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LACC1 deficiency links juvenile arthritis with
autophagy and metabolism in macrophages

Ommar Omarjee?®, Anne-Laure Mathieu™?@®, Gaélle Quiniou'@®, Marion Moreews'®, Michelle Ainouze'®, Cécile Frachette?®@®, Isabelle Melki>**®,
Cécile Dumaine*®, Mathieu Gerfaud-Valentin°@®, Agnés Duquesne®@®, Tilmann Kallinich’®, Eda Tahir Turanli®°®, Christophe Malcus*1°®,
Sébastien Viel21'@®, Rémi Pescarmona®'@®, Sophie Georgin-Lavialle!”#@®, Yvan Jamilloux**®, Jean-Paul Larbre>?@, Guillaume Sarrabay*®,

Flora Magnotti'®, Gillian I. Rice!*®, Francoise Bleicher®®, Jonathan Reboulet’®®, Samir Merabet’®, Thomas Henry'®, Yanick J. Crow**®,
Mathias Faure!®, Thierry Walzer'?@®, and Alexandre Belot*>*@®

Juvenile idiopathic arthritis is the most common chronic rheumatic disease in children, and its etiology remains poorly
understood. Here, we explored four families with early-onset arthritis carrying homozygous loss-of-expression mutations in
LACC1. To understand the link between LACC1 and inflammation, we performed a functional study of LACC1 in human immune
cells. We showed that LACC1 was primarily expressed in macrophages upon mTOR signaling. We found that LACC1 deficiency
had no obvious impact on inflammasome activation, type | interferon response, or NF-kB regulation. Using bimolecular
fluorescence complementation and biochemical assays, we showed that autophagy-inducing proteins, RACK1 and AMPK,
interacted with LACC1. Autophagy blockade in macrophages was associated with LACC1 cleavage and degradation. Moreover,
LACC1 deficiency reduced autophagy flux in primary macrophages. This was associated with a defect in the accumulation of
lipid droplets and mitochondrial respiration, suggesting that LACC1-dependent autophagy fuels macrophage bioenergetics
metabolism. Altogether, LACC1 deficiency defines a novel form of genetically inherited juvenile arthritis associated with
impaired autophagy in macrophages.

Introduction

Autoinflammatory diseases are innate immunological disorders
associated with sterile inflammation in the absence of auto-
antibodies or autoreactive T cells (Manthiram et al., 2017). This
group includes a series of inherited diseases affecting specific
inflammatory pathways. Inflammasomes are highly regulated
multi-protein complexes that can detect various danger signals
and cleave precursors of IL-1B and IL-18 pro-inflammatory

cytokines. Inflammasomopathies are due to genetic defects
driving deregulated maturation and secretion of these cytokines
(Harapas et al., 2018). Type-I interferonopathies are a group of
diseases characterized by an excessive secretion or signaling of
type-I IFN (IFN-I), which results in the up-regulation of IFN-
stimulated genes (i.e., IFN signature; Rodero and Crow, 2016;
Rice et al., 2013). NF-«B is a transcription factor involved in the
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induction of numerous pro-inflammatory cytokines, down-
stream of several innate immune receptors. NF-«B activation is
tightly regulated through multiple post-translational mecha-
nisms, including ubiquitination (Aksentijevich and Zhou, 2017).
Genetic disorders leading to NF-«B overactivation are reported
as NF-kB-related autoinflammatory diseases (relopathies; Steiner
et al., 2018).

Beyond these well-described groups of diseases, several
forms of autoinflammation remain unclassified. Juvenile idio-
pathic arthritis (JIA) is a heterogeneous inflammatory disease
affecting joints of children <16 yr (Prakken et al., 2011). Mech-
anisms of joint inflammation remain poorly understood in the
context of juvenile arthritis. The main features of this type of
inflammation include (1) hypervascularization and hyperplasia
of the synovial membrane and infiltration of inflammatory
monocytes, T helper type 1 (Thl) and Thi7 cells, in the synovial
fluid with accumulation of macrophages in the synovial mem-
brane (Evans et al., 2009; Dennis et al., 2014); (2) presence of
inflammatory cytokines and metabolites in the synovial fluid;
and (3) cartilage and bone erosion by matrix metalloproteases
and osteoclasts (Firestein and Mclnnes, 2017). Early genetic in-
vestigations in JIA through genome-wide association studies
identified the HLA system and genes involved in lymphocyte
regulation as important (Hersh and Prahalad, 2015). More re-
cently, next-generation sequencing applied to familial forms of
JIA identified LACC1 mutations as the first model of autosomal
recessive juvenile polyarthritis (Kallinich et al., 2016; Karacan
et al,, 2018; Rabionet et al., 2019; Wakil et al., 2015). These pa-
tients were negative for autoantibodies, including antinuclear
antibodies, and the first patients reported displayed features of
systemic JIA, suggesting dysregulation of innate immunity.

LACC], also known as C130RF31 or FAMIN, is a 47-kD protein
expressed in myeloid cells (Cader et al., 2016; Lahiri et al., 2017;
Skon-Hegg et al., 2019). Genome-wide association studies had
previously associated LACCI to immune- and bacteria-mediated
diseases such as inflammatory bowel diseases and leprosy.
Mouse and human studies have suggested multiple roles of
LACCI in fatty acid synthase-mediated de novo lipogenesis
(Cader et al., 2016), NOD2-mediated signaling (Lahiri et al.,
2017), ER stress (Huang et al., 2019), and, more recently, pu-
rine nucleotide cycle (Cader et al., 2020). A common finding in
these studies was an impairment of macrophage effector
function in terms of production of cytokines and reactive
oxygen species in the absence of LACCI, consistent with aber-
rant host microbial interactions. However, these studies did not
provide solid evidence to explain autoinflammation in patients.
Moreover, there are conflicting data in terms of LACC1 function,
Laccase domain activity (active or inactive; Cader et al., 2016;
Lahiri et al., 2017), and subcellular localization (peroxisome, cy-
toplasm, mitochondria; Cader et al., 2016; Lahiri et al., 2017). Of
note, Laccl-deficient mice do not develop spontaneous arthritis,
questioning the use of this model to understand human pathology.

Genetic variation at the LACCI locus has been reported to
affect the risk of Crohn’s disease (Umeno et al., 2011). This is
also the case for several variants of modulators of autophagy,
including NOD2 and ATGI6L1 variants (Assadi et al., 2016;
Baldassano et al., 2007; Philpott et al., 2014; Sales-Marques
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et al., 2014). Autophagy is an evolutionarily conserved mech-
anism essential in cellular detoxification and metabolism through
the lysosomal degradation pathway (Levine and Kroemer, 2019).
Autophagy is regulated by upstream energy sensors such as
mammalian target of rapamycin (mTOR) and AMP-activated
protein kinase (AMPK), which control anabolic and catabolic
programs, respectively. mTOR inhibits autophagy at tran-
scriptional (TFEB) and post-translational (phosphorylation of
ULK complex) levels, while AMPK activation results in ULK
complex activation and mTOR inhibition. Following the ini-
tiation of autophagy, leading to de novo formation of an iso-
lated membrane called the phagophore, the two ubiquitin-like
conjugation systems, ATG5-ATG12 and ATG8/LC3, concur to
mediate the elongation of both extremities of the phagophore.
During this process, a lipidated form of the otherwise cyto-
solic ATG8/LC3 protein (referred to as LC3-I) is incorporated
within the growing autophagosome surrounding cellular
cargos, and is a key marker of this vesicular structure (re-
ferred to as LC3-1I). Ultimately, autophagosomes, which se-
quester cytosolic material, mature to fuse with lysosomes,
leading to the degradation and the recycling of the complete
intracellular content. In murine cell lines and rat hepatocytes,
autophagy regulates lipid metabolism (Nguyen et al., 2017;
Singh et al., 2009) and mitochondria turnover. During bacterial
infection, the NOD2-ATG16L1 complex recruits autophagy ma-
chinery for pathogen uptake and elimination (Homer et al., 2010;
Travassos et al., 2010). ATGI6LI1-deficient macrophages secrete
higher levels of IL-1B (Saitoh et al., 2008), as do macrophages
treated with autophagy maturation inhibitor bafilomycin Al
(BafAl; Harris et al., 2011). Moreover, knockdown of two impor-
tant proteins of the autophagy mechanism, ATG16L1 and IRGM, in
human dendritic cells stabilizes their interaction with T cells,
thereby favoring inflammatory Th17 T cell activation (Wildenberg
et al., 2012). Enhanced Thi7 responses were also observed in
LACCI knockout arthritis mouse models (Skon-Hegg et al., 2019).

In this study, we report the identification of loss-of-function
LACCI mutations in patients from four unrelated families, and
study the role of LACCI in human immune cells. Our functional
analyses using different assays do not support a link between
LACC1 and previously reported pathways involved in auto-
inflammation, i.e., inflammasome, regulation of NF-«B, or
IFN-I. We found that LACC1 was primarily expressed in macro-
phages. Using an unbiased proteomic screen and various bio-
chemical and functional systems, we show that LACCI is a novel
component of the autophagy machinery operating in macrophages
downstream of the energy sensor AMPK. Moreover, LACCI is
essential to promote the accumulation of lipid droplets in mac-
rophages, which fuels mitochondrial respiration via fatty acids.
Thus, LACC1 loss of function defines a novel form of inflammation
associated with defects in macrophage autophagy and metabolism.

Results

Next-generation sequencing of JIA patients identifies
homozygous loss-of-function mutations in LACC1

Four consanguineous families of North African (A), Lebanese
(B), Turkish (C), and African (D) ancestry were identified with
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Figure 1. Whole or targeted exome sequenc-
ing identifies loss-of-function mutations in
LACC1 from JIA families. (A) Pedigree of four JIA
families with identified LACC1 mutations. (B)
Protein alignment at mutated amino acids sites
across species. (C) Representation of novel JIA
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polyarticular JIA (pJIA, Fig. 1 A and Table 1). Patient A.IL5 was
diagnosed with pJIA at the age of 5 mo and was initially treated
with corticosteroids. Anti-IL-1 therapy was then administered to
treat the systemic symptoms with a partial response. This pa-
tient is now 11 yr old and treated with anti-IL-6 antibodies, with
good efficacy. The clinical cases of patients B.IL.3 and 4 have
already been reported (Kallinich et al., 2016). Both developed
severe pJIA at the age of 16 mo and 15 mo, respectively, and a
LACCI mutation was identified. Of note, patient B.IL.3 received
bone marrow transplantation for precursor-B acute lympho-
blastic leukemia that cured arthritis, suggesting that hemato-
poietic cells mediate LACCl-related arthritis. Finally, patients
C.IL1, C.I1.2, and C.I1.4 were diagnosed with pJIA, which started
at the age of 11 mo and 5 yr for C.I1.2 and C.IL.4, respectively. The
two girls showed poor response to anti-TNF and anti-IL-1 ther-
apy, while anti-TNF therapy was effective in C.IL.4. Finally,
patient D.IT was diagnosed with pJIA at the age of 2 yr and is
currently under tocilizumab therapy. Table 1 summarizes pre-
vious (in italics) and current therapies (bold) administered to
each patient. Importantly, neither rheumatoid factor nor anti-
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citrullinated peptide antibodies were identified in patients from
families A, B, C, or D.

Whole-exome (families B and C) or panel-exome sequencing
(families A and D) was performed and identified homozygous
mutations in LACCI (Fig. 1 A) leading to amino acid substitution
(family A) or stop codon insertion (families B, C, and D). All
affected regions of LACC1 protein were highly conserved
during evolution (Fig. 1 B), and in silico combined annotation-
dependent depletion and population frequency (Genome Ag-
gregation Database) analysis predicted rare damaging variants
with scoring of 22.6 and 42 in families B and C, respectively.
Interestingly, the position of LACCI variants (including previ-
ously reported ones) was mostly concentrated in the C-terminal
Laccase domain (Fig. 1 C). To determine the impact of those
predicted highly damaging variants on LACCI expression, we
expressed their tagged forms including the p.C284R (systemic
JIA) and p.1254 (Crohn’s) LACCI variants in 293T cells. Western
blot (WB) analysis of cell lysates demonstrated a loss of >90% of
the total amount of LACCI for all JIA variants, while the Crohn’s
variant p.I254V did not impact the level of protein expression
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Table 1. Clinical and biological characteristics of the JIA patients

Family A B C D
Patient 1.5 .3 1.4 .1 2 1.4 ]

Age (yr) 1 1 10 23 18 9 5
Ethnicity African Lebanese Turkish African
Consanguinity Yes Yes Yes Yes

LACCI mutation Homozygous c. 584 C>T

Homozygous c. 827delC

Homozygous ¢.1240 C>T ~ Homozygous c.372delT

p.T195I p.T276fs*2 p.R414* p.D125Mfs*12

CADD NA 22.6 42 NA

GNOMAD 0 0 0 0

Disease Severe pJIA Severe pJIA pJIA Severe pJIA

Autoimmune characteristics No antinuclear antibodies, no rheumatoid factors, no anti-cyclic citrullinated peptide

Lymphocytes 1,410 NA NA 1,213 1,395 3,600 5,000

(1,400-3,700/pl)

CD4 T cells (530-1,500/pl) NA NA NA 607 525 1285 NA

CD8 T cells (330-1,100/pl) NA NA NA 309 455 708 NA

CD19 B cells (110-860/pl)  NA NA NA NA 214 925 NA

NK cells (100-480/pl) NA NA NA NA 177 412 NA

Sera Ig

lgG (4-15 g/liter) 8.1 NA 53 3.4 103 81 3.6

IgA (0.78-4.110.7 g/liter) 0.54 NA 0.61 0.57 141 057 0.26

lgM (0.9 g/liter) 0.63 NA 0.26 0.64 031 0.77 0.19

IgE (<12150 kU/liter) 438 NA 6.4 164 2 178 75.6

Age of onset 5 mo 16 mo 15 mo 12mo 11mo 4yr 2yr

Associated uveitis No

Treatments Corticosteroids Etanercept ~Adalimumab Etanercept Etanercept Corticosteroids
Anakinra Anakinra  Hydroxychloroquine Anakinra Methotrexate
Canakinumab Tocilizumab Secukinumab Enbrel
Tocilizumab BMT Tocilizumab, Tocilizumab

Baricitinib

Methotrexate

Text in italics indicates previous therapies; text in bold indicates current therapies. BMT, bone marrow transplant; CADD, combined annotation-dependent
depletion; GNOMAD, Genome Aggregation Database; NA, not available; NK, natural killer cells.

(Fig. 1 D). This demonstrates that LACCI mutations in JIA pa-
tients induce a lower expression of LACCI.

LACC1 expression is induced by M-CSF during differentiation
of monocyte-derived macrophages, in an mTOR-dependent
pathway

LACC1 expression has been reported in murine macrophages
and neutrophils (Cader et al., 2016; Skon-Hegg et al., 2019), but
limited explorations have been performed in human cells (Lahiri
et al., 2017). The protein database BioGPS indicated highest
LACC1 mRNA levels in human macrophages (http://biogps.org/
#goto=genereport&id=144811). To screen for LACCl expression
at the protein level, we searched for a specific antibody to detect
endogenous levels of LACCI expressed by the monocytic U937
cell line differentiated or not in macrophages. We also used U937
cells in which we either knocked out or endogenously tagged (in

Omarjee et al.
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frame) LACCI by CRISPR/Cas9 genome editing as a control.
Numerous commercial antibodies were tested by WB, including
those that were used in previous articles on LACCI. Only one of
them (clone E7; Santa Cruz) showed a specific staining by WB
(Fig. S1 A). We then measured LACCI expression in different
primary human blood cells using this specific antibody. LACC1
expression was undetectable in lymphocytes and monocytes
(Fig. 2 A) but was strongly induced in macrophages differenti-
ated from monocytes with M-CSF. LACC1 was also expressed in
GM-CSF-derived macrophages and GM-CSF/IL-4-derived den-
dritic cells, albeit at lower levels than in M-CSF-derived
macrophages (hereafter simplified as macrophages; Fig. 2
B). Interestingly, macrophages also expressed a short form of
LACCI1 (Fig. 2, A and B) that may correspond to a cleavage
product of the protein. LACCI expression was rapidly induced
by M-CSF during macrophage differentiation from day
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Figure 2. LACCl is strongly expressed in an
mTOR-dependent manner during M-CSF-induced
human monocyte-macrophage differentiation.
(A) Immunoblots of various immune cells isolated
from buffy coat (lymphocyte and monocytes) or
differentiated in vitro (M-CSF macrophages; rep-
resentative of three experiments). Arrowhead in-
dicates short fragment of LACCL. (B) Immunoblot
of monocytes stimulated with the indicated cyto-
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0.16 0.04

[ ted with M-CSF and inhibitors (AKTi, Rapamycin,
s 5= and Torin2) over 24 h (representative of two ex-
c‘g L periments). (E) Immunoblots of macrophages de-

Monocytes + M-CSF E

Day 0 1 2 3 4 5 6 P <

50’ | e— —— —— —‘LACC‘] % —
40

rived from either four healthy donors or four JIA

| LACCT patients bearing indicated mutations in LACCI. Mw,

40
GAPDH — ——

molecular weight. For B and D, a quantification of

GAPDH LACC1 level is shown below the blot.

|

E - NN e
3 . T 2323
] = O += = 10
53, BERS5SSEE
O oo omw O O O O Mw
'50 50
L— - w w LACCH1
w40
- e - e e
PO w20
GAPDH
| —— —
e O B )

1 onwards (Fig. 2 C). We used various pharmacological inhibitors
to identify signaling pathways regulating LACCI induction upon
M-CSF stimulation. p38, JNK, ERK, and Pi3K pathways did not
contribute to this induction (Fig. S2). Conversely, inhibitors
targeting the protein kinase B (PKB, also known as AKT)-mTOR
pathway suppressed LACCI expression (Fig. 2 D and Fig. S2).
These results point the M-CSF-AKT-mTOR axis as an essential
pathway for LACCI expression during macrophage differentia-
tion. Next, we measured LACCI expression in patient-derived
macrophages and observed a total absence of the protein, con-
firming that these point mutations induced complete deficiency
of LACC1 at the endogenous level (Fig. 2 E).

LACC1 deficiency does not influence inflammasome, IFN-I, or
NF-kB activation

Aberrant activation of the IFN-I pathway, NF-«B-mediated sig-
naling, or inflammasome complex may lead to different forms of
auto-inflammatory diseases (Fig. 3 A). As some of the features
observed in these conditions overlap with those of JIA patients
(notably fever, arthritis, C-reactive protein [CRP] increase, and
elevated inflammatory blood markers; Fig. S3 A), we looked for
evidence of a link between LACCI and such autoinflammatory
pathways. The expression of IFN-stimulated genes (ISGs) was
measured on three patients’ whole blood samples from one
family, and an IFN score was calculated as previously described
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(Pescarmona et al., 2019). The IFN score was similar between
LACCI patients and healthy donors, well below that of patients
affected by Aicardi-Goutiéres syndrome (AGS) and stimulator of
IFN genes (STING)-associated vasculopathy of infancy (SAVI),
two inherited interferonopathies (Fig. 3 B). To test whether the
loss of LACC1 favored excessive activation of the inflammatory
NF-«B pathway, we knocked down LACCI expression in primary
macrophages using siRNA (hereafter called as siLACC1 macro-
phages), and measured IKBo expression, IKKB phosphorylation,
and cytokine secretion in response to heat-killed bacteria (Sal-
monella enterica serovar Typhimurium and Staphylococcus au-
reus) or LPS, a bacterial cell wall component. Similar degradation
of IKBa, phosphorylation of IKKpB, and TNF secretion were ob-
served in response to treatments in control and siLACC1 mac-
rophages (Fig. 3, C and D). Patients’ macrophages also produced
normal levels of TNF in response to LPS (Fig. 3 E), and CRISPR/
Cas9-mediated knockout of LACCI did not influence the capacity
of U937 cells differentiated into macrophages to produce TNF
upon LPS stimulation (Fig. S3 B). IL-1B release following in-
flammasome activation requires both a priming signal and an
activating signal. In cryopyrinopathies, the priming signal is
sufficient to activate inflammasome and subsequent IL-18/IL-18
release, while other inflammasomopathies result in higher se-
cretion of cytokines upon administration of both signals (Carta
etal., 2015; Tassi et al., 2010). This was not observed in patients’
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macrophages primed with LPS alone or with both signals
(Fig. 3 F). A similar conclusion was reached using U937 cells (Fig.
S3 C). Altogether, these functional tests do not support a role for
LACCI in the regulation of inflammasome activation, IFN-I sig-
naling, or NF-«B activation.

A proteomic screen identifies autophagy-associated proteins
as LACC1 partners

Roles for LACCI were previously demonstrated in lipid metab-
olism, NOD2-mediated NF-«B signaling, ER stress, and in the
purine nucleotide cycle (Cader et al., 2016; Lahiri et al., 2017;
Huang et al,, 2019). In an attempt to understand how LACC1
acted at the molecular level, we performed a bimolecular fluo-
rescence complementation screen to identify interacting part-
ners of LACCL This screen consisted of coexpressing LACCI
fused with the N-terminal fragment of the Venus fluorescent
protein and a library of 6,973 open reading frames (ORFs) fused
with the complementary C-terminal fragment of Cerulean in
HEK293T (Grinberg et al., 2004; Fig. 4 A). Potential molecular
interactions led to Venus reconstitution and fluorescence
emission, enabling cell sorting by flow cytometry (Fig. 4 B).
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4,308 cloned ORFs from Venus* cells were sequenced and fil-
tered so as to select the highest enriched ORFs in Venus* cells
but depleted in Venus™ cells. This resulted in the identification of
28 putative LACCI interactors (Table 2), which included
SDHAF4, a cofactor of succinate dehydrogenase complex, sub-
unit A (SDHA) previously reported to interact with LACCl
(Lahiri et al., 2017). Interestingly, among the other proteins
identified, two of them, RACK1 and especially AMPK (encoded by
RACKI and PRKAAI) are key regulators of autophagy induction
(Zzhao et al., 2015; Erbil et al., 2016), and several others have a
known connection with autophagy (VEGF, TPK1, SUV39H],
COROIC; Spengler et al., 2020; Miao et al., 2019; Kannan et al.,
2017; Schmelzle et al., 2004). Through coimmunoprecipitation
assays in 293T cells, we confirmed the interaction of LACCI with
AMPK and RACKI (Fig. 4 C). Moreover, we also confirmed the
interaction between endogenous LACC1 and RACKI1 by immu-
noprecipitation of RACK1 followed by LACC1 WB in macrophages
(Fig. 4 D). Monocytes were used as a negative control in this
experiment as they do not express LACCL. This led to the iden-
tification of AMPK and RACKI1 as novel partners of LACCl in
human macrophages.
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Figure 4. A large-scale proteomic screen
identifies AMPK and RACK1 as LACC1 part-
ners. (A) Schematic representation of proteomic
screen design consisting of the cotransfection of
LACC1 and ORF library tagged with either frag-
ments of Venus protein. (B) GFP-positive cell
sorting of 293T cells expressing BiFC ORFs trans-
fected with (right) or without (left) N-Venus-LACCL.
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LACC1 promotes autophagic flux in macrophages

Having established the interaction between LACCI, AMPK, and
RACK1, we sought to investigate the link between LACCI and
autophagy. We treated macrophages with inhibitors of late au-
tophagic stages, involving lysosomal degradation. We used
BafAl, inhibiting the fusion of lysosomes with autophagosomes;
chloroquine, a potent inhibitor of autophagolysosome acidifi-
cation; or the lysosomal cathepsin inhibitors E64D or pepstatin
A. These different treatments resulted in the rapid (1 h) accu-
mulation of full-length LACCI and the disappearance of the 30-
kD cleavage product (Fig. S4 A).

To test the role of LACCI in autophagy, we first treated
control or patient macrophages (carrying biallelic p.D125fs*,
p.T1951, and T276fs* variants) with BafAl and measured the level
of expression of LC3-1I, which is normally degraded during the
autophagy process, but accumulates when the autophagy mat-
uration step is compromised. Upon BafAl treatment, LC3-II
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accumulated in both control and patient macrophages, albeit to a
lower extent in LACCl-deficient patients (Fig. 5 A). Due to the
varying autophagy flux among healthy donors (Fig. 5 A) arising
from different genetic backgrounds, we reasoned that LACC1
knockdown with siRNA in the same donor macrophages would
overcome this genetic disparity. We therefore compared au-
tophagy flux between control and siLACC1 macrophages treated
with BafAl at different time points, and measured the level of
LC3-II accumulation. The inhibition of the autophagosome-
lysosome fusion upon BafAl treatment resulted in an expected
and a rapid accumulation of LC3-II in control macrophages but
not as much in LACCI knocked-down macrophages (Fig. 5 A),
suggesting that LACC1 is required for optimal macrophage au-
tophagy. Similar defects in autophagy were observed in siLACC1
macrophages when they were treated with chloroquine and
rapamycin (Fig. S4, B and C). To further substantiate the link
between LACC1 and autophagy, we transfected LACC1 in the
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Table 2. List of interactors derived from proteomic assay

ORF Numbers of reads per ORF Frequency of reads per ORF ORF enrichment
Pre-sorted cells GFP* cells GFP~ cells Pre-sorted cells GFP* cells GFP~ cells

SDHAF4 154 5,994 0 1.309E-03 3.734E-02 0 28.52
VEGF 107 3,215 0 9.097E-04 2.003E-02 0 22.02
IL18BP 161 4,143 0 1.369E-03 2.581E-02 0 18.85
KRT17 159 3,943 0 1.352E-03 2.456E-02 0 18.17
PPAP2A 112 2,509 0 9.522E-04 1.563E-02 0 16.41
TPK1 135 2,252 0 1.148E-03 1.403E-02 0 12.22
RNPS1 199 3,112 0 1.692E-03 1.939E-02 0 11.46
OSBPL2 294 4,415 0 2.499E-03 2.750E-02 0 11.00
CD160 104 1,492 0 8.842E-04 9.294E-03 0 10.51
RACK1 235 2,699 0 1.998E-03 1.681E-02 0 8.42
Cbvl 165 1,719 0 1.403E-03 1.071E-02 0 7.63
ADAMTS18 379 3,785 0 3.222E-03 2.358E-02 0 7.32
NY-REN-7 134 723 0 1.139E-03 4.504E-03 0 3.95
SORD 122 594 0 1.037E-03 3.700E-03 0 3.57
ZNF444 120 571 0 1.020E-03 3.557E-03 0 3.49
POLD2 619 2,684 0 5.263E-03 1.672E-02 0 3.18
SUV39H1 279 1,106 0 2.372E-03 6.890E-03 0 2.90
ACOT9 801 3,068 0 6.810E-03 1.911E-02 0 2.81
GCAT 209 781 0 1.777E-03 4.865E-03 0 2.74
PCYOX1 149 445 0 1.267E-03 2.772E-03 0 2.19
CORO1C 597 1,712 0 5.075E-03 1.066E-02 0 2.10
FBX042 150 353 0 1.275E-03 2.199E-03 0 172
Clorf73 492 1,097 0 4.183E-03 6.833E-03 0 1.63
PRKAA1 105 211 0 8.927E-04 1.314E-03 0 147
LILRA3 581 1,074 0 4.939E-03 6.690E-03 0 135
MRPL21 174 274 0 1.479E-03 1.707E-03 0 115
ANKRA2 448 694 0 3.809E-03 4.323E-03 0 114
RBM30 230 339 0 1.955E-03 2.112E-03 0 1.08

autophagy reporter cell line HeLa GFP-LC3 (Klionsky et al.,
2008; Mizushima et al., 2010). Upon transfection, we noticed a
trend to increased GFP dots corresponding to LC3-coated auto-
phagosomes in LACCl-transfected cells compared with controls
(Fig. S4 D), suggesting that LACCI overexpression promotes
autophagy.

To confirm the involvement of LACCI in autophagy, we then
compared the consequences of knocking down either LACC1
or ATG5, an essential protein for the elongation of growing
autophagosomes in various autophagy-modulating conditions.
Macrophages were cultured in normal or HBSS starvation me-
dium (a condition of AMPK-dependent autophagy induction)
and treated with BafAl to visualize autophagy upstream signal-
ing and flux. Results in Fig. 5 C show a comparable deficit in the
accumulation of LC3-II and p62 (a natural cargo of ongoing au-
tophagy) in LACCl and ATG5 knocked-down macrophages.
AMPK phosphorylation was induced by starvation, and this
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phosphorylation was identical in LACC1 and ATG5 knocked-
down macrophages, thereby indicating that LACCI acts down-
stream of AMPK in the autophagy cascade. mTOR activity,
antagonistic to AMPK and autophagy, was assessed by mea-
suring ribosomal S6 protein and 4-EBP1 phosphorylation levels.
Strikingly, both proteins were highly phosphorylated in both
ATG5 and LACC1 knockdown conditions, pointing toward
spontaneous up-regulation of mTOR signaling. This phenom-
enon could arise through compensatory mechanisms to failed
LACCl-mediated autophagy flux. Altogether, these results es-
tablish that LACCI is important to promote autophagic flux in
macrophages downstream of AMPK.

Loss of LACC1 impairs lipid droplet-fueled mitochondrial
respiration and phagocytosis

LACCI-deficient macrophages were previously reported to have
decreased fatty acid pools and impaired cell metabolism due to
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Figure 5. LACC1 regulates autophagy and associated signaling. (A) Immunoblot of five healthy donors (HD) versus five patients (three different samplings
of D125fs* [triangle], T196I [circle], and T276fs* [star]) macrophages treated with BafAl for 2 h. Right: LC3-II levels normalized to GAPDH. (*, P < 0.05 [paired
t test]).(B) Immunoblot of control versus siLACC1 macrophages treated with BafAl at different time points (representative of three experiments). Right:
Accumulation of LC3-Il levels normalized to GAPDH at selected time points based on the immunoblots. *, P < 0.05 (paired t test). (C) Immunoblot of control
versus LACCl-deficient macrophages treated with BafAl in RPMI or HBSS starvation medium for 2 h (representative of two experiments). LACC1 and ATG5
levels have been normalized with respect to GAPDH and unstimulted siCTRL condition. The right panels indicate normalized LC3-II (upper), phospho-APMK
(middle), and phospho-S6 (lower) to GAPDH. CTRL, control; Norm, normal.
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defective de novo lipogenesis via perixosomal fatty acid syn-
thase interaction (Cader et al., 2016). A very important piece of
evidence to support this model was the demonstration, using a
commercial anti-LACC1 antibody, that LACC1 localized in per-
oxisomes. This point was challenged, however, by a subsequent
study that used the same commercial antibody (E7 clone; Santa
Cruz; Skon-Hegg et al., 2019) and showed a diffuse subcellular
localization of LACCL. To test if the discrepancy was due to a lack
of specificity of LACCI antibodies, we stained parental and
modified U937 cell lines for LACC1 using antibodies against
human influenza hemagglutinin (HA) tag or LACCL, as men-
tioned above. HA staining, acting as the positive control in this
experiment, gave a specific staining in all three applications
tested (i.e., WB, flow cytometry, and confocal microscopy; Fig.
S1, A and B). In contrast, both Sigma-Aldrich and Santa Cruz
antibodies generated nonspecific binding when applied in flow
cytometry (Fig. S1 B) and immunofluorescence (Fig. S1 C).

Thus, we explored other mechanisms that may explain the
decreased pool of fatty acids in the absence of LACCL. In par-
ticular, previous studies established that AMPK-mediated au-
tophagy was essential to promote the generation of lipid droplets
(Nguyen et al., 2017). As we identified a physical and functional
link between LACC1, AMPK, and autophagy, we tested the im-
pact of LACC1 deficiency on the accumulation of lipid droplets.
Red oil staining revealed a dramatic reduction in lipid droplets in
LACCl-deficient macrophages compared with controls (Fig. 6 A).
Lipids droplets provide fatty acids for mitochondrial respiration
via fatty acid oxidation. Extracellular oxygen consumption rate
(OCR) analysis in LACCl-deficient macrophages indicated de-
creased mitochondrial respiration (Fig. 6 B). We next tested
whether an extracellular source of fatty acid such as palmitate
could restore lipid droplets levels, and hence mitochondrial
respiration. Macrophages were preincubated with palmitate for
16 h, and red oil staining showed reconstitution of the lipid
droplets pool (Fig. 6 C) and increased mitochondrial respiration
(Fig. 6 D).

Moreover, the autophagy machinery has been shown to
modulate uptake and clearance of foreign particles or apoptotic
bodies (Liao et al., 2012; Martinez et al., 2011; Bonilla et al., 2013).
Using either patient-derived or siLACCl-treated macrophages,
we showed that LACCl-deficient macrophages had reduced ap-
optotic bodies uptake and bacterial phagocytosis capacity com-
pared with controls (Fig. S5). These results suggest that LACC1
regulates fundamental macrophage functions such as phagocy-
tosis via the regulation of autophagy.

Discussion

JIA is a heterogeneous inflammatory joint disease of unknown
cause, currently classified according to clinical and serological
data. Next-generation sequencing has provided a new way to
identify genetic causes of the disease in familial forms. In this
study, we reported mutations in LACCI in four independent JIA
families, with fully penetrant chronic rheumatic disease of early
onset. Moreover, we show, for the first time, that such muta-
tions impair the expression, and thereby the function, of LACCI.
This implies that loss of function of LACCI contributes to
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arthritis pathogenesis. However, the mechanisms underlying
this contribution remain poorly understood.

LACCI was previously associated with lipid metabolism,
NOD2 complex, ER stress, and purine nucleotide cycle (Cader
et al., 2016, 2020; Lahiri et al., 2017; Huang et al., 2019). How-
ever, these pathways are difficult to connect to JIA pathogenesis.
Systemic forms of JIA in some LACCI-deficient patients (Wakil
etal., 2015) suggested a relation with innate immunity excessive
activation. However, we provided various data in this article
that do not support a functional link between LACC1 deficiency
and these pathways. Lahiri et al. (2017) reported that knock-
down of LACCI in human macrophages was associated with a
reduction of at least threefold in TNF and IL-1B/6/8/10 cytokine
production upon TLR and NOD2 stimulation. We were not able
to reproduce these results using either gene-edited U937 cells or
primary human macrophages. Moreover, we did not observe
any aberrant NLRP3 inflammasome-dependent IL-1B secretion
in patient macrophages, whereas Cader et al. (2016) reported a
decrease in IL-1B production in Laccl-knockout murine macro-
phages following NLRP3 activation. Notably, the same study
demonstrated that intraperitoneal injection of LPS resulted in
higher IL-1B secretion in the knockout mouse model, a finding
that was not retrieved in a LPS-induced sepsis model (Skon-
Hegg et al., 2019). The reasons for these discrepancies remain
unclear and warrant further investigation.

In vivo, tissue-resident macrophages have either embryonic
or monocytic origin, and are dependent on environment cues for
functional specialization. For the first time, we report that
M-CSF, and not GM-CSF, strongly induces LACCl expression
during macrophage differentiation via the activation of the
mTOR pathway. M-CSF is known to generate anti-inflammatory
M2-like macrophages with tissue remodeling functions, while
GM-CSF favors the production of inflammatory M1-like mac-
rophages for pathogen elimination (Lacey et al., 2012). It is also
possible that similar to Crohn’s disease, which has been associ-
ated to NOD2 variants, defective phagocytosis in LACCI patients
could participate in systemic inflammation (Travassos et al.,
2010). Further studies are required to understand which hu-
man macrophage subsets express LACCI in vivo and the role of
microbiota, which may provide insights into the pathophysiol-
ogy of the disease. One can also speculate that additional genetic
or environmental factors may impact LACCI expression in other
juvenile- or adult-onset arthritis.

In our study, mTOR-dependent signals induced LACCI, which
promoted autophagy. Both mTOR and autophagy are important
in human macrophage differentiation, despite both processes
being antagonistic (Zhang et al., 2012; Jacquel et al., 2009, 2012).
M-CSF-activated colony-stimulating factor 1 receptor (CSFIR)
triggers cyclic activation of the AKT-mTOR pathway necessary
for human macrophage differentiation (Jacquel et al., 2009). We
hypothesize that autophagy follows similar cyclic activation, and
that LACC1 might represent a potential switch between these
processes. Indeed, loss of LACC1 impaired autophagic flux and
increased mTOR signaling in primary macrophages, represent-
ing a feed-forward loop to promote LACCl expression. To
counteract the spontaneous mTOR activation and promote au-
tophagy, mTOR inhibition may represent a new avenue for the
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Figure 6. LACC1 promotes lipid droplet and mitochondrial respiration. (A) Red oil staining of macrophages transfected with control or LACCL siRNA in
basal RPMI medium (representative of three experiments). (B) OCR measurement of macrophages transfected with control or LACC1 siRNA with successive
glucose (Glu), oligomycin (0), FCCP (F+P), and rotenone and antimycin A (R+A) treatments (representative of three experiments). (C) Red oil staining of
macrophages transfected with control or LACC1 siRNA in palmitate supplemented medium for 16 h (representative of two experiments). (D) OCR measurement
of transfected with control or LACC1 siRNA treated with palmitate followed by successive addition of glucose, oligomycin, FCCP, and rotenone and antimycin A

(representative of two experiments). Pal, palmitate.

treatment of inflammatory arthritis (Cejka et al., 2010). In ad-
dition, mouse studies have demonstrated the importance of
mTOR in fueling glucose and sterol biosynthesis during mac-
rophage differentiation (Karmaus et al, 2017). The present
study, and others, indicate that LACCI (Cader et al., 2016) reg-
ulates lipid metabolism. This role may be connected to the shift
in lipid metabolism undergone by differentiating macrophages,
and suggests a functional impact in vivo (Ecker et al., 2010).
Our study identified RACK1 and AMPK, two autophagy-
initiating proteins, as LACC1 partners. LACCI polymorphisms
have been associated with Crohn’s disease (Assadi et al., 2016;
Cleynen et al., 2013; Huang et al., 2016; Patel et al., 2014; Umeno
et al., 2011), and such associations were also observed for var-
iants of several autophagy-associated genes such as NOD2,
ATGI6L1, and IRGM (Tida et al., 2017). These proteins interact and
associate closely with AMPK (Chauhan et al., 2015), while NOD2
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partners with LACC1 (Lahiri et al., 2017). These genetic associ-
ations consolidate our model that LACCI binds to the AMPK
complex to regulate autophagy. Functionally, we demonstrate a
partial reduction of the autophagy flux in LACCI-deficient
macrophages under normal culture conditions.

Impaired AMPK activity decreases autophagic flux and limits
lipid droplet formation, which can no longer feed mitochondrial
respiration (Nguyen et al., 2017). Our study revealed impaired
lipid droplet levels and mitochondrial respiration in LACCI-
deficient macrophages, which could be compensated by exoge-
nous palmitate. Supplementation of Laccl knockout murine
macrophages with fatty acid also rescued mitochondrial respira-
tion (Cader et al., 2016). These results suggest that the composition
of the extracellular medium or tissue microenvironment can
modulate LACCl-associated phenotypes. One may speculate that
the metabolic composition of the joint microenvironment drives a
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pro-inflammatory phenotype of LACCI-deficient macrophages.
Alternatively, LACCl-dependent autophagy in macrophages may
allow the clearance of some joint-specific inflammatory lipids.
Indeed, lipid droplets are known to play cytoprotective roles by
sequestering fatty acids and reducing the accumulation of various
cytotoxic lipid species (Nguyen et al., 2017). Furthermore, based
on the known interplay between autophagy and lysosomes, LACC1
may also regulate other cellular functions associated with lyso-
somes such as antigen presentation. Finally, a more global defect
of membrane trafficking may also account for the phagocytosis
and autophagy defects.

In conclusion, we find that loss-of-function mutations in
LACCI are associated with chronic rheumatic disease with full
penetrance. Proteomic and biochemical investigations demon-
strate a novel role for LACCI in modulating autophagy flux
through AMPK signaling. This autophagic flux regulated lipid
droplet levels and mitochondrial activity, thus linking LACC1 to
immunometabolism. LACC1 deficiency thus defines a novel
category of inflammatory disease associated with macrophage
defects in autophagy and metabolism.

Material and methods

Ethics statement

Written informed consent was obtained for data collection,
blood sampling, and genetic testing relating to patients, family
members, and healthy control subjects. The study was approved
by the Leeds (East) Multi-center Research Ethics Committee (no.
10/H1307/132).and the Comité de Protection des Personnes Sud-
EST III Ethics Committee (no. 2013-011B).

Exome sequencing

DNA was extracted from whole blood samples using standard
methods. Whole-exome sequencing was performed on genomic
DNA of patients. Whole-exome sequencing was performed using
an AmpliSeq kit, with libraries analyzed on a Life Technolo-
gies Proton instrument. P3 was sequenced using a SureSelect
Human All Exon kit (Agilent Technologies) for targeted en-
richment and an Illumina HiSeq 2000. Variants were assessed
using the in silico programs combined annotation-dependent
depletion (https://cadd.gs.washington.edu), SIFT (http://sift.
jevi.org), and Polyphen-2 (http://genetics.bwh.harvard.edu/
pph2/), and summarized in Varcards (http://varcards.biols.
ac.cn). Population allele frequencies were obtained from the
ExAC (http://exac.broadinstitute.org) and Genome Aggrega-
tion Database (http://gnomad.broadinstitute.org) databases.
Sanger sequencing was performed on DNA from patients and
their parents to confirm the LACCI variants found by exome
sequencing. The reference sequence used for primer design
and nucleotide numbering was LACCI (NM_001128303.1). Primer
sequences are available on request.

Monocyte purification

Blood was obtained from healthy donors from the Etablissement
Frangais du Sang Auvergne Rhoéne Alpes, France, under the
convention EFS 16-2066. Peripheral blood mononuclear cells
were isolated from 450 ml of freshly drawn venous human
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peripheral blood by Ficoll (Eurobio) density gradient centrifu-
gation. Cells were washed three times in sterile PBS (Thermo
Fisher Scientific) and resuspended in separation medium (PBS,
pH 7.2, supplemented with 0.5% BSA and 2 mM EDTA). Mono-
cyte purification was performed by CD14-positive selection us-
ing a human CD14 microbeads purification kit (Miltenyi Biotec)
following the manufacturer’s recommendations. Cell suspen-
sions were always >95% CD14* as determined by flow-cytometric
analysis.

Cell line and reagents

Human myeloid cell line U937 was obtained from the biological
resource center Cellulonet (Lyon, France) and grown in RPMI
1640 GlutaMax (Thermo Fisher Scientific) supplemented with
10% (vol/vol) heat-inactivated fetal calf serum (Dutscher),
10 mM Hepes, pH 7.5 (Thermo Fisher Scientific), and 0.04 mg/
ml gentamycin (Thermo Fisher Scientific). U937 cells were ex-
posed to 100 ng x ml! of PMA (InvivoGen) for differentiation.
For primary macrophage differentiation, purified monocytes
were plated in the presence of 50 ng/ml M-CSF (Miltenyi Biotec)
and incubated at 37°C in 5% CO, for times indicated in the figure
legends. Human GM-CSF and human IL-4 were from Miltenyi
Biotec. Rapamycin was from Tocris. Torin 2 and BafAl were
from Invivogen. The inhibitors SB203580 (p38 inhibitor),
SP600125 (JNK inhibitor), PD98059 (ERK inhibitor), and
L.Y294002 (PI3K inhibitor) from InvivoGen and AZD5363 (AKT
inhibitor) from Selleckchem were gifts from Patrice André and
the Vincent Lotteau Laboratory (Centre International de Re-
cherche en Infectiologie, Lyon, France). Chloroquine, pepstadin
A, and E64D were from Sigma-Aldrich, while BafAl was from
Invivogen. LPS used for macrophages stimulation was from In-
vivogen. Heat-killed S. enterica serovar Typhimurium (strain
SL1344) and heat-killed S. aureus (strain Lug960) were cultured
in T. Henry's laboratory.

LACC1 knockout in U937

LACCI gene expression was invalidated in the U937 cell line by
CRISPR/Cas9 technology. Guide RNA (gRNA) directed against
LACCI (5'-GCTGTTTTGATTGATCTTTT-3') was cloned into the
pSpCas9(BB)-2A-GFP (PX458) vector (from Feng Zhang; Add-
gene plasmid 48138) following an adapted protocol from the
Zhang laboratory (McGovern Institute, Massachusetts Institute
of Technology, Cambridge, MA). To generate the knockout cell
line, 1 ug of gRNA-expressing plasmid was transfected into 5,104
mycoplasma-free U937 cells using the Neon Transfection System
(Thermo Fisher Scientific) according to the manufacturer’s
protocol (10 pl tips; 1,300 V; 30 ms; one pulse). 2 d later, single-
clone GFP-positive cells were sorted by flow cytometry on the
BD Biosciences FACSAria II. LACCl1 knockout clones were
screened by sequencing of a PCR fragment corresponding to the
genomic region flanking the targeted sequence and by WB.

Introduction of HA tag on endogenous LACC1 in U937 cell line

gRNA was designed to target LACC1 near ATG using Crispor-
Tefor webtool and was synthesized by IDT (gRNA sequence:
5'-TAAAAGTATTCTTTCAAGGA-3'). Single-stranded oligodeoxy-
nucleotide (ssODN) was designed to add HA tag in the
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N-terminal part of LACCI and was synthetized by IDT (5'-GGA
CAGCATTCAAAGTCTTCAGTAATGTCTGATGGCAGTTTTTTT
GAGAGTTCAATTTCAAACCAAAAAGATCAATCAAAACAGCTT
CTGCGGCATAATCTGGCACATCATAAGGGTACATCCTTGAAA
GAATACTTTTATGCCAAATAAATCA-3'). The protocol for de-
livery of ribonucleoprotein (RNP) and ssODN in U937 was
adapted from a protocol available on the IDT website (Alt-R
CRISPR/Cas9 system-RNP electroporation Neon transfection
system). Briefly, equal volumes of CRISPR RNA (crRNA;
200 uM in nuclease-free duplex buffer; IDT) and trans-
activating crRNA (tracrRNA; 200 uM in nuclease-free duplex
buffer; IDT) were mixed, heated at 95°C for 5 min, cooled
slowly at room temperature for 30 min, and then plunged into
ice to form the single-guide RNA (sgRNA). sgRNA was then
diluted to 43 uM in nuclease-free duplex buffer (IDT). Cas9
(Alt-R S.p. Cas9 Nuclease V3; IDT) was diluted to 36 uM in
buffer R from the Neon transfection system kit (10 pl; Thermo
Fisher Scientific). For one reaction, 0.5 pl of sgRNA was mixed
with 0.5 pl of diluted Cas9, and the mixture (RNP mix) was
incubated 20 min at room temperature. 5 x 10° U937 cells were
centrifuged and washed once in PBS, then resuspended in 9 pl R
buffer from the Neon transfection system kit (10 pl; Thermo
Fisher Scientific). 1 pl of RNP mix was added to the cell sus-
pension with 2 pl of 10.8 uM solution of Alt-R Cas9 Electro-
poration Enhancer (IDT) and 1 pl of ssODN (30 uM stock in IDT
nuclease-free duplex buffer). Cells were electroporated using
the Neon system (Thermo Fisher Scientific; 1,300 V; 30 ms; one
pulse).

10 ul electroporated cells were added to 190 pl complete pre-
warmed medium and grown for several days. 4 d after electro-
poration, genomic DNA flanking the region of interest was se-
quenced to confirm the presence of genome editing. Then U937
was cloned, and clones were screened by PCR to confirm the
presence of endogenous LACCL HA tag (by PCR and WB).

siRNA transfection in macrophages

After 4 d of macrophage differentiation, medium was removed
and replaced by 8 ml of fresh RPMI containing M-CSF. siRNA
(Dharmacon) complexes were prepared at a concentration of 10
nM and were transfected using Lipofectamine RNAIMAX re-
agent (Thermo Fisher Scientific) according to the manufacturer’s
instructions. ON-TARGETplus Non-targeting Pool (D-001810-10)
was used as a negative control. ON-TARGETplus LACCL (L-
015653-02) and ATG5 (L.-004374-00) siRNA were used to de-
crease LACCI and ATG5 protein expression, respectively.

IFN score assessment

Total RNA extraction was performed on whole blood col-
lected on EDTA using a Maxwell 16 LEV SimplyRNA Blood Kit
(Promega) and a magnetic particle processor (Maxwell 16;
Promega) according to the manufacturer’s recommendations.
The extraction kit included an individual DNase treatment.
Total RNA was diluted in 40 ul RNase free water, and the
concentration was quantified by spectrophotometry using a
NanoVue (Biochrom). The IFN signature was assessed using the
NanoString (NanoString Technologies) procedure; 200 ng of
RNA was hybridized to the probes (a reporter probe and a
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capture probe) at 67°C for 16-21h using a thermocycler. Samples
were then inserted into the nCounter Prep Station for the removal
of excessive probes, purification, and immobilization onto the
internal surface of a sample cartridge for 2-3 h. Finally, the sample
cartridge was transferred to the nCounter Digital Analyzer, where
color codes were counted and tabulated for each target molecule.
Count numbers obtained for the six ISGs were normalized by the
geometric mean of three housekeeping genes count numbers
(B-actin, HPRT1 [hypoxanthine phosphoribosyltransferase 1] and
POLR2A [RNA polymerase II subunit A]) as well as the negative
and positive control values using nSolver software.

Hela cell transfection

Hela cells stably expressing LC3-GFP were cultured in DMEM
with Glutamax supplemented with 10% fetal bovine serum,
10 mM Hepes, and 40 pg/ml gentamycin (Thermo Fisher Sci-
entific). Cells were seeded at 150,000 cells per well in 6-well
culture dishes for transfection. Cells were transfected with
p3XFlag-CMV-hsLACCI vector coding for human LACCI cDNA
fused to 3xFlag tag in its N-terminal sequence using the jetPEI
reagent (Polyplus Transfection) according to the manufacturer’s
instructions.

Immunofluorescence

1.5 x 10° HeLa and 3 x 10° U937 cells were seeded on glass
coverslips in 24-well plates and stimulated the next day as in-
dicated. At the desired time points, cells were washed three
times with PBS and were fixed for 10 min with 4% parafor-
maldehyde. Following fixation, coverslips were washed three
times with PBS and incubated 5 min with 0.1% Triton X-100.
Coverslips were washed three times with PBS, and after 20 min
incubation with blocking buffer (PBS, 10% goat serum, 3% BSA,
and 1% human serum), coverslips were stained overnight at 4°C
with mouse and rabbit primary antibodies for 20 min at room
temperature with the following secondary antibodies: goat anti-
mouse-Alexa Fluor 488 (Sigma-Aldrich; 1:1,000), and goat anti-
rabbit-Alexa Fluor 647 (Sigma-Aldrich; 1:1,000). Following a
10-min staining with DAPI (Vector Labs), coverslips were
mounted on glass slides with Prolong Gold (Molecular Probes)
and imaged on a Zeiss LSM710.

Inflammasome activation assay

Macrophages were seeded in 96-well plates at 5 x 10% cells/well
in RPMI 1640 GlutaMAX medium (Thermo Fisher Scientific)
supplemented with 10% fetal calf serum (Dutscher). Macro-
phages were incubated for 3 h in the presence or absence of a
priming signal consisting of LPS (10 ng/ml; Invivogen). Cells
were then treated for 1.5 h with nigericin (5 mM; Invivogen) for
NLRP3 inflammasome activation. Following the incubation, cells
were centrifuged, and supernatants were collected.

Cytokine release measurement

All ELISAs were from R&D Systems (DY210 and DY201) and
were used following the manufacturer’s recommendations.
Briefly, 50,000 macrophages were stimulated with 10 ng/ml of
LPS for 3 h followed by 5 uM with nigericin for 1 h 30 min. Su-
pernatants were collected and assayed for IL-18 and TNF levels.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20201006

1.20Z YoIe 0 uo Jesn ybinquip3 JO Ausienun Aq 4pd-90010202 Wel/ZLE0LY1/9001020z8/c/8 | z/pd-8joe/wal/Bio ssaidnyj/:dny woly papeojumoq

13 of 16


https://doi.org/10.1084/jem.20201006

Immunoblot analysis

Cells were lysed in NP-40 lysis buffer (20 mM Tris, HCl, pH 7.4,
150 mM NaCl, 2 mM EDTA, and 1% NP-40) containing protease
inhibitors for 30 min at 4°C. Supernatant was collected following
10 min centrifugation at 16,000 g, 4°C, and protein content was
quantified using the WBCA quantification kit (Thermo Fisher
Scientific). Protein extracts (50 pg) were separated by SDS-
PAGE on precast 4-12% acrylamide gel gradients and transferred
to TransBlot Turbo Midi-size nitrocellulose membranes (Bio-
Rad). Antibodies used were anti-LACCI1 (E7 clone; Santa Cruz),
anti-GAPDH, anti-IL-1B, anti-phospho and total Akt, AMPK, IKB,
IKKB, and S6 from Cell Signaling Technology, anti-LC3B from
Sigma-Aldrich, anti-p62 from Abcam, and anti-rabbit IgG anti-
body conjugated to horseradish peroxidase (1:10,000; Jackson
Immunoresearch), and revealed using the Chemiluminescence
Western Lightening Plus Kit (Perkin-Elmer).

Flow cytometry analysis

U937 cells were fixed with eBioscience Fixation/Permeabiliza-
tion Concentrate (00-5123-43; Invivogen) in combination with
the 10x Permeabilization buffer (00-8333-56) following the
manufacturer’s instructions. Cells were then stained with pri-
mary antibodies (anti-LACCI [E7 clone; Santa Cruz], anti-LACC1
[HPA040150; Sigma-Aldrich], or anti-HA [901524; Biolegend])
for 1 h at room temperature. Secondary antibodies used were
anti-rabbit or anti-mouse coupled with Alexa Fluor 747 for
30 min. Cells were then acquired using a LSRFortesa (BD Bio-
sciences), and data were analyzed using Flow]Jo (version 10.2)

Bimolecular fluorescence complementation (BiFC) screen

HEK293T cells were established with a library of 7474 human
ORFs fused to the C-terminal fragment of Cerulean (CC) and
under the control of a Dox-inducible promoter. The library was
inserted at one copy/cell for the large majority (80%) of cells.
A proof-of-principle of this tool has been deposited (patent
FR1655539), and more information will be described elsewhere
(unpublished data). Transfections of the BiFC-human embryonic
kidney (HEK) 293T cell library with the VN-LACCI encoding
plasmid were performed using the JetPRIME reagent (Polyplus).

Red oil staining

300,000 cells were plated onto coverslips in 24-well plates and
allowed to rest overnight before being stimulated the next day as
indicated. Cells were washed with PBS and fixed for 20 min with
4% paraformaldehyde and permeabilized with 70% isopropanol
for 5 min. Cell were then stained with a solution of 4.2 mM Red
0Oil O dissolved in isopropanol for 15 min followed by several
washes with water. Coverslips were then mounted onto glass
slides using ProLong Gold Antifade Mountant (P36934; Thermo
Fisher Scientific). Slides were analyzed on an LSM 800 confocal
microscope, and Image] was used to process the images.

Seahorse analysis

The OCR was measured in XF medium (unbuffered RPMI con-
taining 2 mM glutamine, pH 7.4) under basal conditions and in
response to glucose (25 mM), oligomycin (1 M), trifluoromethoxy
carbonylcyanide phenylhydrazone (FCCP; 1.5 M), plus pyruvate
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(1 mM) and antimycin A (1 uM), plus rotenone (0.1 uM) with an
XFp Extracellular Flux Analyzer (Seahorse Bioscience). Macro-
phages were plated (2 x 10° cells per well) in Seahorse plates
overnight. The OCR was analyzed in real time for 155 min. For the
fatty acid supplementation assay, Seahorse XF Palmitate-BSA FAO
Substrate kit (Agilent) was used according to the manufacturer’s
instructions.

Efferocytosis assay

Murine thymocytes were stained using 1 uM of CFSE (Life
Technologies) for 10 min at 37°C and washed two times with
30 ml of complemented RPMI medium. Cells were treated for 4 h
with dexamethasone (Sigma-Aldrich) to induce apoptosis. The
CFSE-stained apoptotic bodies were washed twice with supple-
mented RPMI medium before being used in the efferocytosis
assay. 1 x 10* macrophages were seeded on a 48-well plate
overnight. 1 x 10° CFSE-stained apoptotic thymocytes were
added to macrophages for 2 h. Macrophages were washed with
PBS, trypsinized, and resuspended in 200 pl of PBS. CFSE uptake
was analyzed by flow cytometry.

Phagocytosis assay

Briefly, 5 x 10* macrophages seeded on a 24-well plate overnight
and were incubated with DsRed-expressing Escherichia coli at
a multiplicity of infection of 10 in antibiotic-free RPMI me-
dium for 30 min. Wells were then washed twice with PBS,
and gentamycin-containing RPMI was added. Macrophages were
incubated for indicated times. Macrophages were washed with
PBS, trypsinized, and resuspended in 200 ul of PBS before
analysis by flow cytometry.

Statistical analysis

Data were analyzed in GraphPad Prism 5.0. Appropriate use of
unpaired and paired t tests was made to calculate significant
differences between different experimental conditions. These
are mentioned in the figure legends.

Online supplemental material

Fig. S1 shows the specificity of various anti-LACCI antibodies for
different protein detection assays. Fig. S2 shows the implication
of signaling pathways modulating LACCI expression. Fig. S3
shows the inflammatory profile in LACCI-deficient patients.
Fig. S4 shows the implication of LACCI in the autophagy ma-
chinery using primary human macrophages or a reporter HeLa
LC3-GFP cell line. Fig. S5 shows the phagocytic capacity of
LACCI-deficient macrophages in response to apoptotic bodies or
bacteria.
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Figure S1. Endogenous LACC1 tagging reveals unspecific staining by previously used commercial antibodies. (A) Immunoblots of U937 either WT,
HA-tagged, or deficient for LACCI using anti-LACC1 (E7 clone; Santa Cruz), anti-LACCL (HPA040150; Sigma-Aldrich), or anti-HA (901524; Biolegend) antibody.
(B) Intracellular FACS staining of U937 HA-LACC1 or LACC1~/~ with indicated antibodies against LACCL. (C) Confocal analysis of U937 HA-LACC1 or LACC1~/~
with indicated antibodies against LACCL. Nucleus was stained with DAPI (blue).
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Figure S2.  Role of major signaling pathways on LACC1 expression in macrophages. Immunoblots of monocytes treated with or without M-CSF and
different inhibitors of p38, JNK, ERK, PI3K, and AKT during the indicated period (representative of two experiments).
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Figure S3. Inflammatory cytokine production in a LACC1-deficient environment. (A) Heatmap representation of serum cytokine levels of three healthy
family members (black) and seven LACC1 patients (red). (B) U937 were differentiated for 48 h with PMA and stimulated 3 h with LPS (n = 5). Supernatants were
assayed for TNF levels. (C) U937 were differentiated for 48 h with PMA and stimulated 3 h with LPS + Nigericin (Nig; n = 5). Supernatant were assayed for IL-
1B levels.
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Figure S4. Autophagy-lysosome inhibitors control LACC1 cleavage and confirms LC3-1l accumulation defect in the absence of LACC1. (A) Immunoblots
of M-CSF macrophages treated with or without lysosome-autophagy inhibitors such as Bafilomycin Al (BafAl), cathepsin inhibitors E64D and pepstatin A (Pep
A) or chloroquine (CQ) at different time points (Tx). (B) Immunoblots of siLACC1 macrophages treated with either chloroquine (n = 2) or BafAl (n = 3).

(C) Immunoblots of siLACC1 macrophages treated with a combination of rapamycin (Rapa), chloroquine, or BafAl for 2 h (n = 2). (D) Confocal microscopy of

Hela cells stably expressing GFP-LC3 (green) transfected with Flag-LACC1 (red). Nucleus was stained with DAPI (blue; representative of three experiments).
Right: Quantification of the number of LC3-GFP dots per cell in the different conditions. *, P < 0.05; **, P < 0.005.
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Figure S5. LACCl-deficient macrophages have impaired capacity to clear apoptotic bodies and bacteria. (A) FACS analysis of five control or two LACC1
patients’ macrophages preincubated for 4 h with CFSE-stained apoptotic bodies. (B) Control or siLACCI macrophages were preincubated for 30 min with live
DsRed E. coli before removal and addition of sterile medium containing antibiotic. Macrophages were analyzed at different time points post infection (p.i.) for
bacterial uptake (n = 4; *, P < 0.05; paired t test). MDM, monocyte-derived macrophage.
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