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Impaired Autophagy in CD11b* Dendritic Cells
Expands CD4* Regulatory T Cells and Limits
Atherosclerosis in Mice
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RATIONALE: Atherosclerosis is a chronic inflammatory disease. Recent studies have shown that dysfunctional autophagy in
endothelial cells, smooth muscle cells, and macrophages, plays a detrimental role during atherogenesis, leading to the
suggestion that autophagy-stimulating approaches may provide benefit.

0BJECTIVE: Dendritic cells (DCs) are at the crossroad of innate and adaptive immune responses and profoundly modulate
the development of atherosclerosis. Intriguingly, the role of autophagy in DC function during atherosclerosis and how the
autophagy process would impact disease development has not been addressed.

METHODS AND RESULTS: Here, we show that the autophagic flux in atherosclerosis-susceptible Ldlr~ (low-density lipoprotein
receptor—deficient) mice is substantially higher in splenic and aortic DCs compared with macrophages and is further
activated under hypercholesterolemic conditions. RNA sequencing and functional studies on selective cell populations reveal
that disruption of autophagy through deletion of Atg76/1 differentially affects the biology and functions of DC subsets in
Ldlr- mice under high-fat diet. Atg16/1 deficient CD11b* DCs develop a TGF (transforming growth factor)-f—dependent
tolerogenic phenotype and promote the expansion of regulatory T cells, whereas no such effects are seen with Alg16/1
deficient CD8a* DCs. Atg16/1 deletion in DCs (all CD11c-expressing cells) expands aortic regulatory T cells in vivo, limits
the accumulation of T helper cells type 1, and reduces the development of atherosclerosis in Ldlr”~ mice. In contrast, no such
effects are seen when Atg 1611 is deleted selectively in conventional CD8a* DCs and CD103* DCs. Total T-cell or selective
regulatory T-cell depletion abrogates the atheroprotective effect of Atg76/7 deficient DCs.

CONCLUSIONS: In contrast to its proatherogenic role in macrophages, autophagy disruption in DCs induces a counter-regulatory
response that maintains immune homeostasis in Ldlr’~ mice under high-fat diet and limits atherogenesis. Selective modulation
of autophagy in DCs could constitute an interesting therapeutic target in atherosclerosis.

VISUAL OVERVIEW: An online visual overview is available for this article.
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Atg1611~~ DCs Expand Atheroprotective CD4* Tregs

Novelty and Significance

What Is Known?

* Autophagy in macrophages limits atherosclerosis.

* Dendritic cells (DCs) modulate the development of
atherosclerosis. However, the role of autophagy in DC
function during atherosclerosis is unknown.

What New Information Does This Article

Contribute?

* Atg16l1 deficiency in DCs prevents experimental ath-
erosclerosis in a regulatory T-cell (Treg)-dependent
manner.

« TGF (transforming growth factor) B signaling is
enhanced in splenic Atg16/1 deficient CD11b* DCs
under high-fat and high-cholesterol feeding.

* Atg16l1 deficient DCs promote the differentiation of
antigen-specific CD4* Tregs in the presence of TGF
(transforming growth factor) f.

Dendritic cells are professional antigen-present-
ing cells able to prime naive CD4* T cells and drive
their polarization toward a proinflammatory or tolero-
genic phenotype. Proinflammatory IFNy (interferon
yv)-producing CD4* T cells promote atherosclerosis,

whereas CD4* Tregs prevent it. Better understand-
ing of the mechanisms involved in the polarization of
naive CD4+ T cells in experimental atherosclerosis will
help to identify new therapeutic strategies. Here, we
addressed the role played by autophagy in DCs during
CD4* T-cell priming/polarization in atherosclerosis.
Autophagy disruption in DCs halted the development
of atherosclerosis in Ldlr’~ (low-density lipoprotein
receptor—deficient) mice fed a high-fat/high-cho-
lesterol diet and was associated with a preferential
expansion of CD4+ Tregs. T-cell depletion and specific
CD4* Treg depletion prevented this atheroprotective
effect. Ex vivo RNA-sequencing analysis revealed
a TGFP signaling signature in autophagy-deficient
splenic CD11b* DCs. In vitro experiments revealed
that autophagy-deficient CD11b* DCs promoted the
polarization/expansion of antigen-specific CD4* Tregs
from naive CD4* T cells. Taken together, our data
show that the manipulation of autophagy in CD11b*
DCs may be an interesting strategy to interfere with
the development of atherosclerosis.

Nonstandard Abbreviations and Acronyms

A20 TNFAIP3: tumor necrosis factor, alpha-
induced protein 3

Akt PKB: protein kinase B

Atg autophagy-related protein

BATF3 basic leucine zipper activating transcrip-

tion factor—like transcription factor 3

CANTOS Canakinumab Antiinflammatory Throm-
bosis Outcome Study

cDCs conventional dendritic cells

cKO conditional knock out

Clec9a C-type lectin domain containing 9A
CTLA-4 cytotoxic T-lymphocyte-associated pro-

MHC major histocompatibility complex
mTOR mammalian target of rapamycin

NLRP3 NOD-like receptor family, pyrin domain
containing 3

NOD nucleotide-binding oligomerization
domain

OVA ovalbumin

oxLDL oxidized low-density lipoprotein

PI3K phosphoinositide 3-kinase

RBPJ recombination signal binding protein for
immunoglobulin kappa J

SMC smooth muscle cell

TCF4 transcription factor 4

TGF The transforming growth factor

Th1 T helper cells type 1

Treg regulatory T cell

WT wild type

YFP yellow fluorescent protein

Zbtb46 zinc finger and BTB domain containing 46

aSMA alpha smooth muscle actin

tein 4

FACS fluorescence-activated cell sorting

FLT3 fms-related tyrosine kinase 3

Foxp3 forkhead box P3

GFP green fluorescent protein

HDL high-density lipoprotein

HFD high-fat diet

IFN interferon

IRF interferon regulatory factor

LC3 microtubule-associated protein 1A/1B-
light chain 3

LdIr/- low-density lipoprotein receptor—deficient

canakinumab, a monoclonal anti-IL (interleukin) 1B
antibody? However, the relatively limited size effect of
canakinumab and the failure of other anti-inflammatory
therapies to alter the disease process in humans® cru-
cially highlight the importance of a better understanding
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of the complex regulation of the immune system in the
context of atherosclerosis.

Autophagy has recently emerged as a major modula-
tor of a variety of cellular functions with high relevance
to the development and progression of atherosclero-
sis.* Dysfunctional autophagy in atherosclerosis pro-
motes apoptosis and senescence of endothelial cells,®
premature senescence of vascular smooth muscle cells
(SMCs),f disturbs the cholesterol efflux pathway” and
activates NLRP3 (NOD [nucleotide-binding oligomeriza-
tion domain]-like receptor family, pyrin domain contain-
ing 3) inflammasome in macrophages,® and impairs the
efferocytosis of apoptotic cells,® all processes involved
in plaque inflammation, progression and complications.

The relevance of autophagy in cells of the adaptive
immune system to the development of atherosclerosis has
received little attention. A recent study reported decreased
atherosclerosis in mice with autophagy-related protein
(Atg7) deletion in T cells.”® The atheroprotective effect
could not be attributed to a reduction of T-cell-mediated
inflammation because Atg7-deficient T cells produced
higher levels of the proatherogenic IFN (interferon)-y.
Htowever, Atg7 deficiency in T cells was associated with
an unexplained reduction of plasma cholesterol levels,
which may have accounted for the atheroprotective effects.
Given that dysfunctional autophagy may impair T helper
cell differentiation, effector cell activation'" and anergy,'
memory formation,”® as well as regulatory T-cell (Treg)
responses,'* addressing the role of autophagy in selective
T-cell subsets is necessary for a better understanding of
the relevance of those processes to atherogenesis.

Dendritic cells (DCs) are professional antigen-present-
ing cells at the crossroad of innate and adaptive immune
responses. DCs originate from a DC progenitor in the
bone marrow. Transcription factors influencing DC subset
development include Zbtb46 (zinc finger and BTB domain
containing 46) for preclassical DCs, which also require
BATF3 (basic leucine zipper activating transcription fac-
tor—like transcription factor 3) and IRF8 (IFN regulatory
factor) to differentiate into CD103* (CD8a* in lymphoid
tissue) conventional DCs (cDCs) or RBRJ (recombination
signal binding protein for immunoglobulin kappa J) and
IRF4 to give rise to CD11b* cDCs. In contrast, E2-2 (TCF4
[transcription factor 4]) is required for differentiation of the
DC progenitor into plasmacytoid DCs. DC subsets may
promote or limit atherogenesis through modulation of both
innate and adaptive immune responses.'®'®

Although it is dispensable for DC development, autoph-
agy is involved in several biological processes relevant to
DC functions, including DC maturation, responses to toll-
like receptor stimulation, and cytokine production, migration,
antigen presentation and cross-presentation, and T-cell acti-
vation (reviewed in Ghislat and Lawrence'”). DCs profoundly
alter the development of atherosclerosis through effects on
lipid metabolism, T-cell priming, activation and differentia-
tion, and modulation of Treg responses.'®'®20 Intriguingly,
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however, no study has addressed the role of autophagy in
modulating DC functions during the development of ath-
erosclerosis. Here, we aimed to fill this gap of knowledge
and examined the impact of dysfunctional autophagy in dis-
tinct DC subsets on the immune responses during athero-
sclerosis. To modulate autophagy in DCs, we have deleted
ATG16L1, which binds ATG5 and links the isolation mem-
brane to the formation of the autophagosome.?'%2

METHODS

Detailed methods are described in the Online Data Supplement.

All the experiments were approved by the local ethics com-
mittee and were performed under Home Office, UK license
PA4BDF775. All the mice were on a C57BI/6J genetic back-
ground. Female Ldlr’~ (low-density lipoprotein receptor—defi-
cient) mice (6—8 week-old) were lethally irradiated (9.5 Gy),
then injected intravenously (tail vein) with 1x107” bone marrow
cells from donor mice. After 4 weeks of recovery, mice were
fed a chow or high-fat diet (HFD; 21 % fat, 0.15 % cholesterol;
Special Diet Services) for 8 weeks. Female littermate CD1 1¢%-
Atg16]1fexfiex and CD11c Atg16]1evfor as well as female
littermate C-type lectin domain containing 9A (Clec9a)<-
Atg16fieiox and Clec9a®+ Atg16]1/vfex were used as bone
marrow donors to reconstitute lethally irradiated Ldlr~ animals.

RESULTS

HFD Induces Autophagy in Aortic CD103* and
Splenic CD11b* DCs in LdIr’- Mice

Using bone marrow transfer from LC3 (microtubule-
associated protein 1A/1B-light chain 3)-GFP (green
fluorescent protein) mice? to Ldlr~ mice, we first studied
the modification of the autophagic flux in DCs after long
term HFD feeding. In the spleen, DCs and more particu-
larly cDCs express high levels of LC3-GFP (Figure 1A)
compared with monocytes, B cells, or T cells (Online Fig-
ure 1A and IB), and this may be further enhanced by the
HFD in CD11b* DCs (Figure 1B and 1C). In the aorta,
CD103* DCs express the highest levels of LC3-GFF, fol-
lowed by CD11b* DCs, CD11b-CD103~ DCs, and mac-
rophages (Figure 1D and Online Figure IC). HFD feeding
did not change LC3-GFP expression in aortic DCs and
macrophages (Online Figure IC). We confirmed by immu-
nostaining that CD11c*MHC (major histocompatibility
complex) II"LC3* cells were found in the atherosclerotic
plaque (Figure 1E). To know if the autophagic flux was
active in DCs after HFD feeding, we used chloroquine
injection in vivo to inhibit autophagosome fusion with
lysosomes and limit the degradation of LC3-GFP. LC3-
GFP expression in splenic CD11b* DCs increased in
the presence of chloroquine, suggesting that this was an
active process (Figure 1F). However, chloroquine did not
affect LC3-GFP expression in splenic CD8a* DCs. In the
aorta, chloroquine significantly enhanced the expression
of LC3-GFP in CD103* DCs, whereas no changes were
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Figure 1. Activation of the autophagic flux in dendritic cells under atherogenic conditions.

A, Representative flow chart showing expression of LC3 (microtubule-associated protein 1A/1B-light chain 3)-GFP (green fluorescent protein) in
CD11c"s" cells in the spleen of Ldlr’~ (low-density lipoprotein receptor—deficient) mice transplanted with LC3-GFP bone marrow and put under
high-fat diet (HFD) for 8 wk. The inset represents the same staining from a wild-type mouse (not expressing the LC3-GFP). B, Quantification

of LC3-GFP mean fluorescence intensity (MFI) on CD11b* dendritic cells (DCs) in the spleen of Ldlr’~ mice transplanted with LC3-GFP bone
marrow and left on chow diet (CD) or put under HFD for 8 wk. *P=0.0317 CD11b* DCs chow diet vs CD11b* DCs HFD, Mann-Whitney test. C,
Representative histogram of flow cytometry showing the expression of LC3-GFP in CD8a* and CD11b* DC under CD or HFD. D, Flow charts
depicting the gating strategy to analyze macrophages (CD45*CD11b*F4/80%) and DCs (CD45+*F4/80-CD11c*MHC [major histocompatibility
complex] II"eh) subsets (CD11b* DCs [CD11b*CD103], double negative (DN) DCs [CD11b-CD103-], CD103* DCs [CD11b-CD103"]) as well
as their expression of LC3-GFP, from the aorta of Ldl”~ mice transplanted with LC3-GFP and kept under HFD for 8 wk. A-D, n=5 mice/group.
E, Representative confocal images of DCs (CD11c*MHCII¥, white arrows) and LC3 staining in atherosclerotic lesions from the aortic root of
Ldlr’~ mice kept under HFD for 8 wk. F, Representative flow histograms and quantification of the expression of LC3-GFP in splenic DC subsets
(CD8u* and CD11b* DCs) of Ldl~ mice transplanted with LC3-GFP bone marrow and put on HFD for 8 wk. Chloroquine (CQ) was injected
intraperitoneally 48 and 24 h before the end of the experiment to prevent the degradation of GFP by lysosomes. *P=0.0379 CD11b* DCs HFD
vs CD11b* DCs HFD+CQ, Mann-Whitney test. G, Representative flow histograms and quantification of the expression of LC3-GFP in aortic
macrophages and DC subsets (CD11b*, DN and CD103* DCs) of Ldlr”~ mice transplanted with LC3-GFP bone marrow and put on HFD for 8
wk. CQ was administered as in F. F and G: n=7 mice/group, *F=0.0216 CD103* DCs HFD vs CD103* DCs HFD+CQ, Mann-Whitney test, data
were obtained from 1 experiment. FMO indicates fluorescence minus one control.

observed in the other subsets (Figure 1G). Although a
short-term injection of chloroquine can only inform about
the activity of the autophagic flux at a specific time point
(during the 2 days between chloroquine injection and
mouse sacrifice), the data indicate that the autophagic
flux is active both in splenic and aortic DCs under HFD.

1022  November 8, 2019

Atg1611 Deficiency in CD11c-Expressing Cells
Alters Splenic T-Cell Expansion and Promotes
CD4* Tregs in LdIr”’~ Mice After HFD

To examine whether autophagy in DCs plays a role
in atherosclerosis, bone marrow from Atg16]1/exox
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Cd11c+ (designated thereafter as Atg16/1 condi-
tional knock out [cKQ]) or Cd11c% (designated there-
after as controls) littermate mice was transferred into
Ldlr”- recipient mice. After 4 weeks of recovery, mice
were fed a HFD for 8 weeks. At euthanization, plasma
total cholesterol, HDL (high-density lipoprotein)-cho-
lesterol, triglycerides, and weight were not different
between the 2 groups (Online Figure II). Phenotyping
of the spleen by flow cytometry revealed a significant
reduction of spleen cellularity in Atg76/7 cKO as com-
pared to control LdlIr’~ mice (Figure 2A). No differ-
ences in the numbers of DC subsets were observed
between the 2 groups (Figure 2B-C). However, DCs
of Atg16/1 cKO Ldlr’= mice showed a reduction in
MHCII expression (Figure 2D) without differences in
CD80 (Figure 2E), as compared to DC from control

Atg1611~~ DCs Expand Atheroprotective CD4* Tregs

Ldlr’~ mice. Interestingly, deletion of Atg76/7 in DCs
was associated with a reduction of the numbers of
splenic CD8* and CD4* T cells (Figure 2F), without
affecting their expression of CD44 (memory T cells;
Figure 2G). In parallel, we found that the proportion of
CDA4+ Tregs was increased in Atg16/1 cKO compared
with control Ldlr’”- mice (Figure 2H). B cells, germinal
center B cells, and T follicular helper cells, as well as
immunoglobulin production (total and oxidized lipopro-
tein-specific), were not statistically different between
the 2 groups (Online Figure I11). Other splenic myeloid
populations, including neutrophils and monocytes/
macrophages, were likewise similar (P>0.05) between
the 2 groups (Online Figure IV). Importantly, we con-
firmed that the DC and T-cell phenotype described
above was not observed under normocholesterolemic
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Figure 2. Atg16l1 deficiency in CD11c-expressing cells promotes immune tolerance under high-fat diet (HFD) conditions in

Ldir’- (low-density lipoprotein receptor—deficient) mice.

A, Absolute number of immune cells in the spleen of control (Ldlr”~ mice transplanted with CD11c% Atg16/1%%* bone marrow) and Atg 161
conditional knock out (cKO; Ldlr”~ mice transplanted with CD11c%+ Atg16/17¥"< bone marrow) mice after 8 wk of HFD. n=15 mice/group.
**P=0.0017 control vs Atg16/1 cKO, Mann-Whitney test. B, Absolute number of conventional dendritic cells (cDCs), CD11b*, and CD8a* DCs

in the spleen of control (n=10) and Atg16/1 cKO mice (n=15) after 8 wk of HFD, after flow cytometric analysis. C, Representative flow chart
showing the distribution of CD8a* and CD11b* DC subsets in the spleen of control and Atg16/7 cKO mice after 8 wk of HFD. D, Representative
flow chart and quantification of MHC (major histocompatibility complex) I expression by cDCs in the spleen of control (n=10) and Atg16/1 cKO
mice (n=15) after 8 wk of HFD. *F=0.0014 control DC vs Atg16/1 cKO DC, Mann-Whitney test. E, Representative flow chart and quantification
of CD8O0 expression by cDCs in the spleen of control (n=10) and Atg16/1 cKO (n=15) mice after 8 wk of HFD. F, Absolute number of CD4* and
CD8* T cells in the spleen of control (n=10) and Atg16/1 cKO mice (n=15) after 8 wk of HFD, after flow cytometric analysis. **P=0.0006 number
of splenic CD4* T cells and **A<0.0001 number of splenic CD8* T cells in control vs Atg 1611 cKO mice, Mann-Whitney test. G, Representative
flow chart of CD44 expression by CD4* T cells and quantification of the percentage of CD4* and CD8* T cells expressing CD44 in the spleen of
control (n=10) and Atg16/1 cKO mice (n=15) after 8 wk of HFD. H, Quantification and representative flow charts showing the proportion of CD4*
regulatory T cells (Tregs; Foxp3 [forkhead box P[*CD25"¢") in the spleen of control (n=10) and Atg16/1 cKO mice (n=15) after 8 wk of HFD.
*P=0.0137, %CD4* Tregs in control vs Atg16/1 cKO mice, Mann-Whitney test. A-H, Results are representative of 3 independent experiments.
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conditions (Online Figure V), suggesting a role for DC
expression of Afg16/1 in shaping the response of the
immune system to HFD-induced atherosclerosis.

Atg1611 Deficiency in DCs Promotes
Accumulation of CD4* Tregs in the Aortas

of HFD fed LdIr’~ Mice and Limits the
Development of Atherosclerosis

Analysis of immune cell composition of aortas from
Atg 1611 cKO and control Ldlr”= mice showed no differ-
ences in the accumulation of DC subsets (Figure 3A),

macrophages (Online Figure VIA), or T cells (Online Fig-
ure VIB). However, Atg16/1 cKO Ldlr’~ mice showed a

Atg1611~~ DCs Expand Atheroprotective CD4* Tregs

significant reduction in the proportion of aortic CD4*
IFNy* cells, within the CD45" cell population, as compared
to control Ldlr~ mice (Figure 3B). No differences in aortic
CD8* IFNy* cells were observed between the 2 groups
(Online Figure VIC). In parallel, we found an enrichment
in CD4* Tregs within aortic CD45* cells of Atg16/1 cKO
compared with control Ldlr~ mice (Figure 3C). The pre-
dominant accumulation of CD4* Tregs over T helper cells
type 1 (Th1) in the aortas of Atg16/1 cKO Ldlr~ mice was
associated with a significant reduction of atherosclerosis
development at the level of the aortic root (Figure 3D)
and in the en face thoracic aorta (Figure 3E). On aortic
cross-sections, we found no statistically significant differ-
ences in percentages of monocyte/macrophage-2+* foam
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Figure 3. Atg1611 deficiency in CD11c-expressing cells promotes a shift of the effector/regulatory T cell balance in the aorta
towards an antiatherogenic phenotype in Ldir’- (low-density lipoprotein receptor—deficient) mice.

A, Representative flow charts and quantification of dendritic cells (DC) subsets in the aorta of control and Atg16/1 conditional knock out

(cKO) mice after 8 wk of high-fat diet (HFD; n=9 mice per group). B and C, Representative flow charts and quantification of IFNy (interferon
y)—expressing T cells (B) and CD4+ regulatory T cells (C) in the aortas of control and Atg16/1 cKO mice after 8 wk of HFD (n=9 mice per
group). B, *P=0.0441 %CD4* IFNy* within aortic CD45* cells from control vs Atg16/1 cKO mice, Mann-Whitney test. C, *P=0.0454, %CD4*
Foxp3 (forkhead box P)* within aortic CD45* cells from control vs Atg16/1 cKO mice, Mann-Whitney test. Graphs represent data pooled from 2
independent experiments. D and E, Representative pictures of Oil red O staining and quantification of atherosclerotic lesions in the aortic sinus
(D) and in the en face thoracic aorta (E) of control (n=15 mice) and Atg16/1 cKO (n=15 mice) mice after 8 wk of HFD. D, P~=0.0002 between
genotypes, 2-way ANOVA followed by uncorrected Fisher test; *P=0.0356 **F=0.0098 control vs Atg16/7 cKO mice at indicated levels. E,
“P=0.0411 control vs Atg16/1 cKO mice, Mann-Whitney test. F, Representative pictures of Hoechst staining and quantification of acellular area
in the atherosclerotic lesions of control and Atg16/1 cKO mice after 8 wk of HFD (n=15 mice/group). *P=0.0454, control vs Atg16/1 cKO mice,
Mann-Whitney test. D—F, Data are pooled from 2 independent experiments.
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cells (Online Figure VID), infiltrated CD3* cells (Online
Figure VIE), and aSMA (alpha smooth muscle actin)*
SMCs (Online Figure VIF) between the 2 groups of mice.
However, acellular necrotic core area within the lesions
was significantly smaller in Atg76/7 cKO compared to
control Ldlr”- mice (Figure 3F).

T-Cell Depletion Abolishes the Atheroprotective
Effect Associated With ATG16L1 Deficient DCs

The major changes in the immune response associ-
ated with atheroprotection occurred in T cells. Because
a reduction in Th1 and an increase in Treg responses
may confer a strong atheroprotective effect?*?® we
investigated the requirement for T cells in mediating
atheroprotection in Atg16/7 cKO mice. We repeated the
experiment in the presence of T-cell depleting antibod-
ies (anti-CD4/anti-CD8). No statistical difference was
found in the extent of splenic T-cell depletion achieved in
Atg 1611 cKO and control Ldlr”~ mice (Figure 4A). Treat-
ment with anti-CD4/anti-CD8 antibodies also led to

Atg1611~~ DCs Expand Atheroprotective CD4* Tregs

CD8at, but not CD11b*, DC depletion in spleen (data not
shown). T-cell depletion abolished the atheroprotection
associated with autophagy-deficient DCs in the thoracic
aorta (Figure 4B) and even led to a bigger lesion size
at the level of the aortic root in Atg76/7 cKO compared
with control Ldlr”= mice (Figure 4C). Lesions of T-cell-
depleted Atg 161 cKO Ldir’~ mice contained significantly
less foam cells (Figure 4D), similar (P>0.05) amount of
aSMA* SMCs (Figure 4E) but significantly bigger acel-
lular necrotic core (Figure 4F) compared with lesions of
control LdIr”~ mice, consistent with their bigger size and
advanced stage of development.

Atg1611 Deficiency in CD8a* (and Related
CD103*) DCs Does Not Impact CD4* Tregs and
Does Not Protect From Atherosclerosis

To gain further insights into the DC subset responsible
for the atheroprotective effect, we used Clec9a“* mice

to target committed DC precursors and their progeny
(cDCs but not plasmacytoid DCs nor monocyte-derived
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Figure 4. T-cell depletion abrogates the atheroprotective effect of Atg16/17 deficiency in CD11c-expressing cells.

A, Quantification and representative flow charts of CD4+ and CD8* T cells in the spleen of control and Atg16/1 conditional knock out (cKO) mice
after 8 wk of high-fat diet (HFD) and treatment with anti—CD4/CD8 (150 ug/mouse, IP, weekly). Inset shows a representative staining of CD4

and CD8 in a nondepleted mouse. B and C, Representative pictures of Oil red O staining and quantification of atherosclerotic lesions in the en

face thoracic aorta (B) and in the aortic sinus (C) of control and Atg16/1 cKO mice after 8 wk of HFD and T-cell depletion. €, ~=0.0011 between
genotypes, 2-way ANOVA followed by an uncorrected Fisher test: **~=0.008 level 600 um, **~=0.0076 level 800 pm, control vs Atg16/1 cKO treated
with anti-CD4/CD8. D-F, Quantification and representative pictures of the density (% of positive staining area to total lesion area) of monocyte/
macrophage (MOMA)-2 staining (D, foam cells, *P=0.0408, Mann-Whitney test, control vs Atg16/1 cKO mice), aSMA (alpha smooth muscle actin)
staining (smooth muscle cells, E) and acellular area (F, *P=0.0111, Mann-Whitney test, control vs Atg16/1 cKO mice), by immunofluorescent
microscopy, on aortic sinus cross-sections from control and Atg16/7 cKO mice after 8 wk of HFD and T-cell depletion. In D and E, small pointed line
depicts the atherosclerotic lesion. In F, dashed line depicts the acellular area. A=F: n=7 mice/group. Data were obtained from one experiment.
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DCs2® We first examined the efficiency of Atg16/1  DCs, Clec9a“* was efficient only in CD8a* DCs (*80%

é deletion in fluorescence-activated cell sorting (FACS)-  reduction of Atg16/1 expression; Figure 5A). This is con-
= purified splenic CD8a* DCs and CD11b* DCs. We  sistent with the high expression of Clec9a on splenic
E-E found that whereas Cd77c* completely abrogated  CD8at DCs. Splenic CD11b* cDCs do not express
= the expression of Atg16/1 in both CD8at and CD11b*  ClecQa but a previous study showed that they derive
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Figure 5. Atg1611 deficiency in CD8a* dentritic cells (DCs) does not induce immune tolerance and does not protect against
atherosclerosis in LdIr-/- (low-density lipoprotein receptor—deficient) mice.

A, Strategy for conventional DC (cDC) purification from the spleen of CD11c%+ Atg 16 Clec9ac* Atg16/1" and control mice (CD11ccr
Atg16™x and Clec9a‘™~ Atg16"**¥) and analysis of Atg16/1 expression by real-time quantitative polymerase chain reaction (RT-QPCR;
normalized on 36B4). n=5-6 mice/group; A<0.0001 for comparisons between all groups (Kruska-Wallis); post hoc uncorrected Dunn’s test,
“**P=0.0003 DC CD8a* CD11c* Atg16™ex, *P=0,0008 DC CD8a* Clec9a“+ Atg 6™ ys DC CD8a* control; *P=0.056 DC CD11b*
CD11cte+ Atg16%fer ys DC CD11b* control. B, Representative flow chart showing the distribution of CD8a* and CD11b* DC subsets and

the quantification of the proportion of cDCs in the spleens of Clec9a+ Atg16%*"x and control mice after bone marrow transplantation (BMT)
in Ldlr’- mice and 8 wk of high-fat diet (HFD). C, Representative flow chart showing the distribution of CD8* and CD4* T cells and the
quantification of the proportion of each subset in the spleens of Clec9ac* Atg16™*#>* and control mice after BMT in Ldl”~ mice and 8 wk of
HFD. D, Representative flow chart showing the proportion of IFNy (interferon y)-producing CD4* T cells, and the quantification, in the spleens
of Clec9a‘+ Atg16"™** and control mice after BMT in Ldlr”~ mice and 8 wk of HFD. E, Representative flow chart showing the proportion of
CD4* regulatory T cells (CD3*CD4*Foxp3 [forkhead box P]*CD25""), and the quantification in the spleens of Clec9a®* Atg 16" and control
mice after BMT in Ldlr’~ mice and 8 wk of HFD. F and G, Quantification and representative pictures of Oil red O staining for atherosclerotic
lesions analysis on en face thoracic aorta (F) and in the aortic sinus (G) of Clec9a+ Atg 16" and control mice after BMT in Ldlr’~ mice and
8 wk of HFD. B-E, G, Seven to 8 mice per group. F, Six mice per group. Data are representative of 2 independent experiments. FACS indicates
fluorescence-activated cell sorting; and MHC, major histocompatibility complex.
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from a Clec9a-expressing committed DC precursor.?®
Our finding that Atg76/1 expression was only partially
reduced (=b0%, F=0.08, control CD11b* DC versus
Clec9ae+ Atg16/1"* CD11b* DC) in splenic CD11b*
DCs is consistent with the fact that only 50% of splenic
CD11b* DCs showed YFP (yellow fluorescent protein)
labeling in Clec9a“** Rosa****F mice because of incom-
plete penetrance of Cre-mediated recombination in DC
precursors.?® Thus, Clec9a“* mice allow to efficiently
manipulate gene expression only in CD8a* (and related
CD1083*) cDCs. Bone marrow transfer experiments into
irradiated Ldlr’~ mice using Atg16]1fefex Clec9at* or
control bone marrow cells revealed no differences in
the proportions of splenic DC subsets (Figure 5B) and
CD4* and CD8* T cells (Figure 5C) nor in the percent-
ages of CD4* Tregs and Th1 cells (Figure 5D and 5E)
after 8 weeks of HFD. This phenotype was not associ-
ated with any difference in atherosclerosis development
(Figure BF and 5G). Aortic accumulation of immune
cells analyzed by flow cytometry (Online Figure VII),
and plaque composition studied using immunofluores-
cent microscopy (foam cells, T cells, SMCs, and acellu-
lar area) were similar (P>0.05) between the 2 groups
(Online Figure VIII). Finally, lipid profiles and weight gain
did not differ between the 2 groups (Online Figure IX).
Thus, the atheroprotective phenotype associated with
autophagy deficiency in CD11c* is not due to autoph-
agy deficiency in CLEC9a* progenitor derived cDCs
(including CD8a* cDCs) but is likely to be explained by a
deficiency of autophagy in conventional and monocyte-
derived CD11b* DCs.

Atg16l1 Deficiency Differentially Alters Gene
Expression in CD8a+ and CD11b+ DCs in
LdIr’”= Mice Fed an HFD

To further understand how Atg16/1 deficiency in CD11b*
but not CD8a* DCs favors the expansion of CD4* Tregs
upon HFD feeding in LdlIr”~ mice and prevents athero-
sclerosis, we purified splenic DCs (after bone marrow
transplantation and 8 weeks of HFD) and analyzed their
transcriptomic signature by RNA sequencing (Figure 6A
and Online Table I). We found that Atg76/1 deficient
CD8a* and CD11b* DCs differentially expressed 215
and 165 genes, respectively, as compared with their
respective wild-type (WT) control DCs (Figure 6B and
6C). However, only 10% to 15% of those genes were
up or downregulated in both subsets in the absence of
ATG16L1 (Figure 6C and Online Table I). Ingenuity path-
way analysis further highlighted the differential impact
of autophagy in CD8a* versus CD11b* DCs. The top
canonical pathways enriched in Atg16/1 deficient versus
WT CD11b* DCs (Figure 6D) corresponded to inositol
(pyro)phosphate metabolism and phosphoinositide bio-
synthesis and degradation pathways, with major impor-
tance as cell signals in several biological processes,
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particularly relevant to the interface between cell sig-
naling, membrane traffic and autophagy?’?° as well
as immune cell functions.®°*" The other major canoni-
cal pathways relate to atherosclerosis signaling and
TGF (transforming growth factor)-f signaling of high
relevance to the immune response in atherosclerosis.
Accordingly, the most enriched disease and biologi-
cal functions categories corresponded to inflammatory
response, cardiovascular disease (atherosclerosis and
occlusion of artery), and metabolic disease (diabetes
mellitus), with a negative Z score indicating decreased
bio-function in the absence of ATG16L1, and the most
enriched physiological system development and function
categories corresponded to lymphoid tissue structure and
development, with a positive Z score for differentiation of
Tregs, indicative of increased bio-function. None of these
pathways was differentially expressed in Atg16/1 defi-
cient versus WT CD8a* DCs (Online Figure X). Further
analysis revealed that Atg16/1 deficient CD11b* DCs
upregulated the expression of several genes implicated
in immune tolerance and CD4* Treg expansion and func-
tion (Figure 6E), such as Vdr, Aire, Foxj1, Sphk1, Haver1
(also known as Tim1), mir27, Tgfb3 and Smad3, most of
which did not show significant differential expression in
Atg 1611 deficient versus WT CD8a* DCs (Online Table
). Thus, autophagy has a selective impact on CD11b*
DCs with a major implication for their tolerogenic poten-
tial under HFD feeding in Ldlr’- mice.

Splenic CD11b+ DCs Promote Antigen-Specific
CD4+ Treg Expansion in the Presence of TGF-3

To examine the ability of Atg16/1 deficient and WT splenic
CD11b* DCs to induce CD4* Tregs in vitro, we first used
an antigen-independent approach. Naive (CD62L"s",
CD44res, CD25"9) CD4* T cells (from C57BI/6J mice)
were purified by flow cytometry (99% purity) and cul-
tured with FACS-purified CD11b* DCs (99% purity) and
soluble anti-CD3xTGF-f. In these conditions, we found
no differences between WT and Atg 1611 deficient DCs in
the induction of CD4* Tregs (Online Figure XI). We then
used antigen-specific naive OTII CD4* T cells, which
express a TCR specific to chicken OVA (ovalbumin) and
cultured them with splenic CD8a* or CD11b* DCs in the
presence of OVA protein£TGF-f. First, we found that
Atg 1611 deficient CD8a* DCs were not able to induce
T-cell proliferation, as compared to WT CD8a* DCs
(Online Figure XIIA and XIIB), in accordance with the
role of autophagy in antigen presentation.'” Interestingly,
however, Atg 1611 deficiency did not alter antigen presen-
tation in CD11b* DCs, which induced more T-cell prolif-
eration as compared to WT CD11b* DCs (Figure 7A).
The addition of TGF- reduced the number of cell divi-
sions particularly in the presence of Atg16/1 deficient
CD11b* DCs, suggesting decreased T-cell proliferation
(Figure 7A and 7B). Interestingly, OVA-treated Atg16!1
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Figure 6. Atg16l1 deficiency in CD11b* dendritic cells (DCs) under atherogenic conditions promotes a tolerogenic gene
expression program.

A, Experimental strategy for the purification of DCs before RNA sequencing (RNA-seq). DCs were purified from 3 control mice and 2 Atg16/1
conditional knock out (cKO) mice. B, Venn diagram showing the proportion of differentially expressed genes between CD11b* and CD8a* DC,
normalized on the level of expression from control DCs (false discovery rate [FDR]<0.1, A<0.002). C, Volcano plot showing the level of expression
of the differentially expressed genes from CD11b* DCs Atg16/1 cKO compared with wild-type CD11b* DCs (FDR<O0.1, A<0.002). D, Ingenuity
analysis of the top 10 canonical pathways in CD11b* DCs of Atg16/7 cKO mice. E, Ingenuity analysis of the top disease and bio-functions
categories in CD11b* DCs of Atg16/1 cKO mice. F, Ingenuity analysis of the top physiological system development categories in CD11b* DCs

of Atg1611 cKO mice. FACS indicates fluorescence-activated cell sorting; FDR, ; HFD, high-fat diet; MHC, major histocompatibility complex; TGF,
transforming growth factor; and Th17, T helper cells type 17.
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Figure 7. Atg16I1 deficiency in CD11b* dendritic cells (DCs) promotes polarization of antigen-specific CD4* regulatory T cell
(Treg) under TGF (transforming growth factor) g supplementation in vitro.

A and B, Representative flow chart and quantification of naive OTII cell proliferation (using cell trace violet, generations are shown in A) after
coculture with OVA (ovalbumin) protein and fluorescence-activated cell sorting-purified (control and Atg16/1 conditional knock out [cKO])
CD11b* DC in the absence (A) or presence of TGFf (B). Data were obtained using technical replicates and are representative of 2 independent
experiments. € and D, Cytokine quantification by multiplex cytometric bead array beads of IL (interleukin) 2, IFN (interferon) -y, TNF (tumor
necrosis factor), IL6, and IL17 in the supernatants of naive CD4+ OTII T cells cocultured for 5 d with CD11b* DCs from control or Atg16/1 cKO
mice in the presence of OVAXTGFf. Data were obtained using technical replicates and are representative of 2 independent experiments. E and F,
Representative flow chart and quantification of the proportion of CD4* Tregs (Foxp3 [forkhead box P[*CD25"e") generated from naive OTIl CD4*
T cells after 5 days of coculture with control or Atg16/1 cKO CD11b* DC with OVA only (E) or OVA+TGF(F). Data were obtained using technical

replicates and are representative of 2 independent experiments.

deficient CD11b* DCs seemed to enhance naive OTII
cells production of IL2, IFN-y, and IL6 in comparison
with control DCs (Figure 7C). However, when TGF-f3
was added in the culture, OVA-treated Atg16/7 deficient
CD11b* DCs were no longer able to stimulate IFN-y pro-
duction by OTlI cells, promoted only a modest increase of
IL6, but were still able to induce a marked production of
IL2 in comparison with control DCs (Figure 7C). Cocul-
ture of naive OTII cells with Atg76/7 deficient CD11b*
DCs in the absence of TGF3 seemed to prevent T-cell
polarization into CD4*CD25*Foxp3 (forkhead box P3)*
Tregs (Figure 7D). However, the addition of TGFf to the
coculture substantially increased the polarization of naive
OTll cells into CD4*CD25*Foxp3* Treg cells in pres-
ence of Atg16/1 deficient CD11b* DCs compared with
WT CD11b* DCs (Figure 7E). This tolerogenic effect
was restricted to Atg16/1 deficient CD11b* DCs in the
presence of TGFP and was not induced by incubation
with Atg16l/1 deficient CD8a* DCs (Online Figure XIIC
and XIID). Finally, we examined the impact of Atg16/1

Circulation Research. 2019; 125:1019-1034. DOI: 10.1161/CIRCRESAHA.119.315248

deficiency on the uptake of oxLDL (oxidized low-den-
sity lipoprotein). Although the latter was not affected by
Atg16l1 deficiency in macrophages, we found a slight
reduction of oxLDL uptake by Atg76/1 deficient com-
pared to WT DCs (Online Figure XIIE). However, the
extent of oxLDL uptake was consistent between CD8a*
and CD11b* DCs (Online Figure XIIE).

Treatment With an Anti-CD25 Antibody

Prevents HFD-Induced CD4+ Treg Expansion
and Abrogates the Atheroprotective Effect of
Autophagy Deficiency in DCs

To examine if the atheroprotective effect is dependent
on CD4* Tregs, we generated Atg16/1 cKO and control
Ldlr’= mice and treated them with a previously validated
anti-CD25 antibody (ref) or an isotype control antibody
during the 8 weeks of HFD feeding. Anti-CD25 treat-
ment significantly reduced the percentages of Tregs,
which were no longer different between Atg16/1 cKO
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and control Ldlr”~ mice (Figure 8A) Systemic IL2 levels
were significantly increased in mice treated with anti-
CD25, further supporting the efficiency of blocking the
IL2 receptor, and this was associated with a decrease
of IL10 (Figure 8B), a Treg related immunosuppressive
and antiatherogenic cytokine.®2*® We observed no differ-
ences in plasma lipid profiles or weight gain between the
4 groups of mice (Online Figure XIII). Analysis of ath-
erosclerosis on aortic root cross-sections showed that
treatment with anti-CD25 completely abrogated the ath-
eroprotective effect associated with Atg76/1 deficiency
in DCs (Figure 8C). The analysis of plaque phenotype
revealed no significant differences in foam cell and SMC
contents between the groups (Online Figure XIVA and
XIB). However, treatment with anti-CD25 significantly
increased T-cell accumulation in Atg16/7 cKO mice as
compared to control Ldlir’”= mice (Online Figure XIVC).
In addition, anti-CD25 treatment increased the acellular
area in lesions of Atg16/1 cKO mice (Figure 8D), sug-
gesting a more inflammatory and complex phenotype.

DISCUSSION

We show here that Atg76/1 deletion in bone marrow—
derived DCs promotes Treg expansion and limits athero-
genesis in Ldlr’- mice fed an HFD. These effects are not
due to Atg16!1 deletion in CD8a* DCs but to its deletion
in the other CD11c-expressing cells. The latter include
CD11b* DCs, plasmacytoid DCs, and some subsets of
macrophages. However, ATG16L1 deletion in macro-
phages is unlikely to account for the atheroprotective
phenotype given the previously reported proatherogenic
effect of abrogation of autophagy in macrophages.®®
Importantly, our data indicate that CD11b* DCs acquire
tolerogenic properties after Atg16/1 deletion, which
promote Treg expansion, and reduce effector T-cell
accumulation and production of Th1-related cytokines
in atherosclerotic lesions. Thus, in contrast to the pro-
inflammatory and proatherogenic role of autophagy
deficiency in macrophages,’® autophagy deficiency in
DCs promotes a counter-regulatory immunosuppres-
sive response that maintains vascular homeostasis in
Ldlr”= mice under HFD and limits the development of
atherosclerosis.

Previous studies established a role for autophagy in
antigen processing, loading on MHCII molecules, and
antigen presentation (reviewed in Ghislat and Law-
rence'”). We found that this is the case with Atg16/1 defi-
cient CD8a+ DCs, which were unable to (process and)
induce antigen-specific proliferation of T cells in com-
parison to their WT CD8a* DCs. Intriguingly, however,
the ability of CD11b* DCs to induce antigen-specific
T-cell proliferation was not affected by Alg16/1 deletion.
In fact, we rather found increased antigen-specific T-cell
proliferation in presence of Atg16/1 deficient compared
with WT CD11b* DCs. Interestingly, available data in the
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literature indicate that knockdown of Atg76/7 in mono-
cyte-derived DCs may induce more T-cell proliferation in
an alloreactive model,** a finding attributed to increased
DC numbers and expression of costimulatory molecules,
and reduced expression of A20 (TNFAIP3: tumor necro-
sis factor, alpha-induced protein 3). However, Atg16/1
deletion in our model did not affect DC numbers, and
none of those genes was significantly altered by Atg16/1
deletion in DCs within the context of HFD-induced ath-
erosclerosis. Thus, the reason for the differential impact
of Atg16l1 deletion on CD8a* DC-dependent versus
CD11b* DC-dependent antigen-specific T-cell prolifera-
tion remains unknown and merits further investigation.

Reduced T-cell priming by Atg16/1 deficient CD8a*
DCs in Ldlr”~ mice fed an HFD could have contributed
to the observed decrease of aortic Th1 cells and the
reduction of atherosclerosis, given the well-validated
proatherogenic role of Th1 immunity.2* However, selec-
tive deletion of Atg76/7in CD8a* DCs did not reproduce
the phenotype. Moreover, the atheroprotection seen
in Ldlr’= mice with Atg16/1 deficient DCs was depen-
dent on Tregs, which were unaltered in Ldlr’~ mice with
Atg 1611 deficient CD8a* DCs. This is consistent with the
observation that CD8a* DCs were unable to promote
Treg expansion in vitro.

In contrast to CD8a* DCs, Atg16l1 deficiency in
CD11b* DCs substantially enhanced Treg generation in
vitro, in the presence of TGF-B. This is a new finding,
which could not be anticipated from previous observa-
tions. Xiong et al*® reported increased Tregs in cardiac
allograft recipient mice treated with FLT3 (fms-related
tyrosine kinase 3) and rapamycin compared with single
treatments and suggested a role for autophagy in Treg
induction. However, DCs were not the only cells targeted
by rapamycin in that experiment, and rapamycin could
have exerted immune effects independent of its role in
autophagy regulation. Chu et al®*® reported reduced in
vitro generation of IL10*Foxp3* Tregs in the presence
of Atg 1611 deficient versus WT bone marrow monocyte-
derived DCs when the cells were incubated with outer
membrane vesicles harvested from Bacteroides fragilis.
The total number of Foxp3* cells was not altered, and
Atg 1611 deficiency in DCs did not affect the generation
of IL10*Foxp3* Tregs in the absence of outer membrane
vesicle. Moreover, the system does not involve antigen-
specific presentation of outer membrane vesicle to T
cells, but the phenotype is attributed to alteration of DC
inflammatory response by outer membrane vesicle. Thus,
the data of Chu et al®® apply to a very particular system
and do not contradict nor invalidate our findings. In fact,
our data initially suggested that, in the absence of TGF-f,
the limited antigen-specific Treg induction that occurs in
culture was rather reduced in the presence of Atg16/1
deficient versus WT CD11b* DCs. This was not in line
with our RNA-sequencing data, which showed significant
differential upregulation of genes and pathways involved
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Figure 8. Treatment with anti-CD25 (PC61) antibody abrogates the atheroprotective effect of Atg16l1 deficiency in CD11c
expressing cells.

A, Representative flow chart and quantification of Foxp3 (forkhead box P) expressing CD4* T cells in the spleens of Atg16/1 conditional knock
out (cKO) and control mice treated with isotype-matched or anti-CD25 antibody, starting at the beginning of the high-fat diet (HFD; 250pg of
antibody/mouse/wk, for 8 wk). **P=0.0066, control+isotype vs Atg16/1 cKO+isotype Mann-Whitney test; P=0.1393, (Continued)
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Figure 8 Continued. control+anti-CD25 vs Atg16/1 cKO+anti-CD25, Mann-Whitney test. B, IL (interleukin) 2 and IL10 titration in the plasma
of control and Atg 1611 cKO mice infused with isotype-matched or anti-CD25 antibody. Control+isotype, n=19; Atg16/1 cKO+isotype, n=18;
control+anti-CD25, n=8; Atg16/1 cKO+anti-CD25, n=8. C, Representative pictures and quantification of atherosclerotic lesions using Oil red

O staining at the level of the aortic sinus from Atg16/1 cKO and control mice after bone marrow transplantation (BMT) in Ldlr~ (low-density
lipoprotein receptor—deficient) mice and 8 wk of HFD, and treatment with isotype-matched or anti-CD25 antibody. 2-way ANOVA followed by

an uncorrected Fisher test: *P=0.0376 level 200 pm, P=0.0498 level 400 pm, control vs Atg1611 cKO treated with isotype; control vs Atg16/1
cKO treated with anti-CD25, 2-way ANOVA P=0.3544. Control+isotype, n=10; Atg16/1 cKO+isotype, n=8; control+anti-CD25, n=8; Atg16/1
cKO+anti-CD25, n=8. D, Representative pictures and quantification of acellular area in atherosclerotic lesions of Atg16/7 cKO and control mice
after BMT in Ldlr’~ mice and 8 wk of HFD, and treatment with isotype-matched or anti-CD25 antibody. **P=0.0041 control vs Atg16/7 cKO mice
treated with isotype, Mann-Whitney test; **FA=0.003 control vs Atg16/7 cKO mice treated with anti-CD25, Mann-Whitney test.

in the regulation of immune cell activation, the genera-
tion of Tregs, and the induction of immune tolerance. A
clue to this apparent discrepancy came from a closer
look at the RNA-sequencing data, which revealed TGF-f3
signaling to be one of the most differentially upregulated
pathways in Atg16/1 deficient DCs in vivo. The high rel-
evance of TGF-f is further attested by the importance
of this cytokine in the in vivo generation and mainte-
nance of Tregs, and the requirement for this cytokine to
convert naive CD4*CD25~ T cells into Foxp3* Tregs in
vitro.?” We, therefore, repeated the in vitro Treg genera-
tion experiment in the presence of TGF-f and observed
a substantial impact of Atg16/1 deficiency in CD11b*
DCs in boosting antigen-specific Treg generation com-
pared with WT CD11b* DCs. Interestingly, this was asso-
ciated with reduced production of IFN-y but increased
production of IL2, a cytokine that is essential for TGF-
[B—mediated conversion of naive CD4*CD25~ T cells into
Foxp3* Tregs and Treg expansion.®® It remains unknown
why Treg generation was not enhanced by Atg16/1 defi-
cient DCs when polyclonal CD4* T cells were used. How-
ever, the promotion of Treg expansion observed using the
antigen-specific OTIl system nicely supports the in vivo
RNA-sequencing data and the impact of Atg16/1 defi-
ciency in DCs on Treg accumulation in LdlIr”~ mice fed
an HFD. Whether additional mechanisms (eg, modulation
of cytokine production by DCs) contribute to the expan-
sion of Tregs by autophagy-deficient DCs is currently
unknown and will require further investigations.

A recent report found that Tregs ameliorate autoim-
munity by restraining autophagy in DCs.®® These findings
are in line with our data and further support an impor-
tant impact of autophagy on the tolerogenic potential
of DCs. Interestingly, Atg16/1 was the most significantly
downregulated gene after interaction with Tregs, and
this occurred through CTLA-4 (cytotoxic T-lymphocyte-
associated protein 4)-dependent activation of the PI3K
(phosphoinositide 3-kinase)/Akt (PKB: protein kinase
B)/mTOR (mammalian target of rapamycin) axis, fur-
ther highlighting, as in our RNA-sequencing data, the
close interconnection between inositol phosphate and
3-phosphoinositide pathways and the autophagy pro-
cess, and their important consequences on DC biology
and immune homeostasis.

Finally, we would like to mention that one of the
most significantly downregulated genes in Atg16/1
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deficient versus WT DCs (whether CD8a* or CD11b*)
was Slc15a2. This gene encodes a proton-coupled oli-
gopeptide transporter recently found to mediate the
transport of bacterially derived di-and tri-peptides that
activate NOD receptors in bone marrow—derived mac-
rophages.*® Although the relevance to atherosclerosis
remains unknown, this finding may have important impli-
cations for the mechanisms of Crohn disease. NOD2 and
ATG16L1 genetic variants that lead to reduced function
are associated with Crohn disease. Reduced NOD2
activation has been shown to inhibit autophagy in DCs
altering both bacterial trafficking and MHCII-dependent
antigen presentation.*’ Our preliminary data may suggest
that, in turn, reduced ATG16L1 function may inhibit bac-
terial dependent activation of NODZ2, thereby altering the
susceptibility to colitis. In this case, Treg maintenance in
the absence of functional ATG16L1 may be acting as a
safety break on intestinal inflammation. This hypothesis
merits experimental testing.

In conclusion, we show that Atg76/1 deficiency in
murine CD11b* DCs profoundly impacts their pheno-
type towards a tolerogenic potential in Ldlr”~ mice fed a
HFD and reduces atherosclerosis through the expansion
and maintenance of atheroprotective Tregs. Our results
may have implications for immune-modulatory strategies
to limit atherosclerosis through selective modulation of
autophagy in DCs.

ARTICLE INFORMATION

Received April 19, 2019; revision received October 9, 2019; accepted October
10, 2019.

Affiliations

From the Division of Cardiovascular Medicine, University of Cambridge, Cam-
bridge, United Kingdom (M.C, J.R, FL, D.T, SN, Y.L, LM, JH., ZM.); Université
Céte d'Azur, Institut National de la Santé et de la Recherche Médicale, Centre
Mediterranéen de Recherche Moléculaire, University Hospital of Nice, France
(JR, FL.); Department of Gastroenterology and Hepatology, University of Cam-
bridge, United Kingdom (S.S,, AK.); MRC Metabolic Diseases Unit, University of
Cambridge Metabolic Research Laboratories, Wellcome Trust-MRC Institute of
Metabolic Science, Genomics and Transcriptomics Core, Addenbrooke’s Hospital,
Cambridge, United Kingdom (MK.LM, B.YH.L, G.SH.Y.); Department of Labora-
tory Medicine, Medical University of Vienna and Center for Molecular Medicine
(CeMM) of the Austrian Academy of Sciences Vienna, Austria (M.O-K, C.J.B);
and Institut National de la Santé et de la Recherche Médicale, Paris Cardiovascu-
lar Research Center, France (ZM.).

Acknowledgments

We thank Caetano Reis e Sousa, Francis Crick Institute, London, United Kingdom,
for providing the Clec9a* ™ mice.

Circulation Research. 2019; 125:1019-1034. DOI: 10.1161/CIRCRESAHA.119.315248



Clement et al

Sources of Funding

This study was supported by the British Heart Foundation (CH/10/001/27642
and Grant No. 1659), the European HEALTH 2013.1.3-3 programme, HORI-
ZON2020/ERC Grant agreement no. 648889 (AK.), and the Wellcome Trust
(senior investigator award 106260/Z/14/Z to A. Kaser).

Disclosures
None.

REFERENCES

1.

Circulation Research. 2019; 125:1019-1034. DOI: 10.1161/CIRCRESAHA.119.315248

Libby P, Lichtman AH, Hansson GK. Immune effector mechanisms impli-
cated in atherosclerosis: from mice to humans. Immunity. 2013;38:1092—
1104. doi: 10.1016/j.immuni.2013.06.009

. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne

C, Fonseca F, Nicolau J, Koenig W, Anker SD, et al; CANTOS Trial Group.
Antiinflammatory therapy with canakinumab for atherosclerotic disease. N
Engl J Med. 2017;377:1119-1131. doi: 10.1066/NEJMoa1707914

. Zhao TX, Mallat Z. Targeting the immune system in atherosclerosis: JACC

state-of-the-art review. J Am Coll Cardiol. 2019;73:1691-1706. doi:
10.1016/}jacc.2018.12.083

. Grootaert MOJ, Moulis M, Roth L, Martinet W, Vindis C, Bennett MR, De Meyer

GRY. Vascular smooth muscle cell death, autophagy and senescence in athero-
sclerosis. Cardiovasc Res. 2018;114:622-634. doi: 10.1093/cvr/cvy007

. Vion AC, Kheloufi M, Hammoutene A, Poisson J, Lasselin J, Devue C, Pic

|, Dupont N, Busse J, Stark K| et al. Autophagy is required for endothe-
lial cell alignment and atheroprotection under physiological blood flow.
Proc Nat/ Acad Sci U S A 2017;114:E8675—-E8684. doi: 10.1073/pnas.
1702223114

. Grootaert MO, da Costa Martins PA, Bitsch N, Pintelon |, De Meyer GR,

Martinet W, Schrijvers DM. Defective autophagy in vascular smooth muscle
cells accelerates senescence and promotes neointima formation and ath-
erogenesis. Autophagy. 2015;11:2014-2032. doi: 10.1080/15548627.
2015.1096485

. Ouimet M, Franklin V, Mak E, Liao X, Tabas |, Marcel YL. Autophagy reg-

ulates cholesterol efflux from macrophage foam cells via lysosomal acid
lipase. Cell Metab. 2011;13:655-667. doi: 10.1016/j.cmet.2011.03.023

. Razani B, Feng C, Coleman T, Emanuel R, Wen H, Hwang S, Ting JB, Vir-

gin HW, Kastan MB, Semenkovich CF. Autophagy links inflammasomes to
atherosclerotic progression. Cell Metab. 2012;15:534-544. doi: 10.1016/j.
cmet2012.02.011

. Liao X, Sluimer JC, Wang Y, Subramanian M, Brown K, Pattison JS, Rob-

bins J, Martinez J, Tabas |. Macrophage autophagy plays a protective role in
advanced atherosclerosis. Cell Metab. 2012;15:545-553. doi: 10.1016/j.
cmet2012.01.022

. Amersfoort J, Douna H, Schaftenaar FH, Foks AC, Kroner MJ, van Sant-

brink RJ, van Puijvelde GHM, Bot |, Kuiper J. Defective autophagy in T cells
impairs the development of diet-induced hepatic steatosis and atheroscle-
rosis. Front Immunol. 2018;9:2937. doi: 10.3389/fimmu.2018.02937

. Hubbard VM, Valdor R, Patel B, Singh R, Cuervo AM, Macian F. Macroau-

tophagy regulates energy metabolism during effector T cell activation. J
Immunol. 2010;186:7349-7357. doi: 10.4049/jimmunol.1000576

. Mocholi E, Dowling SD, Botbol Y, Gruber RC, Ray AK, Vastert S, Shafit-

Zagardo B, Coffer PJ, Macian F. Autophagy is a tolerance-avoidance
mechanism that modulates TCR-mediated signaling and cell metabolism
to prevent induction of T cell anergy. Cell Rep. 2018;24:1136-1150. doi:
10.1016/j.celrep.2018.06.065

. Xu X, Araki K, Li S, Han JH, Ye L, Tan WG, Konieczny BT, Bruinsma MW,

Martinez J, Pearce EL, et al. Autophagy is essential for effector CD8(+) T
cell survival and memory formation. Nat Immunol. 2014;15:1152-1161. doi:
10.1038/ni.3025

. Wei J, Long L, Yang K, Guy C, Shrestha S, Chen Z, Wu C, Vogel F, Neale

G, Green DR, et al. Autophagy enforces functional integrity of regulatory
T cells by coupling environmental cues and metabolic homeostasis. Nat
Immunol. 2016;17:277-285. doi: 10.1038/ni.3365

. Ait-Oufella H, Sage AP, Mallat Z, Tedgui A. Adaptive (T and B cells) immunity

and control by dendritic cells in atherosclerosis. Circ Res. 2014;114:1640—
1660. doi: 10.1161/CIRCRESAHA.114.302761

. Cybulsky MI, Cheong C, Robbins CS. Macrophages and dendritic cells:

partners in atherogenesis. Circ Res. 2016;118:637-652. doi: 10.1161/
CIRCRESAHA.115.306542

. Ghislat G, Lawrence T. Autophagy in dendritic cells. Cell Mol Immunol.

2018;15:944-952. doi: 10.1038/cmi.2018.2

20.

21.

22.

23.

24.

26.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Atg1611~~ DCs Expand Atheroprotective CD4* Tregs

. Gil-Pulido J, Zernecke A. Antigen-presenting dendritic cells in atherosclero-

sis. Eur J Pharmacol. 2017,816:25-31. doi: 10.1016/j.ejphar2017.08.016

. Haddad Y, Lahoute C, Clément M, Laurans L, Metghalchi S, Zeboudj L,

Giraud A, Loyer X, Vandestienne M, Wain-Hobson J, et al. The dendritic cell
receptor DNGR-1 promotes the development of atherosclerosis in mice. Circ
Res. 2017;121:234-243. doi: 10.1161/CIRCRESAHA.117310960
Clément M, Haddad Y, Raffort J, Lareyre F, Newland SA, Master L, Harrison
J, Ozsvar-Kozma M, Bruneval P, Binder CJ, et al. Deletion of IRF8 (Inter-
feron Regulatory Factor 8)-dependent dendritic cells abrogates proath-
erogenic adaptive immunity. Circ Res. 2018;122:813-820. doi: 10.1161/
CIRCRESAHA.118.312713

Mizushima N, Kuma A, Kobayashi Y, Yamamoto A, Matsubae M, Takao T,
Natsume T, Ohsumi Y, Yoshimori T. Mouse Apg16L, a novel WD-repeat
protein, targets to the autophagic isolation membrane with the Apg12-
Apgb conjugate. J Cell Sci. 2003;116:1679-1688. doi: 10.1242/
jcs.00381

Fujita N, Itoh T, Omori H, Fukuda M, Noda T, Yoshimori T. The Atg16L
complex specifies the site of LC3 lipidation for membrane biogenesis
in autophagy. Mol Biol Cell. 2008;19:2092-2100. doi: 10.1091/mbc.
e07-12-1257

Mizushima N. Methods for monitoring autophagy using GFP-LC3 trans-
genic mice. Methods Enzymol. 2009;452:13-23. doi: 10.1016/S0076-
6879(08)03602-1

Buono C, Binder CJ, Stavrakis G, Witztum JL, Glimcher LH, Lichtman AH.
T-bet deficiency reduces atherosclerosis and alters plaque antigen-specific
immune responses. Proc Natl Acad Sci U S A 2005;102:15696—-1601. doi:
10.1073/pnas.0409015102

Ait-Oufella H, Salomon BL, Potteaux S, Robertson AK, Gourdy B, Zoll J,
Merval R, Esposito B, Cohen JL, Fisson S, et al. Natural regulatory T cells
control the development of atherosclerosis in mice. Nat Med. 2006;12:178—
180. doi: 10.1038/nm1343

Schraml BU, van Blijswijk J, Zelenay S, Whitney PG, Filby A, Acton SE,
Rogers NC, Moncaut N, Carvajal JJ, Reis e Sousa C. Genetic tracing via
DNGR-1 expression history defines dendritic cells as a hematopoietic lin-
eage. Cell 2013;154:843-858. doi: 10.1016/j.cell2013.07.014

Lystad AH, Simonsen A. Phosphoinositide-binding proteins in autophagy.
FEBS Lett 2016;590:2454-2468. doi: 10.1002/1873-3468.12286
Marat AL, Haucke V. Phosphatidylinositol 3-phosphates-at the interface
between cell signalling and membrane traffic. EMBO J. 2016;35:5661-579.
doi: 10.15252/embj.201593564

Itakura E, Kishi C, Inoue K, Mizushima N. Beclin 1 forms two distinct phos-
phatidylinositol 3-kinase complexes with mammalian Atg14 and UVRAG.
Mol Biol Cell. 2008;19:56360-5372. doi: 10.1091/mbc.e08-01-0080
Okkenhaug K. Signaling by the phosphoinositide 3-kinase family in immune
cells. Annu Rev Immunol. 2013;31:675-704. doi: 10.1146/annurev-
immunol-032712-095946

Sauer K, Cooke MP. Regulation of immune cell development through solu-
ble inositol-1,3,4,b-tetrakisphosphate. Nat Rev Immunol. 2010;10:257-271.
doi: 10.1038/nri2745

Mallat Z, Besnard S, Duriez M, Deleuze V, Emmanuel F, Bureau MF, Sou-
brier F, Esposito B, Duez H, Fievet C, et al. Protective role of interleu-
kin-10 in atherosclerosis. Circ Res. 1999;85:e17-e24. doi: 10.1161/01.
res.85.8.e17

Mallat Z, Gojova A, Brun V, Esposito B, Fournier N, Cottrez F, Tedgui
A, Groux H. Induction of a regulatory T cell type 1 response reduces
the development of atherosclerosis in apolipoprotein E-knockout
mice.  Circulation. 2003;108:1232-1237. doi: 10.1161/01.CIR.
0000089083.61317A1

Hubbard-Lucey VM, Shono Y, Maurer K, West ML, Singer NV, Ziegler CG,
Lezcano C, Motta AC, Schmid K, Levi SM, et al. Autophagy gene Atg16L1
prevents lethal T cell alloreactivity mediated by dendritic cells. Immunity.
2014;41:579-591. doi: 10.1016/}immuni.2014.09.011

Xiong A, Duan L, Chen J, Fan Z, Zheng F, Tan Z, Gong F, Fang M. FIt3L
combined with rapamycin promotes cardiac allograft tolerance by induc-
ing regulatory dendritic cells and allograft autophagy in mice. PLoS One.
2012;7:¢46230. doi: 10.1371/journal.pone.0046230

Chu H, Khosravi A, Kusumawardhani IP, Kwon AH, Vasconcelos AC, Cunha
LD, Mayer AE, Shen Y, Wu WL, Kambal A, et al. Gene-microbiota interac-
tions contribute to the pathogenesis of inflammatory bowel disease. Sci-
ence. 2016;352:1116-1120. doi: 10.1126/science.aad9948

Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, McGrady G, Wahl
SM. Conversion of peripheral CD4+CD25- naive T cells to CD4+CD25+
regulatory T cells by TGF-beta induction of transcription factor Foxp3. J Exp
Med. 2003;198:1875—1886. doi: 10.1084/jem.20030152

November 8,2019 1033

(—]
=
o
—
==
=
=
m
ow
m
=
=
()
==




-
(=]
(-
=T
Ll
o
[y
(-
—
=T
=
=
(==
(—]

1034  November 8, 2019

Clement et al

38. Zheng SG, Wang J, Wang P, Gray JD, Horwitz DA. IL-2 is essential for TGF-

beta to convert naive CD4+CD25- cells to CD25+Foxp3+ regulatory T
cells and for expansion of these cells. J Immunol. 2007;178:2018-2027.
doi: 10.4049/jimmunol.178.4.2018

39. Alissafi T, Banos A, Boon L, Sparwasser T, Ghigo A, Wing K, Vassilopoulos

D, Boumpas D, Chavakis T, Cadwell K, et al. Tregs restrain dendritic cell
autophagy to ameliorate autoimmunity. J Clin Invest. 2017;127:2789-2804.
doi: 10.1172/JCI92079

40.

41.

Atg1611~~ DCs Expand Atheroprotective CD4* Tregs

Hu'Y, Song F, Jiang H, Nufiez G, Smith DE. SLC15A2 and SLC15A4 medi-
ate the transport of bacterially derived di/tripeptides to enhance the nucleo-
tide-binding oligomerization domain-dependent immune response in mouse
bone marrow-derived macrophages. J Immunol. 2018;201:652-662. doi:
10.4049/jimmunol.1800210

Cooney R, Baker J, Brain O, Danis B, Pichulik T, Allan P, Ferguson DJ,
Campbell BJ, Jewell D, Simmons A. NOD2 stimulation induces autophagy
in dendritic cells influencing bacterial handling and antigen presentation.
Nat Med. 2010;16:90-97. doi: 10.1038/nm.2069

Circulation Research. 2019; 125:1019-1034. DOI: 10.1161/CIRCRESAHA.119.315248



