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Acyl-coenzyme A (CoA)-binding protein (ACBP), also known as diazepam-binding
inhibitor (DBI), is an extracellular feedback regulator of autophagy. Here, we report
that injection of a monoclonal antibody neutralizing ACBP/DBI (a-DBI) protects
the murine liver against ischemia/reperfusion damage, intoxication by acetaminophen
and concanavalin A, and nonalcoholic steatohepatitis caused by methionine/choline-
deficient diet as well as against liver fibrosis induced by bile duct ligation or carbon
tetrachloride. a-DBI downregulated proinflammatory and profibrotic genes and upre-
gulated antioxidant defenses and fatty acid oxidation in the liver. The hepatoprotective
effects of a-DBI were mimicked by the induction of ACBP/DBI-specific autoantibod-
ies, an inducible Acbp/Dbi knockout or a constitutive Gabrg;l)7 77l mutation that
abolishes ACBP/DBI binding to the GABA, receptor. Liver-protective o--DBI effects
were lost when autophagy was pharmacologically blocked or genetically inhibited by
knockout of Azg4b. Of note, a-DBI also reduced myocardium infarction and lung
fibrosis, supporting the contention that it mediates broad organ-protective effects
against multiple insults.
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Macroautophagy (hereafter referred to as “autophagy”) is a process through which
portions of the cytoplasm are sequestered in autophagosomes, which subsequently fuse
with lysosomes for the enzymatic hydrolysis of the autophagic cargo (1). Although
autophagy is often observed in the context of cell death, it preponderantly subserves cyto-
protective functions. Thus, excessive autophagy leading to cellular demise (“autophagic
cell death” or “autosis”) is a rare phenomenon. Rather, in most instances, cell stress—
induced autophagy delays or avoids cell death by facilitating cellular adaptation (2-4).
This stress-adaptive function of autophagy results from a combination of factors, includ-
ing, but not limited to, (i) the mobilization of macromolecules, including proteins,
messenger RNA (mRNA), lipids, and glycogen, to generate energy-rich metabolites and
building blocks for anabolic reactions and (ii) the selective removal of damaged cellular
structures, including aggregates of misfolded proteins, uncoupled or permeabilized mito-
chondria, as well as other dysfunctional organelles (4-6). As a result, cellular fitness is
improved in a cell-autonomous fashion. Moreover, the activation of proinflammatory
pathways is blunted by autophagy due to the removal of molecules (such as cytosolic
DNA or reactive oxygen species) that may activate endogenous pattern-recognition recep-
tors, as well as due to the downregulation of the downstream signals emanating from
such receptors (2, 7, 8).

Given its preponderant role in the turnover of cytoplasmic structures, experimental
inhibition of autophagy accelerates the time-dependent degeneration of organelles,
cells, organs, and the entire organism. Genetic defects that attenuate autophagy can
specifically affect distinct organs or cause multiorgan syndromes (9, 10). Moreover,
normal aging and obesity, the most-prevalent pathological condition in humans, are
associated with reduced autophagic flux (11). Conversely, genetic manipulations aim-
ing at inducing autophagy have a broad antiaging effect, as this has been demonstrated
in mice by transgenic overexpression of the essential autophagy gene Azg5 (12) or by
gain-of-function mutation of Beclin I (13). Of note, it appears that many lifespan- and
healthspan-extending manipulations, be they nutritional (such as caloric restriction or
oral supplementation with spermidine), pharmacological (such as administration of
rapamycin), or genetic (such as interruption of the insulin/insulin growth factor recep-
tor or removal of tumor suppressor protein p53) require autophagy for being efficient
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Pharmacological induction of
autophagy usually involves small
molecules targeting intracellular
signaling cascades. Here, Motino
et al. demonstrate that
monoclonal antibody-mediated
neutralization of an extracellular
inhibitor of autophagy, acyl-
coenzyme A binding protein
(ACBP)/diazepam-binding inhibitor
(DBI), stimulates cytoprotective
autophagy, hence inhibiting cell
loss, inflammation, and fibrosis in
various disease models affecting
liver, lung, and myocardium.
Extracellular ACBP/DBI acts as an
autophagy checkpoint on GABA,
receptors, hence offering a target
for a new class of autophagy
checkpoint inhibitors.
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(14-19). In view of these rather broad health-improving effects
of autophagy, its induction has been proposed as a general
strategy to combat diseases affecting specific organs, including
liver (11, 20, 21), heart (22), lung (23), or kidney (24, 25). As
an example, autophagy induction can prevent the develop-
ment of multiple hepatic pathologies, including, but not
limited to, acetaminophen-induced liver failure (26), nonalco-
holic hepatosteatosis (NASH) (27), liver fibrosis and cirrhosis
induced by alcohol or toxins (28), as well as cholestasis-induced
hepatitis (21).

The pharmacological induction of autophagy is typically achieved
by drugs acting on intracellular energy sensors, including mech-
anistic target of rapamycin complex 1 and ElA-associated
protein, which must be inhibited to induce autophagy, and
sirtuin-1 or adenosine monophosphate—activated kinase, which
must be activated to induce autophagy (19, 29, 30). Other
classes of autophagy inducers disrupt the inhibitory interaction
of B cell lymphoma 2 with the proautophagic lipid kinase
complex composed by beclin-1 and phosphatidylinositol 3-kinase
catalytic subunit type 3 (31) or activate the lysosomal calcium
channel TRPML1 (32).

Recently, we described an extracellular feedback loop of
autophagy that involves the protein acyl coenzyme A-binding
protein (ACBP), which is called by diazepam-binding inhibitor
(DBI) (10). Indeed, autophagy is tied to the atypical secretion
of this leaderless protein that is predominantly present in the
cytosol of nucleated cells (10, 33). Once released into the extra-
cellular space, ACBP/DBI then acts on gamma-aminobutyric
acid (GABA) receptors to inhibit autophagy via autocrine, para-
crine, and neuroendocrine pathways (10, 34). When injected
intraperitoneally or intravenously, a monoclonal antibody (mAb)
against ACBP/DBI (dubbed as a-DBI) remarkably reduced
high-fat diet-induced adiposity, diabetes, and hepatosteatosis
while enhancing autophagy, lipolysis, and p-oxidation and simul-
taneously reducing appetite (10, 34, 35). These effects were
considered to be on target, because they could be mimicked by
inducible whole-body knockout of ACBP/DBI (10). Intrigued
by these observations, we decided to investigate the potential of
a-DBI on different organs (liver, heart, and lung) damaged by
a series of drugs, toxins, or ischemic insults. Here, we report
the broad organ-protective, autophagy-dependent effects of
a-DBI.

Material and Methods

We used mouse models of cardiac ischemia (induced by ligation of the left ante-
rior descending coronary artery (36)), liver ischemia reperfusion (37), NASH
induced by a methionine choline-deficient diet (MCD) (as opposed to regular
chow diet [RCD]), liver fibrosis (induced by bile duct ligation or CCL4 injec-
tions) (38, 39), and lung fibrosis (induced by bleomycin) (40). Data are
expressed as means + SEM. S/ Appendix includes experimental and statisti-
cal details.

Results

Hepato- and Cardio-Protective Effects of ACBP/DBI Neutralization
against Acute Insults. Injection of a mAb-neutralizing ACBP/
DBI (a-DBI) (2.5 pg/g intraperitoneally [i.p.], 6 and 2 h before
sactifice) enhances the hepatic lipidation of microtubule-associated
proteins 1A/1B light chain 3B (hereafter referred to as LC3B),
a marker of autophagy, giving rise to the electrophoretically more-
mobile LC3-II form (Fig. 1 A and B) (41). This effect
was further enhanced by injection of the lysosomal protease
inhibitor leupeptin (30 mg/kg i.p., 2 h before sacrifice), corrob-
orating the elevated autophagic flux (42) (Fig. 1 A and B).
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Accordingly, a single injection of a-DBI (2.5 pg/g i.p., 4 h
before sacrifice) induced the formation of autophagic puncta in
hepatocytes from mice expressing a transgene encoding a green
fluorescent protein-LC3 fusion protein (41) (Fig. 1 Cand D).
Two injections of a-DBI (Fig. 1£) also reduced the histological
signs of ischemia/reperfusion (congestion, ballooning, and
necrosis summed up in the Suzuki score) (43) of the liver (Fig.
1 Fand G), as well as an increase in the plasma concentrations
of the two transaminases alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) (Fig. 1 H and J).
When a-DBI injection was combined with hydroxychloroquine
(50 mg/kg), a lysomotropic agent that inhibits autophagy
in vivo (44), the hepatoprotective effects of ACBP/DBI neu-
tralization against ischemia/reperfusion were lost (Fig. 1 F-I).
Similar hydroxychloroquine-inhibitable, hepatoprotective effects
of a-DBI were obtained in two models of pharmacological hepa-
totoxicity caused by acetaminophen (APAP) (trade name: para-
cetamol) and the lectin concanavalin A (ConA) (S Appendix,
Fig. S14). In both models, a-DBI reduced histological signs of
hepatic injury (S7 Appendix, Fig. S1 B, C, F, and G), as well as
circulating transaminase levels (87 Appendix, Fig. S1 D, E, H,
and ). Importantly, a-DBI also induced signs of autophagic flux
in the myocardium (Fig. 2 A and B), including signs of
mitophagy, as measured by means of the fluorescent biosensor
Mito-Keima (45) (Fig. 2 Cand D). Moreover, a-DBI injection
(Fig. 2F) reduced myocardial infarction provoked by ligation
of the left coronary artery, and this cardioprotective effect was
lost when the essential autophagy gene Arg7 was floxed and
selectively knocked out in heart by a CRE recombinase specifi-
cally expressed in cardiomyocytes (genotype: aMHC-Cre:Atg7™)
(Fig. 2 Fand G).

In conclusion, mAb-mediated neutralization of ACBP/DBI
induces autophagy in the liver and in the heart and protects
hepatocytes and cardiomyocytes against acute damage in an
autophagy-dependent fashion.

NASH-Preventive Effects of Immunological or Genetic ACBP/
DBI Inhibition. ACBP/DBI neutralization attenuates high-fat
diet (HFD)-induced nonalcoholic fatty liver disease (NAFLD)
(10). However, since ACBP/DBI neutralization also reduces
HFD-induced obesity (10), it is not clear whether this liver-
protective effect is direct or secondary to weight reduction.
Here, we investigated the effects of ACBP/DBI neutralization
on a model of NASH that occurs in the context of weight loss,
as the result of a MCD (control: RCD) (38). NASH features
were evaluated after a 4-wk course of MCD in mice receiving
weekly injections of a-DBI (control: isotype immunoglobulin
G [IgG] mAb) or in the context of a tamoxifen-inducible
whole-body knockout of floxed Acbp/Dbi~"~ (genotype: UBC-
cre/ ERT2:: Acbp/Dbi"™, control: Achp/Dbi”* without CRE) (Fig.
34). MCD results in the accumulation of the autophagic sub-
strate sequestosome 1 (SQSTMI, best known as p62), suggest-
ing reduced autophagic flux, and this effect was reversed by
a-DBI (Fig. 3 B and (). Accordingly, a-DBI increased LC3B
lipidation as a sign of autophagy induction (Fig. 3 B and D).
a-DBI largely prevented the histological (steatosis, ballooning,
and inflammation) and enzymological signs (ALT and AST) of
NASH induced by MCD (Fig. 3 E-H). Genetic ablation of
Acbp/Dbi similarly protected against MCD-associated NASH, as
it increased autophagic flux (Fig. 4 /-K) and obviated the MCD-
induced histopathological alterations (Fig. 3 L and M) as well as
the transaminase elevation (Fig. 3 N and O). Of note, in these
experiments, both a-DBI and the Acbp/Dbi knockout reduced
the spontaneous weight gain of mice kept on RCD but
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Fig. 1. Neutralization of ACBP/DBI activates autophagy flux and attenuates ischemia/reperfusion injury in vivo. (A and B) C57BL/6 mice were injected intra-
peritoneally (i.p.) with a monoclonal antibody (mAb) neutralizing ACBP/DBI (a-DBI) or control isotype (IgG) (2.5 pg/g i.p., 6 and 2 h before sacrifice) and the
autophagy flux inhibitor leupeptin (Leu) (30 mg/kg, 2 h before sacrifice). Representative Western blot (A) and densitometric quantification (B) from the liver
tissues, upon normalization (relative expression [RE]) to the LC3B I/l ratio (n = 6 mice per group). (C and D) Representative confocal images (C) and LC3 dots
quantification (counts/100 mm?) (D) from livers recovered from LC3-GFP transgenic mice after i.p. injection of a-DBI or IgG (2.5 pg/g, 4 h before sacrifice)
(n = 5 mice per group). (E-/) Liver injury produced by ischemia/reperfusion (IR) for 90 min/4 h. Schematic representation (E) of the damage induced by
hepatic IR in mice pretreated with i.p. injection of «-DBI or IgG (2.5 pg/g) and hydroxychloroquine (HCQ) (50 mg/kg) for 4 h and just before IR. Representative
images of hematoxylin/eosin/safranin-stained (HES) liver section (F) from mice pretreated with o-DBI or IgG and HCQ after sham operation or IR. Asterisk,
arrows, and arrowheads indicate necrotic areas, vacuolization, and vascular congestion, respectively. The liver injury (G) was assessed by histological exami-
nation. ALT (H) and AST (/) transaminase activity in plasma was analyzed by means of a colorimetric assay (n = 4-11 mice per group). Results are displayed
as means + SEM. For statistical analyses, P values were calculated by ANOVA test (B and G-/) or two-tailed unpaired Student's ¢t test (D).

counteracted the weight loss caused by MCD (S/ Appendix, Fig.
S2 A and C). Moreover, a-DBI caused a reduction in the liver
Acbp/Dbi mRNA levels, though less than the Acbp/Dbi

knockout (S7 Appendix, Fig. S2 B and D). Alternately, we neu-
tralized ACBP/DBI by a third protocol consisting in the
autoimmunization of mice with recombinant ACBP/DBI fused
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Fig. 2. ACBP/DBI neutralization activates autophagy/mitophagy flux and reduces cardiac damage in mice. (A and B) a-DBI or IgG (2.5 pg/g, 6 and 2 h before
sacrifice) and leupeptin (30 mg/kg, 2 h before sacrifice) were injected i.p. in C57BL/6 mice. Immunoblot of LC3B (A) and densitometric quantification (B) from
heart extracts (n = 6 mice per group). (C and D) Mito-Keima transgenic mice were injected twice with IgG or a-DBI i.p. 6 and 2 h before sacrifice (2.5 pg/g).

Representative confocal microscopy images (C) and quantification of signals (D) (n = 3 mice per group). (E-G) Wt (Atg7™", «MHC Cre™) and homozygous Atg7~

7—

(Atg7"M, «MHC Cre*) mice were subjected to 3 h of ischemia (£). Mice were injected with IgG or «-DBI i.p. 4 h before ischemia and just before ischemia.
Representative images of left ventricular myocardial sections after Alcian blue and 2,3,5-triphenyltetrazolium chloride staining (F) and quantification of the
infarction size versus area at risk of myocardial damage (G) (n = 4-6 mice per group). Results are displayed as means + SEM. For statistical analyses, P values
were calculated by ANOVA test (B and G) or two-tailed unpaired Student's t test (D). AAR, area at risk.

to the potent immunoadjuvant keyhole limpet hemocyanin
(KLH) (87 Appendix, Fig. S2E) (10, 46). Prophylactic induc-
tion of ACBP/DBI-specific autoantibodies also ameliorated the
induced weight loss and Achp/Dbi mRNA expression (S/
Appendix, Fig. S2 F and G) and reversed the MCD-induced
autophagic blockade (S7 Appendix, Fig. S2 H-)), as well as the
signs of NASH (87 Appendix, Fig. S2 K—M). Finally, we took
advantage of mice in which the y2 subunit of GABA, receptor is
mutated (F771I) to abolish ACBP/DBI binding (47). Such mice
were relatively resistant against MCD-induced NASH (87
Appendix, Fig. S2 N-D).

Altogether, these results indicate that four different methods
of ACBP/DBI inhibition (passive neutralization with a-DBI,
active autoimmunization, genetic knockout, and mutation of

the ACBP/DBI receptor) similarly protect against NASH.

Transcriptional Correlates of the NASH-Preventive Effects of
ACBP/DBI Inhibition. Bulk RNA sequencing of the livers from
mice receiving RCD or MCD together with IgG control or
o-DBI revealed that most of the MCD-induced alterations in
mRNA expression were reversed by o-DBI (87 Appendix, Fig. S3A).
Volcano plots followed by gene ontology analyses revealed that,
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in the context of MCD, o-DBI downregulated multiple gene
sets associated with inflammation and carcinogenesis but upre-
gulated genes involved in fatty acid and drug metabolism as
well as in peroxisomes and autophagy (S/ Appendix, Figs. S3 B
and C and S4A4). The effects of a-DBI on the liver transcrip-
tome of RCD-fed mice were relatively scarce compared with its
effects on MCD-fed rodents (SI Appendix, Figs. S3A and S4 B
and C). To validate these findings, we performed immunohis-
tochemical detection of the macrophage marker F4/80. a-DBI
prevented the increase in hepatic macrophage infiltration that
is usually observed after MCD (SI Appendix, Fig. S3 D and E).
Moreover, qRT-PCR analyses confirmed that «-DBI had rela-
tively small effects on normal (RCD) livers, that MCD (com-
pared with RCD) associates with an upregulation of multiple
proinflammatory genes (CA68, F480, 1l1b, 1l6, Mcpl, Nlirp3,
and 7ufa) but a downregulation of antioxidant genes (Caz
Gpx, Gsr, Hmox1, Nfr2, Sodl, and Sod2), and that most (if
not all) of these effects are reversed by a-DBI (S Appendix,
Fig. S3F). The anti-inflammatory effects of o-DBI were
validated by measuring plasma concentrations of CCL4, CCL2
(MCP-1), CCXL10, and TNFA (S Appendix, Fig. S5A).
Moreover, the protein levels of CAT and HMOXI were
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Fig. 3. ACBP/DBI neutralization and ablation protect against MCD-induced hepatic steatosis, inflammation, and ballooning in vivo. (A) Experimental strategy
of the NASH injury induced by MCD for 4 wk (control with regular chow diet [RCD]). C57BL/6 mice were injected i.p. with a-DBI or IgG (2.5 pg/g) 1 d before
the beginning of the diet and every week during the diet (Left). Inducible whole-body knockout of Acbp/Dbi (Dbi~'~) or control (Wt) mice were injected
i.p. with tamoxifen daily for 5 d (Right). (B-H) a-DBI reduces the hepatic damage produced by MCD diet through autophagy activation. Representative immu-
noblot (B) and densitometric analysis of the ratio LC3B 1I/1 (C) and p62 (D) normalized against GAPDH (both expressed as RE) from liver extracts. Hepatic HES
images (E) and NAFLD activity score (measured as sum of steatosis, inflammation, and ballooning score) (F) and ALT (G) and AST activity (H) in plasma from
mice treated with a-DBI or IgG (n = 3-10 mice per group). (/-0) Genetic ablation of ACBP/DBI reverts derived-NASH diet nocuous effect by autophagy activa-
tion. Western blots (/) and densitometric analysis of p62 (), LC3B (K), and DBI from liver extracts. Histological pictures from liver HES staining (L), NAFLD
activity score (M), and hepatic damage measured by plasmatic levels of ALT (N) and AST activity (O) from Dbi~'~ and Wt mice (n = 5-16 mice per group).
Asterisk, arrows, and arrowheads indicate inflammation foci, macrosteatosis, and microsteatosis vesicular, respectively. Data are displayed as means + SEM.
Statistical analyses (P value) were calculated by ANOVA test.
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Fig. 4. Metabolic and proautophagic effects of a-DBI in the context of MCD. (A) Heatmap clustered by Euclidean distance of changes in liver metabolite con-
centrations depicted as log? (fold change) (FC) in C57BL/6 mice injected with IgG or «-DBI after MCD (Left) (n = 3-9 mice per group). All carnitines are
depicted in the Right. (B-D) Expression of f-oxidation-relevant enzymes. Representative Western blot (Top) and densitometric quantification (Bottom) of
CPT1A after (B) (n = 5-8 mice in each group). mRNA levels of Cpt1a (C) and Ppara (D) analyzed by qRT-PCR (n = 4-8 mice per group). (E-L) Comparison of
anti-NASH effects of «-DBI in Wt and autophagy-deficient (Atg4b~'~) mice under MCD. Representative immunoblots of autophagy markers, such as ATG4B,
p62, and LC3B (F) and densitometric analysis of p62 (F) and LC3B (G). Representative histological images (H) and NAFLD activity scores (/). ALT (/) and AST (K)
were measured in plasma (n = 5-8 mice per group). Expression of genes involved in inflammation (Cd68, F480, Il1b, 116, Mcp1, Nrip3, and Tnfa), antioxidant
response (Cat, Hmox1, Nrf2, Gpx, Gsr, Sod1, and Sod2), and -oxidation (Cpt7a, Pgcla, and Ppara) were measured by qRT-PCR and represented in volcano plots
(L) (n = 3-8 mice per group). Asterisks, arrows, and arrowheads show inflammation foci, macrosteatosis, and microsteatosis vesicular, respectively. Results
are displayed as means + SEM. For statistical analyses, P values were calculated by ANOVA test (B, D, F, G, J, and K), Kruskal-Wallis test (C and /), or two-tailed
unpaired Student’s ¢ test (L).
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elevated in a-DBI-treated mice under MCD as compared with
isotype control mice receiving the same diet, commensurate
with an increased abundance of nuclear (but reduced abun-
dance of cytosolic) NRF2 (SI Appendix, Fig. S5 B—D), which is
the master transcription factor of antioxidant defense (48).

The qRT-PCR-detectable reversal of MCD-associated effects
in liver mRNA expression was further corroborated when ACBP/
DBI was inhibited by autoantibodies following the autoimmuni-
zation with ACBP/DBI-KLH conjugates (SI Appendix, Fig. S4D)
or by tamoxifen-inducible knockout of Achp/Dbi (SI Appendix,
Fig. S4F). Mass spectrometric metabolomics revealed that MCD
was coupled to a decrease in several lipid species in the liver and
that this decrease was counteracted by o-DBI, as particularly evi-
dent for carnitine-conjugate fatty acids (Fig. 44 and ST Appendix,
Fig. S6 A and B). Accordingly, MCD was coupled to a down-
regulation of carnitine palmitoyl transferase 1 (CPT1), the mito-
chondrial outer membrane transporter that is rate limiting for
f-oxidation and the inhibition of which causes the depletion
of acylcarnitines (49, 50). This MCD-induced downregulation of
CPT1 was observed at the protein and mRNA levels and was
reversed by a-DBI (Fig. 4 B and C). MCD also caused the
a-DBl-repressible downregulation of Ppara (a transcription factor
essential for B-oxidation) (51, 52) at the mRNA (Fig. 4D) and
protein levels (SI Appendix, Fig. S5E).

In sum, ACBP/DBI inhibition close-to-fully reverses the tran-
scriptional alterations associated with MCD-induced NASH. Of
note, the genes that were significantly downregulated by ACBP/
DBI neutralization in the context of MCD-triggered murine
NASH significantly overlapped with genes that are upregulated
in human NAFLD or NASH compared with normal livers across
10 different datasets (SI Appendix, Table S1), pointing to the

translational relevance of these results.

Mechanisms of the Anti-NASH Effects of ACBP/DBI Neutralization.
To understand the contribution of autophagy to the anti-
NASH effects of a-DBI, we took advantage of mice bearing a
partial autophagy defect due to the constitutive knockout of
Atg4b (genotype: Atg4bf/7) (53) (SI Appendix, Fig. S6C).
These mice were not more susceptible to NASH induction by
MCD than wild-type (WT) mice (Fig. 4 E-K). However,
Atg4b™"" mice were relatively resistant to autophagy induction
by a-DBI, as well as to the ant-NASH, and body weight-
restoring effects of a-DBI (Fig. 4 £~K and SI Appendix, Fig.
S6D). gRT-PCR analyses confirmed that, in MCD-fed WT
mice, a-DBI induced antioxidant genes and downregulated
proinflammatory factors as well as Acbp/Dbi mRNA (Fig. 4L
and SI Appendix, Fig. S6E). These effects were much attenuated
in Atg4h~"~ mice (Fig. 4L), supporting the contention that
autophagy is required for the transcriptional effects of ACBP/
DBI neutralization.

Next, we evaluated the capacity of a-DBI to reverse (rather
than to prevent) NASH by treating mice with established NASH
(4 wk of MCD) by means of two injections of the mAb together
with a dietary normalization to RCD (87 Appendix, Fig. §7). In
this model, the MCD—RCD switch caused partial reversion (R)
of NASH, and this effect was significantly enhanced by a-DBI at
the histological (Fig. 5 A and B), enzymological (Fig. 5 C
and D), and transcriptomic levels (Fig. 5 E~G), as well as the
level of body weight recovery (S Appendix, Fig. S7C). Moreover,
a-DBI improved the recovery of carnitine species (Fig. 5 H
and /), commensurate with an upregulation of CPT1A and the
stimulation of autophagic flux (S/ Appendix, Fig. S7 Fand G).

In the next step, we determined whether inhibition of CPT1A
(pharmacologically with etomoxir) and autophagy (genetically by

PNAS 2022 Vol. 119 No.41 e2207344119

Atg4bf/7) interferes with the beneficial effects of a-DBI on
recovery from NASH (87 Appendix, Fig. S7 A and B). At the his-
tological level, etomoxir or Arm4b knockout all attenuated the
curative effects of a-DBI (Fig. 5 /~N). Of note, etomoxir failed
to interfere with induction of autophagic flux by a-DBI (87
Appendix, Fig. S7 H, I, K and I). Conversely, etomoxir-treated
and Azg4b~" mice exhibited an attenuated upregulation of
Cprla mRNA (among other genes relevant to p-oxidation) and
protein levels (87 Appendix, Fig. S7 H-M).

Altogether, these results suggest that both CPTI1A and
autophagy are required for the anti-NASH effects of a-DBI.
Apparently, autophagy operates upstream of CPT1A because
autophagy inhibition curtails a-DBI-induced CPT1A upregula-
tion, while direct CPT1A inhibition fails to suppress a-DBI-
induced autophagy.

ACBP/DBI Neutralization Suppresses Fibrosis of Liver and
Lung. HFD and MCD largely fail to induce liver fibrosis and
cirthosis, which is observed when human NASH progresses
(54). For this reason, we turned to a model in which liver fibro-
sis is induced by bile duct ligation (BLD) (55). Two weeks
post-BLD, hepatic damage and fibrosis were prominent in iso-
type control antibody—treated mice but much attenuated after
biweekly injection of a-DBI (Fig. 6 A-D). Similar results were
obtained with the well-established model of carbon tetrachlo-
ride (CCly)-induced liver fibrosis, which was modulated by
weekly administration of a-DBI (or isotype IgG control for
9 wk) and/or daily injections of hydroxychloroquine (or vehicle
control during the last 4 wk of the experiment) (Fig. 6E). In
this model, a-DBI attenuated weight loss (S/ Appendix, Fig.
S8A4), signs of fibrosis detectable by Sirius red staining (Fig. 6 F
and G) or quantification of the collagen-enriched amino acid
hydroxyproline (SI Appendix, Fig. S8B), as well as hepatic dam-
age reflected by transaminase ALT activity (Fig. 64 and S/
Appendix, Fig. S8 C) and by immunoblot detection of the profi-
brotic markers collagen 1Al and a-smooth muscle actin (57
Appendix, Fig. S8 D-F). The beneficial effects of a-DBI on
liver damage and fibrosis were lost when autophagy was inhib-
ited by hydroxychloroquine (Fig. 6 F~G and SI Appendix, Fig.
S8 D-F). The CCls-induced alterations in p62 and LC3-II
were reversed by o-DBI, but only in the absence of hydroxy-
chloroquine, not in its presence (S Appendix, Fig. S8 G-I).
a-DBI also reversed the CCly-induced elevation of circulating
transaminases, again only in the absence of hydroxychloroquine
(Fig. 6H and SI Appendix, Fig. S8C). Moreover, a-DBI reversed
most, if not all, of the transcriptional effects of chronic CCly
intoxication, thus reducing the expression of profibrotic, proin-
flammatory, macrophage-associated, or transforming growth
factor-p (T'GF-B)-relevant genes but enhancing that of anti-
oxidant enzymes. These transcriptional effects of a-DBI were
abolished when hydroxychloroquine was coadministered (Fig.
6)). In a further set of experiments, we determined whether
CCly-induced liver fibrosis can be reversed more efficiently when
CCly withdrawal is combined with weekly injections of a-DBI
for 4 wk (Fig. 7A). Again, in this curative setting, a-DBI reduced
damage signs of hepatic fibrosis (Fig. 7 B-E).

Altogether, these data indicate that ACBP/DBI neutraliza-
tion has beneficial effects on liver fibrosis that largely depend
on autophagy. Of note, in a model of bleomycin-induced lung
fibrosis, a-DBI alleviated the histological signs of tissue damage
while reducing upregulation of collagen-encoding genes and
macrophage-associated genes (Fig. 8 A-E), supporting the con-
tention that, beyond its hepatoprotective action, a-DBI has
systemic antifibrotic effects.
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damage. (A-D) C57BL/6 mice were subjected to bile duct ligation (BDL) for

2 wk. Mice were injected with 2.5 pg/g 1gG or o-DBI i.p., 4 h and 1 h before BDL and twice per week during BDL. Representative images from hepatic Picro-
Sirius Red staining (A). Fibrosis scores (B), ALT activity (C), and bilirubin levels (D) were measured (n = 5-10 mice per group). (E-/) C57BL/6 mice were injected

i.p. with 2.5 pg/g o-DBI or IgG weekly and 1.6 mL/kg CCl, twice per week for 9
of CCly (E). Representative Picro-Sirius Red-stained paraffin-embedded sections

wk. Additional group was treated with 50 mg/kg/day of HCQ for last 4 wk
(F), the quantification of fibrosis stage (G), and plasma ALT (H) are shown

(n = 5-14 mice per group). Analysis of genes involved in fibrosis, inflammation (including macrophages markers), and oxidative stress. Heatmap clustered by

Euclidean distance of changes in mRNA levels depicted as log? (FC) in C57BL/6

mice injected with 1gG or a-DBI plus HCQ after CCly (/) (n = 3-10 mice per

group). Results are displayed as means + SEM. For statistical analyses, P values were calculated by ANOVA test (B-D) or Kruskal-Wallis test (G-/).

Discussion

ACBP/DBI is secreted by eukaryotic cells upon induction of
autophagy and then restrains autophagy by local (autocrine/
paracrine) and neuroendocrine circuitries (10, 56, 57). As a
result, systemic injection of a neutralizing ACBP/DBI-specific
mAb (a-DBI) induces autophagy in mouse tissues including
heart, liver, and lung. These effects are observed within hours
and hence cannot be attributed to a reduction of food intake

PNAS 2022 Vol. 119 No.41 e2207344119

secondary to the blockade of orexigenic ACBP/DBI effects. We
have found in the past that a-DBI reduces appetite in specific
circumstances (such as after a 24-h starvation period or in
HFD-induced obesity). However, a-DBI administration actu-
ally reduced the weight loss associated with MCD or chronic
CCly intoxication yet induced autophagy in these conditions.
Hence, the autophagy-stimulatory effects of a-DBI do not rely
on its appetite-suppressive effects.
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Fig. 7.

a-DBI enhanced the recovery of liver fibrosis in an autophagy-dependent fashion. Experimental strategy for fibrosis reversion. Mice received CCl,

for 9 wk and then were treated with vehicle (oil) for 4 wk of reversion (R). We injected 2.5 ug/g I1gG or a-DBI i.p. 1 d before reversion and weekly for R (A).
Representative images of Picro-Sirius Red-stained paraffin-embedded sections (B), quantification of fibrosis stage (C), plasmatic ALT activity (D), and hydroxy-
proline levels (E) (n = 4-12 mice per group). Results are displayed as means + SEM. For statistical analyses, P values were calculated by ANOVA test (C-£).

As mentioned in the opening text, autophagy induction has
broad health-improving effects resulting from its capacity to
improve cellular fitness and metabolism (2, 4-6, 8). As shown
in this paper, o-DBI ameliorates ischemic tissue damage in the
heart and the liver, attenuates acute hepatotoxicity of APAP
and ConA, prevents and reverses MCD-induced NASH, and
also displays antifibrotic activity in models of BDL or CCly-
induced liver fibrosis and bleomycin-induced lung fibrosis. These
beneficial effects are suppressed by high-dose hydroxychloroquine

B

or by knockout of Azg4b (or that of Azg7 in the heart), support-
ing the contention that they truly depend on the induction of
autophagy (Fig. 9). Mass spectrometric metabolomics indicated
that the ant-NASH activity of a-DBI was accompanied by an
increase in hepatic acylcarnitines, suggestive of enhanced CPT1A
activity and fatty acid oxidation. Indeed, inhibition of CPT1A
abolished the beneficial effect of a-DBI on NASH yet failed to
interfere with autophagy induction by a-DBI. Conversely, inhi-
bition of autophagy blocked the MCD-induced upregulation of
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Fig. 8. ACBP/DBI neutralization attenuates lung fibrosis induced by bleomycin. Lung fibrosis was induced by intratracheal injection of one dose of 2 mg/kg
bleomycin (Bleo) for 18 d in C57BL/6 mice. We injected 2.5 ug/g a-DBI or IgG each week (A). Histological section of Picro-Sirius Red/Fast Green staining (B)
and damage/fibrosis Ashcroft score (C) were shown. Volcano plots of genes related with fibrosis (Acta2, Desmin, Col1a1, Col1a2, Col6al, Col6a2, Col6a3, Pdfga,
Pdgfb, Pdgfra, Pdgfrb, and Vimentin), inflammation (Cd68, F480, Il1b, 116, Mcp1, Nrip3, and Tnfa), and antioxidant response (Cat, Hmox1, Nrf2, Gpx, Gsr, Sod1,
and Sod2) were measured by qRT-PCR. The comparisons between Bleo IgG (n = 6-7) versus Ctrl IgG (n = 3) (D) and Bleo a-DBI (n = 7-9) versus Bleo I1gG ()
are represented. Results are displayed as means + SEM. For statistical analyses, P values were calculated by Kruskal-Wallis test (C) and two-tailed unpaired

Student’s t test (D and E).
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ACBP/DBI neutralization protects against hepatic (acute, NASH, and fibro-
sis), heart (ischemia), and pulmonary (fibrosis) damage through autophagy
activation. This protection is due to the suppression of the cell loss, inflam-
mation, and fibrosis. The inhibition of autophagy by hydroxychloroquine
treatment or Atg4b/Atg7 genetic deficiency reverts the beneficial effect of
ACBP/DBI neutralization. The proposed model was created with BioRender.com.

CPT1A, suggesting that this enzyme operates downstream of
autophagy to antagonize NASH.

Remarkably, a-DBI reversed most of the alterations in gene
transcription associated with MCD-induced NASH in mice. A
significant fraction of the a-DBI-repressed genes are associated
with human NASH or NAFLD, supporting the possible clini-
cal relevance of these results. In general, it appears that a-DBI
antagonizes the NASH or liver fibrosis—associated upregulation
of proinflammatory and profibrotic genes, as it prevents the
downregulation of genes involved in fatty acid and drug metabo-
lism as well as in peroxisomes and autophagy. Such gene-regulatory
effects of a-DBI are largely blocked by hydroxychloroquine or
Atg4b knockout, supporting the idea that they result from
autophagy induction. Since a-DBI dramatically improved the
histological signs of tissue damage, including local inflamma-
tion, it appears plausible that the transcriptional shifts induced
by a-DBI reflect maintenance of general tissue homeostasis
rather than cell-autonomous epigenetic effects of autophagy.
That said, a-DBI also influenced the expression of some genes
in mice under RCD, hence upregulating Ppara and downregu-
lating Débi. This latter phenomenon might be explained by the
interruption of a feedforward loop in which ACBP/DBI indu-
ces the expression of further ACBP/DBI in the liver (58).

Close-to-total and irreversible removal of ACBP/DBI by
genetic means has no detectable effects on adult mice housed
under standard conditions (10). Thus, in contrast to the consti-
tutive knockout of ACBP/DBI (59), knockout of ACBP does
not compromise the skin barrier function in adult mice (35),
suggesting that mAb-mediated blockade of ACBP/DBI should
be well tolerated without major side effects. Accordingly, we did
not detect any macroscopic or histological signs of toxicity associ-
ated with repeated a-DBI administrations. Moreover, induction
of polyclonal autoantibodies capable of neutralizing ACBP/DBI
failed to induce visible side effects over several months. It is
remarkable, however, that the liver disease—attenuating effects of

PNAS 2022 Vol. 119 No.41 e2207344119

a-DBI are mimicked by those of the inducible Déi knockout,
constitutive mutation of the ACBP/DBI receptor, as well as by
the induction of autoantibodies, strongly arguing in favor of
the hypothesis that a-DBI acts on target rather than by recog-
nizing additional host genome—encoded or microbial proteins
that structurally resemble ACBP/DBI (60, 61).

ACBP/DBI plasma concentrations increased with age in
humans (34), and knockout of its orthologs increases lifespan
in yeast and nematodes (62, 63) and delays leaf senescence in
plants while inducing autophagy (64). Aging is coupled to a
progressive decline in autophagic flux, and genetic or pharma-
cological induction of autophagy extends lifespan and health-
span in model organisms, including mice (13, 15). Hence, at a
speculative level, it might be attempted to neutralize ACBP/
DBI to minimize the age-associated reduction in autophagy
and to postpone the manifestation of age-associated diseases.
This possibility should be explored in future studies.

As a general rule in pharmacology, antagonists of inhibitory
pathways have fewer side effects than agonists of activating
pathways. Thus, so-called immune checkpoint inhibitors (ICls)
have been developed for numerous oncological indications to
induce anticancer immune responses by targeting immunosup-
pressive surface molecules, including CTLA-4, PD-1, and
PD-L1. In sharp contrast, direct immunostimulators acting on
pattern-recognition receptors have largely failed in the field of
immuno-oncology (65, 66). By analogy to ICIs, a-DBI, an
antibody that blocks an inhibitory circuitry normally restrain-
ing autophagy, might be considered as an autophagy check-
point inhibitor (ACI). It remains to be seen, however, whether
such AClIs targeting ACBP/DBI will be developed for clinical
applications.

Data, Materials, and Software Availability. [RNA-seq data] data have
been deposited in [Gene Expression Omnibus (GEO))(GSE 194346). All study
data are included in the article and/or supporting information.

All data are included in the manuscript and S/ Appendix. Additional data are
available at the Gene Expression Omnibus at accession No. GSE194346 (67).
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