ces, 365967) and separated by centrifugation at 6500g for
8 min. The resulting serum layer was decanted into a fresh tube
and analyzed by the assays above.

Endotoxin-induced uveitis

Mice (6- to 12-wk old) were injected intraperitoneally with a
bolus of 10 mg/kg of Escherichia coli LPS (Sigma-Aldrich,
L9641). After 24 h, mice were anesthetized with 86.9 mg/kg
ketamine and 13.4 mg/kg xylazine and injected intravenously
via the femoral vein with 100 ml of 5 mg/mL FITC-concanava-
lin A lectin (Vector Labs, FL-1001) to label both blood vessels
and leukocytes. After allowing 5 min for circulation, the mice
were perfused with 7 to 10 mL of PBS by intracardiac perfusion
to remove all nonadhered cells from the vasculature. Eyes were
then enucleated, fixed in 4% paraformaldehyde, and retinas
were carefully isolated and flatmounted onto glass slides using
ProLong Gold with DAPI (Life Technologies, P36931). Leuko-
cytes adhered within the retinal vasculature were imaged by a
masked observer at room temperature on an Olympus BX51
microscope equipped with a SPOT RT slider digital camera
using a UPlan Apo 20x/0.70 objective (N.A. D 0.17). Lueko-
cytes were manually quantified using ImageJ.

AUTOPHAGY 1883



For IL1 receptor antagonist studies, Atg5 CKO littermate
mice were randomly divided for treatment with 10 mg
AnakinraTM (Kineret�; Sobi, Inc., Waltham, MA) or vehicle
twice a day, one day prior to uveitis initiation with LPS, and
twice a day again on the day of LPS administration. Mice were
sacrificed 24 h post-LPS and processed as above.

Immunofluorescence

EIU was initiated by LPS injection as described above. After
24 h, mice were perfused with 7 to 10 mL of PBS through the
left ventricle to remove nonadhered leukoyctes. Following enu-
cleation and 1 h fixation in 4% paraformaldehyde, retinas were
dissected from the eye and incubated in 5% normal goat serum
plus 1% Triton X-100 (Sigma-Aldrich, T8532) in PBS for 1 h to
block nonspecific protein binding. Primary antibodies against
PECAM1 (Millipore, MAB1398Z) and PTPRC (BD Bioscience,
550539) were each diluted 1:500 in blocking buffer applied to
tissues for 48 h at 4�C. After washing with PBS, Alexa Fluor
594 donkey anti-Armenian hamster (Jackson Immuno, 127-
585-160) was used to identify PECAM1 and Alexa Fluor 488
goat anti-rat (Molecular Probes/Thermo, A11006) was used to
identify myeloid cells. Stained retinas were then flat mounted
onto glass slides and coverslipped using ProLong Gold, as
described above, and imaged using an Olympus FV1000 confo-
cal system utilizing Fluoview software with a BX61-WI micro-
scope equipped with a UPLFLN 40x Oil emersion objective
lens (N.A. 1.3) and 3x digital zoom.

Experimental autoimmune uveitis

Atg5 CKO and littermate floxed control mice 6 to 8 wk of age
were injected with an emulsion of 200 mg of human RBP3 frag-
ment (RBP31-20; Anaspec, AS62297) in 200 ml of complete
Freund Adjuvant (1:1 v/v) (BD Difco, 263810) supplemented
with 2.5 mg/mL Mycobacterium tuberculosis strain H37RA
(BD Difco, 231141). The dose was dispersed subcutaneously in
equal volumes into each thigh and the base of the tail. Mice
also received 0.3 mg pertussis toxin from Bordetella pertussis
(Calbiochem/Millipore, 80501-120) I.P. in 100 ml PBS. Eyes
were monitored using a Micron III fundus camera equipped
with image-guided 830nm OCT (Phoenix Research Laborato-
ries, Pleasanton, CA) under Ketamine/Xylazine anesthetization.
Upon sacrifice, enucleated eyes were fixed in 4% glutaraldehyde
in PBS for 1 h followed by overnight fixation in 4% paraformal-
dehyde. Samples were then processed for paraffin embedding,
sectioned at a thickness of 4 mm, and stained with hematoxylin
and eosin. Histology was observed from a minimum of 5 sec-
tions per eye, which bisected the optic nerve, and were scored
based on previously published grading standards by a blinded
observer.6 Due to differences in variance between groups, statis-
tical analysis was performed using the Mann-Whitney U-test or
Kruskal-Wallis One-way ANOVA.

Statistics

Statistical analysis, unless otherwise noted, was determined via
the 2-tailed Student t test, or One-way ANOVA at the 95%
confidence level using GraphPad Prism Software (GraphPad

Software). In instances where the variance between groups was
significantly different, Mann-Whitney U-test (single compari-
sons) or Kruskal-Wallis with the Dunn post-hoc test (multiple
comparisons) was used as indicated in the corresponding figure
legend. Results are presented as mean§ SEM. Statistical signifi-
cance was defined at P< 0.05.

Abbreviations

Atg autophagy related
BAF bafilomycin A1

Casp caspase
Ccl2 chemokine [C-C motif] ligand 2
EAU experimental autoimmune uveitis
EIU endotoxin induced uveitis
Il interleukin
RBP3 retinol binding protein 3
LC3 microtubule-associated protein 1 light chain 3 a/b

(MAP1LC3A/B)
LPS lipopolysaccharide from E. coli
Lyz2 lysozyme 2
Mfs macrophages
Nos2 nitric oxide synthase 2, inducible
Rb1cc1 RB1 inducible coiled-coil 1
Ptgs2 prostaglandin-endoperoxide synthase 2
SQSTM1 sequestosome 1
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