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ABSTRACT

Autophagy, which is critical for the proper turnover of organelles such as endoplasmic reticulum and
mitochondria, affects diverse aspects of metabolism, and its dysregulation has been incriminated in
various metabolic disorders. However, the role of autophagy of myeloid cells in adipose tissue
inflammation and type 2 diabetes has not been addressed. We produced mice with myeloid cell-specific
deletion of Atg7 (autophagy-related 7), an essential autophagy gene (Atg7 conditional knockout [cKO]
mice). While Atg7 cKO mice were metabolically indistinguishable from control mice, they developed
diabetes when bred to ob/w mice (Atg7 cKO-ob/ob mice), accompanied by increases in the crown-like
structure, inflammatory cytokine expression and inflammasome activation in adipose tissue. Meps
(macrophages) from Atg7 cKO mice showed significantly higher interleukin 1 8 release and inflalmmasome
activation in response to a palmitic acid plus lipopolysaccharide combination. Moreover, a decrease in the
NAD":NADH ratio and increase in intracellular ROS content after treatment with palmitic acid in
combination with lipopolysaccharide were more pronounced in M¢s from Atg7 cKO mice, suggesting that
mitochondrial dysfunction in autophagy-deficient Mg¢s leads to an increase in lipid-induced
inflammasome and metabolic deterioration in Atg7 cKO-ob/ob mice. Atg7 cKO mice were more susceptible
to experimental colitis, accompanied by increased colonic cytokine expression, T helper 1 skewing and
systemic bacterial invasion. These results suggest that autophagy of M¢s is important for the control of
inflammasome activation in response to metabolic or extrinsic stress, and autophagy deficiency in Mgs

ARTICLE HISTORY
Received 29 April 2015
Revised 21 April 2016
Accepted 26 April 2016

KEYWORDS

autophagy; colitis; diabetes;
inflammasome;
macrophages; obesity

may contribute to the progression of metabolic syndrome associated with lipid injury and colitis.

Introduction

Macroautophagy (referred to as autophagy hereafter) is a cata-
bolic cellular process leading to the degradation of the cell’s
own components inside autolysosomes which are formed by
fusion of double-membrane autophagosomes enclosing cellular
content to lysosomes. Autophagy plays a critical role in the
metabolic adaptation in nutrient deficiency and also in the
turnover of dysfunctional or damaged proteins and organelles."
Since ER (endoplasmic reticulum) and mitochondria that criti-
cally affect B-cell function, insulin release and insulin sensitivity
depend on autophagy for proper function,”* autophagy of sev-
eral metabolic organs or systemic autophagy affects nutrient
metabolism.>® Furthermore, disturbance of local or systemic
autophagy appears to plays a role in dysregulated metabolism
and in the development of metabolic syndrome or T2D (type 2
diabetes).

Insulin resistance is a prerequisite for the development of
T2D and is caused by several factors such as lipid, ROS

(reactive oxygen species), and ER stress.” Besides such well-rec-
ognized factors, low-grade inflammation has recently been
implicated as an important contributing factor to insulin resis-
tance.” There have been numerous reports showing the role of
diverse innate immune receptors in inflammation associated
with metabolic syndrome; however, recent papers have pre-
sented convincing data suggesting a crucial role of NLRP3
(NLR family, pyrin domain containing 3) inflammasome in
this process.*'® The involvement of inflammasome activation
in insulin resistance also suggests a potential role of autophagy
in the development of insulin resistance, since autophagy is a
well-known modulator of inflammasome activation. Thus,
autophagy regulates inflammasome activation by participating
in the quality control of dysfunctional mitochondria that can
augment inflammasome activation and also by removing the
inflammasome complex.'"'?

As these results suggest that autophagy deficiency is a proin-
flammatory condition particularly in relation to inflammasome
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activation, deficient autophagy can be a factor in the develop-
ment of T2D associated with low-grade inflammation and
inflammasome activation. Although the role of autophagy of
diverse tissues in body metabolism has been intensively investi-
gated,””?! the importance of autophagy of myeloid cells such
as M¢s (macrophages) in the regulation of systemic insulin
sensitivity and in the development of T2D has not been clearly
elucidated. Besides metabolic syndrome, IBD (inflammatory
bowel disease) is a prototypic disease associated with autophagy
deficiency inducing aggravated tissue inflammation.** Further-
more, the incidence of IBD is increased by a western diet
underscoring the importance of both genetic and environmen-
tal factors in the development of IBD.*® To investigate the role
of myeloid cell autophagy in tissue inflammation associated
with metabolic syndrome, we generated mice with myeloid
cell-specific autophagy deficiency and studied the development
of diabetes and metabolic syndrome before and after imposing
metabolic stress. We also examined the relationship between
myeloid autophagy and the development of experimental colitis
using mice with myeloid cell-specific autophagy deficiency.

Results

Metabolic profile of myeloid cell-specific autophagy-
deficient mice

We bred Atg7 cWT (conditional wild-type; Atg7"'") mice with
Lys-Cre mice where Cre recombinase is under control of the
Lyz2/LysM (lysozyme 2) promoter to generate mice with mye-
loid cell-specific deletion of Atg7 (Atg7"'"; Lyz2-Cre* mice,
described as Atg7 conditional knockout (Atg7 cKO) henceforth
in the manuscript) (Table S1). PCR analysis validated deletion
of floxed segment in genomic DNA from peritoneal M¢s of
Atg7 cKO mice (Fig. 1A). Myeloid cell-specific autophagy
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deficiency was confirmed by negligible expression of ATG7
protein and accumulation of SQSTM1 (sequestosome 1)/p62, a
well-known receptor and substrate of autophagy in peritoneal
M¢s from Atg7 ¢KO mice (Fig. 1B). Atg7 mRNA expression
was also markedly lower in peritoneal M¢gs from Atg7 cKO
mice (Fig. 1C). Conversion of MAP1LC3A/B (microtubule-
associated protein 1 light chain 3, o/f)-I to MAP1LC3A/B-II
was defective in M¢s from Atg7 ¢KO mice that were cultured
in serum-free condition to induce autophagy (Fig. 1B).
Apparently, Atg7 cKO mice were indistinguishable from Atg7
c¢WT mice. Metabolically, both male and female Atg7 cKO mice
were not different from Afg7 cWT mice, as evidenced by normal
nonfasting blood glucose levels, body weight, IPGTT (intraperi-
toneal glucose tolerance test) and ITT (insulin tolerance test)
results (P > 0.1 for all comparisons) (Fig. 1D to F, Fig. S1, S2 A
to C). Since autophagy deficiency is a proinflammatory condition
associated with an increased susceptibility to inflammasome acti-
vation'? and inflammasome activation owing to the metabolic
stress of lipid injury is implicated in the low-grade tissue inflam-
mation inducing insulin resistance,'® we imposed metabolic
stress to Atg7 cKO mice by breeding to ob/w (heterozygous Lep
knockout) mice to derive Atg7 cKO-ob/ob mice (Table S1).
While male Atg7 cWT-o0b/ob mice showed only hyperglycemia,
blood glucose levels of male Atg7 cKO-ob/ob mice were signifi-
cantly higher than those of male Atg7 cWT-ob/ob mice and
reached diabetic range (P < 0.05 to 0.001) (Fig. 1D). Body
weight of male Atg7 cKO-ob/ob mice was not different from that
of male Atg7 ¢cWT-ob/ob mice (P > 0.1) (Fig. S1). IPGTT
showed further impaired glucose intolerance of male Atg7 cKO-
ob/ob mice accompanied by an increased AUC (area under the
curve) compared to male Atg7 cWT-ob/ob mice (P < 0.05 to
0.01) (Fig. 1E). ITT also showed further decreased insulin sensi-
tivity of male Atg7 cKO-ob/ob mice accompanied by a decreased
AUC compared to male Atg7 cWT-ob/ob mice (P < 0.01 to
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Figure 1. Metabolic profile of male Atg7 cKO mice. (A) PCR using DNA from peritoneal M¢s and primers specific for Atg7. (B) Peritoneal M¢s were cultured in serum-free
conditions for 6 h to induce autophagy, and cell extracts were subjected to western blot analysis. (C) Quantitative RT-PCR was done using mRNA from M¢s and specific
primers. (D) Nonfasting blood glucose level was determined in male Atg7 cKO, Atg7 cKO-ob/ob and respective control mice (n = 10 to 15). (E) IPGTT was conducted in
overnight-fasted 16-wk-old male mice as described in Materials and Methods, and AUC calculated (n = 5 to 8). (F) ITT was conducted in fasted 16-wk-old male mice as
described in the Materials and Methods, and AUC calculated (n = 5to 10). *, P < 0.05; **, P < 0.01; ***, P < 0.001.



1392 (&) H-Y.LEEETAL

0.001) (Fig. 1F), suggesting that aggravated insulin resistance
leads to the diabetes of male Atg7 cKO-ob/ob mice. Blood glu-
cose profile and body weight of female Atg7 cKO-ob/ob mice
were not significantly different from those of female Atg7 cWT-
ob/ob mice (P > 0.1) (Fig. S1, S2A). However, IPGTT and ITT
showed tendency toward metabolic deterioration in female Atg7
cKO-ob/ob mice compared to female Atg7 ¢cWT-ob/ob mice,
while statistical significance was not reached (P > 0.05)
(Fig. S2B, C). Since metabolic deterioration was more prominent
in male Atg7 cKO-ob/ob mice compared to female Atg7 cKO-
ob/ob mice, the subsequent experiments were conducted employ-
ing male Atg7 cKO-ob/ob mice.

The insulinogenic index, representing S-cell response to
changing glucose level, did not differ between Atg7 cKO-0b/ob
and Atg7 cWT-ob/ob mice (Fig. S3A). B-cell mass was also not
different between Atg7 cKO-ob/ob and Atg7 cWT-ob/ob mice
(Fig. S3B), suggesting that aggravated p-cell failure might not
play a dominant role in the development of diabetes in Atg7
cKO-o0b/ob mice. The metabolic profile of Atg7 cKO-ob/w and
Atg7 cWT-ob/w mice was not different from that of Atg7 cKO
and Atg7 cWT mice, respectively (Fig. S4). Hence, Atg7 cKO-
ob/w and Atg7 cWT-ob/w mice were employed instead of Atg7
cKO and Atg7 cWT mice, respectively, in most of the following
experiments.

Enhanced inflammasome activation in autophagy-
deficient M¢s

We next studied the possible mechanism of overt diabetes and
increased insulin resistance in Atg7 cKO-ob/ob mice by
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investigating the inflammasome activation in response to lipid
injury, since inflammasome activation due to lipid injury has
been implicated in obesity-induced diabetes™'® and autophagy
deficiency can enhance inflammasome activation.'"'* Primary
peritoneal M¢s from control Atg7 ¢WT mice were cultured
with PA (palmitic acid) in combination with LPS (lipopolysac-
charide), a condition that is capable of activating the inflamma-
some.'” While LPS alone induced only a minimal amount of
IL1B (interleukin 1 §) release and PA alone had virtually no
effect on IL1B release from peritoneal M¢s of Atg7 cWT mice,
significant IL1B release was observed when treated with PA in
combination with LPS (Fig. 2A). IL1B release in response to
PA in combination with LPS was significantly higher when
Mgs from Atg7 ¢cKO mice were employed (P < 0.05 to 0.01)
(Fig. 2A), suggesting increased inflammasome activation in
autophagy-deficient M¢s. Indeed, western blot analysis demon-
strated increased maturation of IL1B and increased activation
of CASP1 (caspase 1) in autophagy-deficient M¢s treated with
PA and LPS combination compared to autophagy-competent
Mg¢s (Fig. 2B). These results show that autophagy deficiency
promotes inflammasome activation in response to lipid injury
which can aggravate insulin resistance associated with obesity.
We further investigated the mechanism of increased inflam-
masome activation in autophagy-deficient M¢s by studying the
mitochondrial events that have been incriminated as crucial
steps in inflaimmasome activation.>* Furthermore, mitochon-
drial function and events during inflammasome activation are
likely to be affected by autophagy deficiency since mitochon-
dria are important target organelles of autophagy in a process
called mitophagy." While PA alone or LPS alone reduced the
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Figure 2. Inflammasome activation in M¢s from 12-wk-old mice by varying doses of PA in combination with 500 ng/ml LPS. (A) Primary peritoneal M¢s were incubated
with PA of the indicated concentrations and LPS. After 24 h of culture, IL1B concentration in the supernatant was determined by ELISA. (B) After incubation of primary
peritoneal M¢s with PA of the indicated doses and LPS for 24 h, cell extracts were subjected to western blot analysis using anti-IL1B and -CASP1 Abs. (C) After the same
incubation of M¢s as in (B), NAD™:NADH ratio was determined using a commercial kit. (D) After the same incubation of M¢s as in (B), cells were incubated with MitoSOX
Red for flow cytometry (dark green, unstained; green, Atg7 cWT Mgs treated with 400 .«M PA; blue, Atg7 CWT M¢s treated with LPS; orange, Atg7 cWT M¢s treated with

400 M PA + LPS; red, Atg7 cKO Mgs treated with 400 .«M PA + LPS). *, P < 0.05; **
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ratio of oxidized to reduced nicotinamide adenine dinucleotide
(NAD":NADH) to a small degree, treatment with PA in com-
bination with LPS had profound effects on the NAD*:NADH
ratio, suggesting obvious mitochondrial dysfunction after com-
bined treatment with PA and LPS (Fig. 2C). Such decreases of
NAD":NADH ratio by PA in combination with LPS were fur-
ther aggravated when autophagy-deficient M¢s were employed
(P < 0.01 to 0.001) (Fig. 2C), supporting that autophagy defi-
ciency is a proinflammatory condition facilitating inflamma-
some activation by lipid injury. We also studied mitochondrial
ROS content that can be increased by mitochondrial dysfunc-
tion®® and plays an important role in inflammasome activation
by diverse effectors.”® While LPS alone has minimal effects on
the mitochondrial ROS content determined by MitoSOX Red
staining,”® mitochondrial ROS content was notably increased
by PA in combination with LPS in autophagy-competent M¢s
(Fig. 2D). Mitochondrial ROS content was further increased by
PA in combination with LPS when autophagy-deficient M¢s
were employed (Fig. 2D), supporting that mitochondrial dys-
function associated with autophagy deficiency can lead to
increased mitochondrial ROS and enhanced inflammasome
activation by lipid injury.

Enhanced adipose tissue inflammation of Atg7 cKO-ob/ob
mice

We next studied whether low-grade adipose tissue inflamma-
tion and inflammasome activation in vivo is altered in Atg7
cKO-0b/0b mice that have deteriorated metabolic profile. Con-
sistent with our hypothesis that myeloid cell-specific autophagy
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deficiency is a proinflammatory condition associated with lipid
injury, the numbers of CLS (crown-like structure) representing
M¢ aggregate around dead adipocytes and metainflammation
associated with obesity,”” were significantly higher in adipose
tissue of Atg7 cKO-0b/ob mice compared to Atg7 cWT-ob/ob
mice (P < 0.01) (Fig. 3A). Consistently, the expression of
inflammatory markers such as Tnf (tumor necrosis factor), Il6
(interleukin 6), pro-Il1b and Adgrel (adhesion G protein-cou-
pled receptor E1) was significantly higher in the SVF (stromal
vascular fraction) of white adipose tissue from Atg7 cKO-ob/ob
mice compared to Atg7 cWT-ob/ob mice (P < 0.05 to 0.001)
(Fig. 3B), indicating increased low-grade tissue inflammation
as a cause of increased insulin resistance in Atg7 cKO-ob/ob
mice.

We next studied whether the increased adipose tissue
inflammation in Atg7 cKO-ob/ob mice is associated with
inflammasome activation. Indeed, western blot analysis showed
that maturation of IL1B from pro-IL1B and activation of
CASP1 were more pronounced in the SVF of Atg7 cKO-o0b/ob
mice compared to Atg7 cWT-ob/ob mice (Fig. 3C), supporting
the role of enhanced inflammasome activation associated with
Mgs autophagy deficiency as a cause of increased adipose tissue
inflammation in vivo. Probably because of increased inflamma-
some activation in vivo, serum IL1B level was significantly
higher in Atg7 cKO-ob/ob mice compared to Atg7 cWT-ob/ob
mice (P < 0.05) (Fig. 3D).

We also studied islet inflammation that could be affected by
inflammasome activation associated with obesity.*® Islet infil-
tration of ADGRE1™ M¢s in autophagy-competent Atg7 cWT-
ob/ob mice which was significantly higher compared to lean
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Figure 3. Inflammasome activation in vivo. (A) The number of CLS in white adipose tissue of 20-wk-old mice was counted as described in Materials and Methods (n = 4
each) (right). Representative H&E stained sections of white adipose tissue are shown (left, scale bar: 100 xm). (B) Total mRNA was extracted from the SVF of white adipose
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jected to western blot analysis using anti-IL1B and -CASP1 Abs. (D) Serum IL1B level was determined using a commercial ELISA kit (n = 3 to 15). *, P < 0.05; **, P < 0.01;
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mice, was further augmented in Atg7 cKO-ob/ob mice
(P < 0.05) (Fig. S5), suggesting that inflammation in myeloid
cell-specific autophagy deficiency occurs in both insulin target
tissues and islets producing insulin. More pronounced islet
inflammation in Atg7 cKO-ob/ob mice compared to Atg7
cWT-o0b/ob mice might account for the absence of compensa-
tory increase of B-cell function despite increased insulin resis-
tance in Atg7 cKO-ob/ob mice compared to Atg7 cWT-ob/ob
mice (see Fig. S3A), while B-cell dysfunction is not a dominant
factor in the development of diabetes in Atg7 cKO-o0b/ob mice.

Regulatory T (Treg) cells in Atg7 cKO mice

We next studied Treg cells that can modulate low-grade inflam-
mation associated with insulin resistance*” and can be affected
by cytokines such as IL1B.>>*" When we measured the Treg
cell fraction in the SVF of white adipose tissue from Atg7 cWT-
ob/ob mice, the percentage of FOXP3 (forkhead box P3)*
CD4" Treg cells among CD3E* T cells was significantly sup-
pressed compared to Atg7 cWT-ob/w mice (P < 0.01)
(Fig. 4A), supporting reduced Treg cell activity as a factor in
the augmented adipose tissue metainflammation.” In the SVF
of Atg7 cKO-ob/ob mice, the percentage of FOXP3* CD4"
Treg cells among CD3E™ T cells was further suppressed com-
pared to Atg7 cWT-ob/ob mice (P < 0.05) (Fig. 4A), suggesting
that suppressed Treg cell activity contributes to the further
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augmented adipose tissue inflammation and insulin resistance
in Atg7 cKO-o0b/ob mice. When we examined IL2RA (interleu-
kin 2 receptor, o chain) expression that reflects the suppressive
function of Treg cells,”” the percentage of FOXP3" IL2RA™
Treg cells among CD3E™ T cells was again further suppressed
in the SVF of white adipose tissue from Atg7 cKO-0b/ob mice
compared to Atg7 cWT-o0b/ob mice (P < 0.05), which was
already lower than that from lean Atg7 cWT-ob/w mice
(P < 0.01) (Fig. 4B). The numbers of FOXP3" CD4* CD3E*
Treg cells and FOXP3" IL2RA" CD3E" Treg cells in the SVF
of white adipose tissue from Atg7 cKO-ob/ob mice were also
significantly lower than those from Atg7 cWT-ob/ob mice
(P < 0.05 for both comparisons), which were already lower
than those from lean Atg7 cWT-ob/w mice (P < 0.05 for both
comparisons) (Fig. 4A and B). In contrast, Treg cell activity
was not different between them (P > 0.1) (Fig. S6), suggesting
that changes in the number and proportion rather than activity
of individual FOXP3" IL2RA" CD4" Treg cell contribute to
the disparate degree of adipose tissue metainflammation
between groups.

Colitis in Atg7 cKO mice

Since M¢s are important players in mucosal immunity of gut>
and autophagy is an important factor in the development of
IBD,** we also studied whether susceptibility to experimental
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Figure 4. Treg cells in white adipose tissue. (A) Cells in the SVF of white adipose tissue from 20-wk-old mice were incubated with a mixture of anti-CD3E, -CD4, and -IL2RA
Abs, and then with -FOXP3 Ab as described in Materials and Methods. FOXP3 and CD4 expression was examined by flow cytometry gated on CD3E* CD4™ cells. The pro-
portions of FOXP3™ cells among CD3E™ CD4™ cells (lower left) and the numbers of FOXP3* CD3E* CD4™" cells/gm adipose tissue (lower right) (n = 3 each). Representa-
tive FACS scattergrams are shown (upper). (B) Cells were incubated with Abs as in (A), and FOXP3 and IL2RA expression was examined by flow cytometry gated on
CD3E™ CD4" cells. The proportions of FOXP3™ IL2RA™ cells among CD3E* CD4™ cells (lower left) and the numbers of FOXP3™ IL2RA™ CD3E" CD4™ cells/gm adipose tis-
sue (lower right) (n = 3 each). Representative FACS scattergrams are shown (upper). *, P < 0.05; **, P < 0.01.



colitis is altered in Atg7 cKO mice. Weight loss after treatment
with 2.5% DSS (dextran sodium sulfate) was more severe in
Atg7 ¢KO mice compared to Atg7 ¢cWT mice (P < 0.05)
(Fig. 5A). Colon length measured 7 d after DSS administration
was also significantly shorter in Atg7 cKO mice compared to
Atg7 ¢WT mice (P < 0.05), suggesting more pronounced colitis
in Atg7 cKO mice (Fig. 5B). The difference in body weight after
2.5% DSS treatment between Atg7 cKO and Atg7 ¢WT mice
disappeared when antibiotics were administered since 2 d
before 2.5 % DSS treatment, indicating the role of intestinal
microbiota as incriminating agents causing aggravated colitis in
Atg7 ¢KO mice after DSS administration (Fig. 5A). Probably
because of aggravated colitis, survival was significantly
decreased in Atg7 cKO mice compared to Atg7 cWT mice after
administration of 4% DSS that has been employed to study the
mortality of mice due to colitis®* (P < 0.01) (Fig. 5C).

Colitis scoring of H&E sections showed more severe coli-
tis in Atg7 ¢cKO mice compared to Atg7 cWT mice (P <
0.05) (Fig. 6A), consistent with the more severe weight loss
and decreased survival of Atg7 cKO mice. When we exam-
ined the expression of cytokines’?* and chemokines®®™*!
that can be effector molecules in aggravated colitis using
colonic mRNA prepared from paraffin-embedded colonic
sections, mRNA expression of pro-Il1b, Ccl2 (chemokine
(C-C motif) ligand 2) and Cxcll (chemokine (C-X-C motif)
ligand 1) was significantly elevated in colon tissue of Atg7
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cKO mice treated with 2.5% DSS compared to Atg7 cWT
mice treated in the same way (P < 0.05), while the expres-
sion of other cytokines such as IlI6 or Tnf and that of che-
mokines such as Ccl5 (chemokine (C-C motif) ligand 5)
was marginally elevated (P > 0.05). The expression of Tgfb
(transforming growth factor, f) in the colonic tissues was
not different between Atg7 cKO and Atg7 ¢WT mice (P >
0.1) (Fig. 6B). We also studied Th (T helper) cells skewing
that can affect the development of colitis.*®**** We
observed significantly increased proportion of IFNG (inter-
feron gamma)® Thl cells in the colonic lamina propria of
Atg7 ¢cKO mice compared to Atg7 cWT mice (P < 0.05). In
contrast, the proportion of IL17A (interleukin 17A)* Th17
cells was not significantly different between the 2 mouse
groups (P > 0.1) (Fig. 6C), which could be attributable to
the absence of a significant increase of Tgfb expression in
colonic tissue of Atg7 cKO mice, a critical component of
the Th17 response.** Infiltration of ADGREI" ITGAM
(integrin @ M)/CD11b™ myeloid cells was more pronounced
in the lamina propria of Atg7 ¢KO mice compared to Atg7
cWT mice as evidenced by significantly increased percent-
age of ADGRE1" ITGAM"' myeloid cells in the lamina
propria of Atg7 cKO mice compared to Atg7 ¢cWT mice
(P < 0.05) (Fig. S7A); however, the proportion of Treg cells
was not significantly different between the 2 mouse groups
(P > 0.1) (Fig. S7B).
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Figure 5. DSS-induced colitis in Atg7 cKO mice. (A) Body weight was monitored during and after oral administration of 2.5% DSS for 5 d (n = 7 each). The antibiotic mix-
ture (Abx) was administered since 2 d before DSS as described in Materials and Methods, and body weight monitored (n = 7 each). (B) Gross morphology (upper) and
length (lower) of the colons on day 7 of DSS administration (n = 5 to 6). (C) Survival after administration of 4% DSS was monitored as described in Materials and Methods

(n =10 each). *, P < 0.05; **, P < 0.01.
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*, P < 0.05.

We next studied whether aggravated colitis in Atg7 ¢cKO
mice after DSS treatment leads to systemic infection or
inflammation across the colonic tissue. Serum levels of IL1B
after DSS treatment were significantly increased in Atg7
cKO mice compared to Atg7 cWT mice, suggesting aug-
mented systemic inflammation probably due to the
impaired gut barrier function after DSS treatment of Atg7
cKO mice (P < 0.05) (Fig. 7A). Serum levels of IL6 and
TNF after DSS treatment appeared to be increased in Atg7
cKO mice compared to Atg7 c(WT mice, while statistical sig-
nificance was not reached (P > 0.05) (Fig. 7A). Since evi-
dence of systemic inflammation suggested the possibility of
systemic infection, we studied the presence of bacterial 16S
rRNA genes in the liver and systemic lymphoid organ. The
content of bacterial 16S rRNA genes was significantly
increased in the liver of Atg7 ¢KO mice compared to Atg7
cWT mice (P < 0.05) (Fig. 7B), suggesting increased
bacterial invasion into the liver parenchymal tissue of Atg7
cKO mice. The content of bacterial 16S rRNA genes also
appeared to be increased in the mesenteric lymph nodes
and spleen of Atg7 ¢cKO mice compared to Atg7 ¢cWT mice,
while the statistical significance was not reached (P > 0.05)
(Fig. 7B).

Discussion

We observed that myeloid cell-specific autophagy is an impor-
tant element in the modulation of adipose tissue inflammation
and insulin resistance associated with lipid injury. While the
susceptibility of mice with myeloid cell-specific disruption of
essential autophagy genes to infectious agents has been widely
studied,*>*® metabolic abnormalities associated with myeloid
cell-specific autophagy deficiency have not been clearly shown.
A recent paper reports that myeloid cell-specific Atg5 deletion
leads to increased tissue inflammation and injury specifically in
the liver after high-fat diet feeding in combination with LPS
administration.”” However, the role of myeloid cell autophagy
in metainflammation of tissues other than liver or in the devel-
opment of T2D has not been demonstrated. The glucose profile
of Atg5 cKO mice fed high-fat diet is not higher than that of
Atg5 cWT mice fed high-fat diet.*” The dissimilar glucose pro-
file between Atg5 cKO mice fed high-fat diet and Atg7 cKO-o0b/
ob mice appears to be due to the difference between high-fat
diet and obesity due to Lep knockout in ob/ob mice. Obesity
due to LEP deficiency can impose more severe metabolic stress
compared to high-fat diet. LEP deficiency may cause additional
metabolic or immunological abnormalities that are not seen in
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mice fed high-fat diet.*® Here, we clearly show that myeloid
cell-specific autophagy deficiency led to the development of
T2D in obese mice that otherwise did not develop overt T2D.
Myeloid cells that play dominant roles in the development of
obesity-induced diabetes appear to be M¢s as was shown in the
current in vitro investigation. However, the role of other mye-
loid cells such as dendritic cells or granulocytes that are target
cells of Cre-mediated gene deletion in Atg7 cKO mice* cannot
be totally eliminated, as both granulocytes and dendritic cells
participate in the insulin resistance associated with obesity.>*""
The development of T2D in Atg7 cKO-0b/ob mice but not in
lean Atg7 cKO mice suggests that autophagy-deficient myeloid
cells do not display significant inflammatory phenotypes in the
basal state, but show proinflammatory features in the presence
of activators of inflammation or metabolic stress. Thus, autoph-
agy-deficient M¢s appear to be susceptible to inflammasome
activators such as lipids, which is the reason Atg7 cKO mice
show increased inflammatory features and overt T2D when
they become obese. Previous papers show that lipids such as
fatty acids or cholesterol are efficient activators of the inflam-
masome complex.®'®**> While the detailed molecular mecha-
nism of lipid-induced inflammasome activation remains to be
investigated, mitochondrial dysfunction induced by fatty acids
in combination with LPS likely plays an important role in
inflammasome activation, which was exemplified by the
markedly decreased NAD":NADH ratio and increased mito-
chondrial ROS content, consistent with previous papers.'***
An in vivo source of TLR (toll-like receptor) ligands which are

essential for efficient stimulation of inflammasome in addition
to lipid, could be a low-level endotoxin owing to altered intesti-
nal barrier function®** or AHSG («-2-HS-glycoprotein) that
can activate TLR in complex with lipids.>> All these results sug-
gest that inflammasome activation due to lipid or obesity could
be a crucial event in obesity-induced insulin resistance by
enhancing the release of IL1B as an effector molecule of insulin
resistance, which can be exacerbated by autophagy deficiency
of myeloid cells. However, as deficiency of IL18, another prod-
uct of inflammasome or NLPR3 activation, has been reported
to induce obesity and insulin resistance,® general role of
inflammasome or NLRP activation in the pathogenesis of meta-
bolic syndrome and T2D still remains to be clarified.

The main mechanism of T2D in Atg7 cKO-o0b/ob mice
appears to be aggravated insulin resistance due to increased
inflammasome activation and increased IL1B production asso-
ciated with autophagy deficiency. Furthermore, a suppressed
Treg cell fraction in the SVF of white adipose tissue from
Atg7 cKO-ob/ob mice compared to Atg7 cWT-ob/ob mice
might also contribute to augmented tissue inflammation and
insulin resistance in insulin target tissues such as adipose
tissue.”” The mechanism of a further decrease in Treg cells in
white adipose tissue of Atg7 cKO-0b/ob mice is not clear, and
may involve degradation of mature IL33 by increased produc-
tion of active CASP1.”” A recent paper reported decreased
glucose utilization by expansion of adipose tissue Treg cells in
age-associated insulin resistance; however, such findings may
not be relevant in obesity-associated insulin resistance.’®
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Previous papers have reported that IL1B blockade improves
glucose homeostasis by reducing insulin resistance and enhanc-
ing B-cell function.”® In contrast, the role of deteriorated
B-cell function in the development of diabetes in Atg7 cKO-ob/
ob mice was not evident. Since the oligomer of amyloidogenic
human-type IAPP (islet amyloid polypeptide) but not nonamy-
loidogenic murine IAPP can induce inflammasome activa-
tion,®! the role of inflammasome activation with or without
autophagy deficiency may be more prominent in human T2D
rather than murine T2D.°"*> While impairment of -cell func-
tion may not be the primary cause of diabetes in Atg7 cKO-o0b/
ob mice, the insulinogenic index was not further increased in
Atg7 cKO-ob/ob mice compared to Atg7 cWT-ob/ob mice
despite aggravated insulin resistance, suggesting that p-cell
response to increased insulin resistance was not adequate in
Atg7 cKO-ob/ob mice. More pronounced islet inflammation in
Atg7 cKO-ob/ob mice compared to Atg7 ¢cWT-ob/ob mice
might be responsible for such an insufficient response to insulin
resistance.

Previous papers report exacerbation of experimental colitis
in mice with systemic autophagy insufficiency or after trans-
plantation of autophagy-deficient hematopoietic cells.’*****
Here, we directly demonstrated aggravated experimental colitis
in myeloid cell-specific autophagy-knockout mice, leading to
increased mortality. In addition, we observed apparently
increased colonic tissue expression of pro-II1b and Il6 that are
important players in colitis of DSS-treated Atg7 cKO mice com-
pared to Atg7 cWT mice,”*® while the induction of Il6 was
marginal. The expression of chemokines such as Ccl2 and
Cxcll was also upregulated in the colon of DSS-treated Atg7
cKO mice, which is consistent with their role in chemotaxis
and colitis.”>*' Aggravated inflammation in DSS-treated Atg7
cKO mice compared to Atg7 cWT mice might be related to the
recently reported colitogenic role of IL18 that can be produced
through the inflammasome in DSS-induced colitis.”> We also
observed skewing toward Thl in colonic lamina propria of
DSS-treated Atg7 cKO mice compared to Atg7 ¢cWT mice.
Th17 skewing was not observed in colonic lamina propria of
DSS-treated Atg7 cKO mice despite the increased expression of
pro-Il1b and 116 that are important components in Th17 differ-
entiation,***® which could be due to the absence of Tgfb induc-
tion in colonic lamina propria of DSS-treated Atg7 cKO mice.
Tgfb has been reported as an indispensable factor in Th17
skewing.***® While Th17 cells are important in diverse IBD
models,”®® recent papers show a critical role for Thl cells
rather than Th17 cells as effectors in DSS-induced colitis.®””°
In addition to the upregulated expression of cytokines in the
colonic tissue, serum levels of IL1B were also elevated in DSS-
treated Atg7 cKO mice compared to Atg7 cWT mice, suggesting
systemic inflammation probably due to the impaired gut barrier
function after DSS treatment particularly in Atg7 ¢KO mice.
Serum levels of IL6 and TNF appeared increased in DSS-treated
Atg7 ¢KO mice, while statistical significance was marginal.
Since evidence of systemic inflammation suggested the possibil-
ity of systemic microbial invasion, we studied the presence of
bacterial 16S rRNA genes in the liver and lymphoid organ. The
content of bacterial 16S rRNA genes was significantly increased
in the liver of DSS-treated Atg7 cKO mice compared to Atg7
cWT mice, suggesting bacterial invasion of the liver

parenchymal tissue probably through the portal vein. These
results indicate that autophagy deficiency in myeloid cells of
the intestine predispose the host to the systemic infection and
sepsis when the intestinal barrier is disrupted.

Altogether, these results suggest that autophagy defi-
ciency in myeloid cells is a factor not only in the progres-
sion from obesity to diabetes and but also in colitis. The
western diet that has been incriminated as a cause of pan-
demics of metabolic syndrome is also a risk factor for
IBD.”> Since lipid is a target of autophagy and in turn
affects autophagy,” lipid excess in conjunction with
autophagy dysfunction due to aging or genetic predisposi-
tion could be a common cause of metabolic syndrome and
colitis, and autophagy modulators may have a therapeutic
potential against these diseases.

Materials and methods
Mice

To generate Atg7 cKO mice with myeloid cell-specific deletion
of Atg7, an essential autophagy gene, Atg7 cWT mice (kindly
provided by Dr. Komatsu at Niigata University, Japan) of the
C57BL/6 background were crossed with Lys-Cre mice with
myeloid cell-specific Cre recombinase expression owing to tar-
geted insertion of the Cre cDNA into the lysozyme M locus
(Jackson Laboratory).49 Cre-mediated deletion of Atg7 was con-
firmed by PCR using genomic DNA from peritoneal M¢s and
primers flanking the floxed region as previously reported.'
Atg7 cKO-ob/ob mice were generated by crossing Atg7 ¢cKO
mice to ob/w (heterozygous Lep knockout) mice twice. Blood
glucose levels were determined using a One Touch glucometer
(Lifescan Inc., Chesterbrook, PA, USA). We defined ‘diabetes’
as a single measurement of nonfasting blood glucose level
above 17.6 mM or 3 consecutive measurement of nonfasting
blood glucose level above 12.8 mM. IPGTT and ITT were per-
formed by injecting 1 g/kg glucose (Amresco, 0188) to over-
night fasted mice and injecting 0.75 U/kg of regular insulin
(Lilly, HI0210) to mice fasted for 6 h, respectively.'*”" To cal-
culate the relative S-cell mass, point counting morphometry
was performed after insulin immunohistochemistry of more
than 3 parallel sections of different cut levels containing more
than 30 pancreatic islets.'"* The insulinogenic index was calcu-
lated as (Ainsulin, s i, /Aglucose;s min).

Experimental colitis was induced by the administration of
2.5 to 4.0% (w/v) DSS (MP Biologicals, 02160110) dissolved in
sterile distilled water for 5 d. On day 3, the DSS solution was
replaced with a fresh solution. On d 7, mice were sacrificed for
colitis assessment. To study the role of intestinal microbiota in
colitis, antibiotic mixture consisting of vancomycin (10 mg/kg;
Sigma, V2002), neomycin (30 mg/kg; Sigma, N6386), carbeni-
cillin (50 mg/kg; Sigma, C1389), and metronidazole (50 mg/kg;
Sigma, M3761) was administered orally every day since 2 d
before DSS administration for a total of 9 d.

All animal experiments were conducted in accordance with
the Public Health Service Policy in Humane Care and Use of
Laboratory Animals. Mouse experiments were approved by the
IACUC of Samsung Medical Center Animal Facility, an AAA-
LAC-accredited unit.



M¢ isolation

Primary peritoneal M¢s were isolated from 2- to 3-mo-old
mice 3 d after intraperitoneal injection of 3.85% thioglycollate
(Becton Dickinson, 4311260), and were then plated on culture
plates for incubation at 37°C overnight.”> After removal of
nonadherent cells by repeated washing, adherent cells were cul-
tured in RPMI 1640 (Lonza, 12-702F) supplemented with 10%
fetal bovine serum (FBS; Gibco, 16000-044), 2 mM L-glutamine
(Lonza, 17-605E) and 100 IU/ml penicillin-streptomycin
(Lonza, 17-745E) for further experiments.

ELISA

Serum insulin levels before and 15 min after 1g/kg glucose chal-
lenge were determined using an ELISA kit (Shibayagi Co.,
AKRIN-011T) to calculate the insulinogenic index, as above.
IL1B levels in the culture supernatant were measured using an
ELISA kit from R&D Systems. Serum IL1B, IL6 and TNF levels
were determined using ELISA kits (R&D Systems, DY401,
DY406, and DY410, respectively).

Western blotting

Western blot analysis was performed as previously described
using anti-ATG7 (Cell Signaling Technology, 2631),
-MAP1LC3A/B (Novus Biologicals, NB 100-2331), -SQSTM1
(Progen Biotechnik, GP62-C), -IL1B (Santa Cruz Biotechnol-
ogy, SC-7884), -CASP1 pl0 (Santa Cruz Biotechnology,
SC-514) and -ACTB (actin, B; Santa Cruz Biotechnology,
SC-47778) Abs (antibodies).

RT-PCR

RNA was prepared from cells or tissues using TRIzol Reagent
(Ambion, 15596018). RNA from paraffin-embedded tissue
blocks was prepared using a formalin-fixed paraffin-embedded
kit (Qiagen, 56404). cDNA was synthesized using M-MLV
reverse transcriptase (Promega, M17013) and oligo(dT),, 5
primer. The expression of Atg7, Tnf, 1l6, pro-Il1b, Adgrel, Tgfb,
Ccl2, Ccl5, Cxcll and Actb was assessed by quantitative PCR
using specific primer sets. Quantitative RT-PCR based on
SYBR Premix EX Taq™ (Takara, RR420A) was carried out
using the QuantStudio3 (Applied Biosystems, Waltham, MA,
USA).

ROS content and NAD": NADH ratio

Mitochondria-specific ROS was determined by flow cytometry
using a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA) after staining with 5 M MitoSOX™ Red (Invitro-
gen, M36008) for 10 min at 37°C.>> NAD":NADH ratio was
determined using a commercial kit (BioVision, K337-100)
according to the manufacturer’s recommendation.

Stromal vascular fraction (SVF)

For isolation of the SVF, epididymal adipose tissue representing
visceral adipose tissue was cut into small pieces of
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approximately 2 mm. After incubation in a 2 mg/ml type 2 col-
lagenase solution (Worthington Biochemical, LS004174) at
37°C in a water bath for 45 min, digested tissue was centrifuged
at 1,000 g for 8 min. After filtering through a 70 um mesh and
RBC lysis, SVF was suspended in a DPBS (Dulbecco Phosphate
Buffered Saline; Welgene, LB 001-02) supplemented with 2%
BSA (Roche, 10 775 835 001), 2 mM EDTA (Cellgro, 46-034-
CI) for further experiments.

Treg cells and FACS

Treg cell fraction of the SVF of adipose tissue was determined
as published.”® In brief, after filtering and RBC lysis of the
resuspended SVF pellet as above, cells in the SVF were resus-
pended in FACS buffer (2 mM EDTA, 2% FBS in DPBS). After
Fc blocking, cells were incubated with a mixture of anti-CD3E,
-CD4 and -IL2RA Abs (eBioscience, 12-0031-82, 12-0042082,
and 12-0251-82, respectively) in FACS buffer at 4°C for
30 min. After permeabilization, cells were incubated with anti-
mouse/rat FOXP3 (FJK-16s) Ab (eBioscience, 12-5773-82) at
4°C for 30 min, and then triple-color flow cytometry was per-
formed using a FACSVerse flow cytometer (BD Biosciences,
San Jose, CA, USA). Data were analyzed with Flow]Jo software
(Tree Star, Inc., Ashland, OR, USA). Suppressive activity of
Treg cells was determined as described with modifications.”?
After RBC lysis of SVF cells, CD4" IL2RA™ Treg cells were
obtained using a MACS Regulatory T cell isolation kit (Miltenyl
Biotech, 130-091-041) according to the manufacturer’s recom-
mendation. In brief, CD4" T cells were purified by negative-
selection method depleting non-CD4" T cells. CD4" T cells
were labeled with PE-conjugated anti-IL2RA Ab and, next with
anti-PE microbeads (Miltenyl Biotech, 130-091-041) for posi-
tive selection of CD4* IL2RA™ cells using a magnetic column.
Non-CD4* T cells and CD4* IL2RA™ cells were obtained from
the spleen of C57BL/6 mice using the same methods to be used
as APCs (antigen-presenting cells) and Teff (T effector) cells,
respectively. Graded numbers of CD4™ IL2RA™ Treg cells were
cocultured with 5 x 10* CD4" IL2RA™ T cells labeled with
5 uM CFSE (carboxyfluorescein succinimidyl ester; eBio-
science, 65-0850) for 5 min and 1 x 10° APCs irradiated 30 Gy
(X-RAD 320, North Branford, CT, USA) in the presence of
1 pg/ml soluble anti-CD3E Ab (BD Pharmingen, 553057) for a
total of 3 d. Cells were analyzed for CFSE dilution by flow
cytometry.

To evaluate T helper skewing in colitis, large intestines were
opened longitudinally and washed in ice-cold DPBS. After
washing with DPBS, tissues were transferred to flask containing
10% FBS, 10mM EDTA in DPBS. After vigorous shaking, tis-
sues were passed through a strainer. Tissues were then minced
in 10 ml RPMI 1640 containing 0.5 mg collagenase D (Roche,
11 088 866 001) and DNase I (Roche, 11 284 932 001). After
stirring for 20 min at 37°C, the supernatant fraction was
collected for a total of 3 times. After centrifugation at 520 g for
5 min, the cell pellet was washed and resuspended in RPMI
containing 2% FBS. Colonic lamina propria mononuclear cells
were purified on a 40%/75% Percoll (GE Healthcare Life Scien-
ces, 17-0891-01) gradient by centrifugation at 25°C, 930 g for
20 min. Cells were resuspended in FACS buffer. After Fc block-
ing with anti-mouse FCGR3/CD16 and FCGR2B/CD32
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(eBioscience, 14-0161-85), cells were incubated with a mixture
of anti-CD3E and -CD4 in FACS buffer at 4°C for 30 min.
Cells were stimulated with phorbol 12-myristate 13-acetate
(Sigma, P8139), ionomycin (Sigma, 19657) and GolgiStop
(BD Biosciences, 554724) for 5 h. After washing, cells were
incubated with anti-IL17A (eBioscience, 11-7177-81) and
-IFNG ADb (eBioscience, 12-7311-82) at 4°C for 30 min. Sam-
ples were acquired on a FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA, USA) equipped with CellQuest software
(BD Biosciences). Data were analyzed with FlowJo software
(Tree Star, Inc.).

Histology

In adipose tissue, M¢ aggregates containing up to 15 Megs
surrounding each adipocyte were considered as CLSs, and
the number of CLSs per 100 adipocytes was counted as
described.”* To evaluate colitis, the colons were washed,
fixed in 10% buffered formaldehyde, and embedded in par-
affin for H&E staining. The degree of inflammation (score 0
to 3) was evaluated by a pathologist in a blinded fashion
(occasional inflammatory cells in the lamina propria = 0;
increased number of inflammatory cells in the lamina prop-
ria = 1; confluence of inflammatory cells extending into the
submucosa = 2; and transmural extension of the infiltrate
= 3). The degree of tissue damage was evaluated in the
same manner (no mucosal damage = 0; lymphoepithelial
lesion = 1; surface mucosal erosion or focal ulceration= 2;
and extensive mucosal damage and extension into deeper
structure= 3). Summation of inflammation and tissue dam-
age scores were designated as the colitis score (0 to 6).”*

DNA extraction and quantification of bacteria by
quantitative PCR

The liver, spleen and mesenteric lymph nodes were obtained
from mice 7 d after DSS treatment, and immediately frozen
and stored at —80°C. Genomic DNA was extracted from 0.5 g
of each sample using a DNA extraction method.” Proteinase K
(GeneAll Biotechnology, 392-001) was added in the cell lysis
step. Total bacterial DNA was quantified by quantitative PCR
using the following 16S rRNA universal primers: 16SDPO-for-
ward 5-AGAGTTTGATCMTGGCTCA-I-I-I-I-I-AACGCT-3';
16SDPO-reverse 5'-CGCGGCTGCTGGCA-I-I-I-A-I-TTRGC-
3’ or EUBAC-forward, 5-TCCTACGGGAGGCAGCAGT-3';
EUBAC-reverse, 5-GGACTACCAGGGTATCTAATCCTGTT
-3’ as previously reported.”®’” Quantitative PCR for total bacte-
ria were carried out using a SYBR Premix EX Taq™ and ABI
PRISM 7300 quantitative PCR System (Applied Biosystems,
Waltham, MA, USA).

Statistical analysis

All values were expressed as means £ SD. A two-tailed Student
t test was employed to compare the values between groups. Sur-
vival of mice after colitis induction was plotted according to the
Kaplan-Meier method and compared using the log-rank test. P
values less than 0.05 were considered significant.

Abbreviations

Ab antibody

ADGRE1 adhesion G protein-coupled receptor E1

ATG7 autophagy related 7

AUC area under the curve

CASP1 caspase 1

CCL2 chemokine (C-C motif) ligand 2

CFSE carboxyfluorescein succinimidyl ester

CLS crown-like structure

CXCL1 chemokine (C-X-C motif) ligand 1

DSS dextran sodium sulfate

ER endoplasmic reticulum

FOXP3 forkhead box P3

IBD inflammatory bowel disease

IL1B interleukin 1 beta

IL6 interleukin 6

IL17A interleukin 17A

IL2RA interleukin 2 receptor, alpha chain

I[FNG interferon gamma

IPGTT intraperitoneal glucose tolerance test

ITGAM integrin alpha M

ITT insulin tolerance test

MAPILC3A/B  microtubule-associated protein 1 light chain
3, alpha/beta

LPS lipopolysaccharide

M¢ macrophage

NAD nicotinamide adenine dinucleotide

NLRP3 NLR family, pyrin domain containing 3

PA palmitic acid

ROS reactive oxygen species

SVE stromal vascular fraction

T2D type 2 diabetes

Th T helper

TLR toll-like receptor

TGFB transforming growth factor, beta

TNF tumor necrosis factor

Treg regulatory T
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