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Lysosomes are at the epicenter of cellular processes critical for inflammasome activation in
macrophages. Inflammasome activation and IL-1f secretion are implicated in myocardial infarction
(M1) and resultant heart failure; however, little is known about how macrophage lysosomes
regulate these processes. In mice subjected to cardiac ischemia/reperfusion (IR) injury and humans
with ischemic cardiomyopathy, we observed evidence of lysosomal impairment in macrophages.
Inducible macrophage-specific overexpression of transcription factor EB (TFEB), a master

regulator of lysosome biogenesis (M¢-TFEB), attenuated postinfarction remodeling, decreased
abundance of proinflammatory macrophages, and reduced levels of myocardial IL-1§ compared with
controls. Surprisingly, neither inflammasome suppression nor M¢-TFEB-mediated attenuation

of postinfarction myocardial dysfunction required intact ATG5-dependent macroautophagy
(hereafter termed “autophagy”). RNA-seq of flow-sorted macrophages postinfarction revealed
that M¢-TFEB upregulated key targets involved in lysosomal lipid metabolism. Specifically,
inhibition of the TFEB target, lysosomal acid lipase, in vivo abrogated the beneficial effect of
M¢-TFEB on postinfarction ventricular function. Thus, TFEB reprograms macrophage lysosomal
lipid metabolism to attenuate remodeling after IR, suggesting an alternative paradigm whereby
lysosome function affects inflammation.

Introduction

Macrophages are a key mediator of disease progression in coronary artery disease, atherosclerosis,
myocardial infarction (MI), and heart failure (1-6). After MI, bone marrow and splenic monocytes
are recruited to the myocardium via chemokine receptor 2 (CCR2) where they differentiate into mac-
rophages that affect efferocytosis of dead cells (7). CCR2* macrophages have also been implicated in
inflammatory collateral tissue injury, leading to left ventricular (LV) dysfunction (8-10). Understanding
the cellular mechanisms that attenuate proinflammatory actions of macrophages while promoting repar-
ative functions under conditions of sterile inflammation is an important area of scientific inquiry, with
broad applicability to myocardial injury responses and other inflammatory conditions.

One of the central events coordinated by CCR2* monocytes and macrophages is secretion of the cyto-
kine IL-1pB (11), which has been implicated as a therapeutic target in both atherosclerosis (12) and after car-
diac ischemia/reperfusion (IR) injury to prevent heart failure (13, 14). The lysosomal degradative process
of macroautophagy (hereafter termed “autophagy”) has been ascribed critical and seemingly paradoxical
roles in regulating IL-1f secretion and the myocardial response to IR. In terms of inflammasome activa-
tion, autophagy is generally thought to suppress IL-1B production by promoting the turnover of damaged
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mitochondria and reducing ROS, which can leak DNA into the cytosol and thus serve as a stimulus for
inflammasome activation (15-18). Paradoxically, autophagy also plays a role in unconventional secretion
of IL-1B, a mechanism that has now been demonstrated in macrophages and neutrophils (15, 19, 20).

Analogous to the multiple competing mechanisms by which autophagy regulates IL-1p, autophagy
has been implicated in both promoting and attenuating myocardial IR injury. Initial studies suggested
that oxidative stress and IR injury activated myocardial autophagy and that Becn! (encoding BECLIN-1,
which is required for autophagic initiation) haploinsufficient mice were resistant to IR (21). More recent-
ly, we found that reperfusion following ischemia elevated myocardial BECLIN-1 protein, which sup-
presses activation of transcription factor EB (TFEB) (22), a master regulator of autophagy and lysosomal
biogenesis (23, 24), with resultant impaired autophagic flux (25). Accordingly, intermittent fasting stimu-
lated nuclear translocation and activation of TFEB and attenuated myocardial IR injury with decreased
infarct size, in a manner that depended on an intact autophagy-lysosome pathway (26). In addition,
overexpression of macrophage TFEB attenuates inflammasome activation and IL-1f secretion, as well as
atherosclerosis (27). An additional challenge confounding the potential role of TFEB in innate immune
regulation is that TFEB and its related basic loop-helix family member TFE3 are required for innate
immune activation (28). Clarifying the role of TFEB in inflammation and myocardial injury is of great
significance, especially given the tremendous interest in the cardiovascular community to leverage the auto-
phagy-lysosome system in heart failure and atherosclerosis therapeutics (27, 29).

These aforementioned studies raise critical, unanswered questions regarding the role of macrophage
autophagy and TFEB in myocardial IR injury. First, we asked whether macrophage autophagy-lysosome
dysfunction occurs after IR injury and in ischemic cardiomyopathy and, if so, does restoring autophagy
and lysosomal function by expressing TFEB attenuate injury after IR and inflammation. Based on these
questions, we explored the mechanisms whereby macrophage TFEB affects ventricular function after IR
and myocardial remodeling in which both inflammasome activation and autophagy have been implicat-
ed. Our findings were consistent with lysosomal lipolysis, not autophagy per se, as a critical mechanism
by which TFEB is immunomodulatory and may suppress myocardial injury after IR.

Results

The macrophage autophagy-lysosome functional compartment is compromised after I/ R and in the failing myocardi-
um. Activation and proliferation of resident cardiac macrophages and recruitment of circulating monocytes
and their differentiation to macrophages drive a major component of the cellular inflammatory response in
the reperfused myocardium, early in the period after MI (8, 30). In addition, multiple risk factors for heart
failure, including diabetes mellitus and coronary artery disease, are associated with autophagic impair-
ment in macrophages (27, 31), suggesting that alterations in macrophage autophagy may be a persistent
phenotype of ischemic cardiomyopathy in humans. To test this hypothesis, we performed costaining for
p62, an autophagy adaptor and substrate protein, and the macrophage marker CD68 in donor heart tissue
versus heart tissue obtained from patients with ischemic cardiomyopathy. In heart tissue from patients with
ischemic cardiomyopathy, we observed a statistically significant increase in p62 positivity in macrophages
(Figure 1, A and B). These results were consistent with the hypothesis that human macrophages exhibit
autophagic impairment in the setting of ischemic cardiomyopathy.

In prior studies, activation of macrophages by inflammatory stimuli, such as LPS (28) and thioglycol-
late, and differentiation of monocytes to macrophages (32) has been observed to result in transcriptional
induction of lysosome biogenesis. Accordingly, to determine whether lysosomal abundance is affected in
cardiac macrophages in the inflammatory milieu after MI, we subjected adult (8-week-old) male C57BL6
mice to closed-chest myocardial IR injury or the sham procedure and prepared cardiac cell suspension for
flow cytometry. Closed-chest IR was modeled by reversible occlusion of the left anterior descending (LAD)
coronary artery for 90 minutes, 2 weeks after thoracotomy for implantation of the suture to permit healing
and circumvent the inflammatory response associated with thoracotomy (33, 34). We initially chose a time
point of 4 days after MI, in which we observed a significant increase in CCR2* macrophages compared
with sham-operated mice (Supplemental Figure 1, A and B; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.127312DS1). CCR2*" macrophages remained elevated for
7 days after IR (Supplemental Figure 1C) compared with sham, which is also consistent with the peak
observed at 3 days in open-chest models of MI (reviewed in ref. 4). To identify acidified lysosomes, Lys-
oTracker Red staining was assessed in cardiac monocytes and macrophages (Figure 2A), and noted to be
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approximately 4-fold higher in macrophages compared with monocytes in the sham heart (Figure 2, B and
C), likely reflecting an induction of the lysosome biogenesis program on differentiation from monocytes
to macrophages in the myocardium. Interestingly, this increased LysoTracker staining was significantly
attenuated in macrophages obtained from IR-injured myocardium (Figure 2C), despite the preceding myo-
cardial injury. This finding indicates either a deficiency of acidified macrophage lysosomes or in lysosome
number in the setting of stress, despite the increase in inflammatory stimuli that are released from injured
and dead cells in the setting after IR (4).

We next sought to determine whether the relative decrease in lysosomal abundance was associated
with a subsequent autophagic impairment in macrophages in the heart after IR by performing closed-chest
IR injury in CAG-RFP-EGFP-LC3 mice that express the autophagosome protein LC3 fused in tandem
to both RFP and EGFP, as a reporter of autophagic flux (35). In prior experiments with LysoTracker
that were conducted at day 4, mostly CCR2* macrophages were typically present. We hypothesized that
the more proinflammatory CCR2* macrophages may exhibit differences in autophagy compared with the
more reparative CCR2™ macrophages, and thus performed flow cytometry in CAG-RFP-EGFP-LC3 mice
7 days after IR, in which both CCR2* and CCR2™ macrophages are more evenly distributed. In cells bearing
this reporter, GFP is quenched in an acidified environment, and therefore, the RFP signal is predominant
when LC3 enters autolysosomes (35). After closed-chest IR, we identified Ly6ChCD64" macrophages that
were further subclassified based on CCR2 expression prior to examination of the RFP-EGFP-LC3 signal.
Compared with sham-operated animals, we observed a reduction in relative intensity of the RFP signal
in macrophages after IR (Figure 2, D and E), consistent with the reduced abundance of autolysosomes in
macrophages. Using the GFP/RFP signal intensity ratio as a metric of the relative abundance of autopha-
gosomes/autolysosomes, we noted that CCR2* macrophages exhibited increased abundance of autopha-
gosomes (relative to autolysosomes) compared with CCR2™ macrophages. Importantly, after IR, although
there was not a significant change in the relative abundance of autophagosomes/autolysosomes in CCR2*
macrophages, CCR2™ macrophages demonstrated a significant increase, suggesting impaired autophago-
some clearance (i.e., autophagic impairment) in CCR2™ macrophages specifically after IR (Figure 2, D and
E). Taken together, these findings were consistent with a hypothesis of relative deficiency of the autophagy
lysosome pathway in ischemic cardiomyopathy and after IR, which was likely secondary to a relative defi-
ciency of acidified lysosomes.

To investigate mechanisms whereby MI may lead to macrophage autophagic impairment, we examined
autophagic flux in peritoneal macrophages (pMACs) under normoxic conditions or after hypoxia/reoxy-
genation (Supplemental Figure 2, A—C). Under normoxic conditions, control macrophages exhibited intact
autophagic flux, as evidenced by accumulation of both p62 and LC3-II (a marker of autophagosome abun-
dance) upon treatment with a lysosome acidification inhibitor (bafilomycin A1), in comparison with either
ATG5-deficient macrophages or macrophages subject to hypoxia/reoxygenation stress. These experiments
demonstrated that hypoxia/reoxygenation is a sufficient stress to impair macrophage autophagic flux.

Activation of the macrophage autophagy-lysosome pathway prevents remodeling after IR. To overcome
the relative lysosomal insufficiency in macrophages after MI, we induced autophagy and lysosomal
biogenesis by selectively overexpressing TFEB in macrophages (27). Toward this end, we generated
transgenic mice that specifically overexpress TFEB in macrophages. We crossed a previously generated
Tfeb-transgenic mouse line designed for conditional overexpression that carries TFEB-3xFlag expres-
sion cassette under the control of a strong chicken B-actin (CAG) promoter followed by a transcrip-
tional terminator that is flanked by lox sites (23) with a mouse line that expresses the macrophage-spe-
cific Cx3CrlerCre (termed “M¢-TFEB”). Tamoxifen administration in the chow fed to M¢-TFEB
mice for 2 weeks resulted in a 4.6-fold upregulation of TFEB in induced pMACs (Supplemental Figure
3, A and B) as well as increased levels of the lysosome-associated membrane protein 1 (Lampl), lyso-
somal enzyme cathepsin D, and LC3-II. TFEB activation also nonsignificantly reduced levels of p62
(Supplemental Figure 3, A and E), consistent with increased autophagic flux in the setting of probable
concomitant transcriptional upregulation, given that p62 is a TFEB target. These results demonstrated
that Cx3Crl promoter-driven overexpression of TFEB in macrophages resulted in TFEB activation,
which was sufficient to stimulate the autophagy-lysosome pathway.

We next tested whether Cx3Crl-dependent TFEB overexpression attenuates myocardial IR injury
and improves cardiac function after IR, in vivo. Accordingly, Cre-only control and M¢-TFEB mice
carrying the Cx3Crl-erCre and TFEB overexpression cassette underwent surgical implantation of the
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Figure 1. Autophagy is altered in human cardiac macrophages in ischemic cardiomyopathy. (A) Immunchistochemistry demonstrating anti-CD68 and
anti-p62 in human hearts (donor versus ischemic cardiomyopathy). Arrows point to macrophages stained with CD68 expressing p62 by immunohisto-
chemistry. Scale bar = 100 um. (B) Quantification of staining in A. n = 4 Donor, n = 9 ischemic cardiomyopathy samples per group. *P < 0.05 by Mann-Whit-
ney U test with individual data points, mean, and standard error shown in B.
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suture and echocardiography at day = —14 (Figure 3A) and were allowed to recover from surgery pri-
or to initiation of a tamoxifen diet for 7 days. At day = 0, mice underwent echocardiography and
surgical induction of ischemia for 90 minutes, followed by reperfusion. Area-at-risk was calculated
based on regional wall motion abnormalities documented during ischemia by echocardiography. Four
weeks later, control animals subjected to IR injury showed adverse LV remodeling with LV dilation and
decreased ejection fraction (EF) from the baseline (Figure 3, B-D) consistent with the development
of cardiomyopathy after MI, mimicking what might be expected in humans with heart failure after
MI (36). In contrast, M¢o-TFEB mice recovered their average EF to significantly higher values than
in control mice, from a mean value of 26% * 1% in controls to 36% *+ 2% in M¢-TFEB (Figure 3, B
and C). In addition, LV end-diastolic volume (EDV) was significantly smaller in M¢-TFEB mice at 4
weeks after IR versus controls (Figure 3D), whereas the area-at-risk (ischemic area, Figure 3E) and the
LVEF during ischemia (Figure 3C) were very similar between the 2 groups. In addition, the scar size at
4 weeks was similar between the groups (Figure 3, F and G), suggesting that the observed differences
in ventricular function at 28 days were not the result of differences in the initial ischemic injury. These
results were consistent with the hypothesis that M¢-TFEB expression is sufficient to improve ventricular
function after IR injury.

M¢-TFEB reduces CCR2* macrophages in the myocardium. To understand the role of TFEB in the inflam-
matory response after IR and in myocardial remodeling, we first performed immunohistochemistry of
macrophages in the infarct zone and remote myocardium after closed-chest IR. Although the number of
infiltrating macrophages was similar in the infarct zone of both control and M¢-TFEB mice 28 days after
IR injury (Figure 4, A and B), we observed a significant reduction in macrophages in remote myocardium
(Figure 4, A and C) in M¢-TFEB mice after IR.

Prior studies have suggested that CCR2* macrophages are recruited into the myocardium upon inju-
ry and persist in the failing adult heart (4, 5, 8, 10, 30, 37) and treatment with a CCR2 inhibitor enhanced
repair with preservation of resident CCR2" subsets (38). We examined the proportion of CCR2* macro-
phages in the closed-chest MI model at day 28 and observed a statistically significant reduction in both
CCR2" cells and the ratio of CCR2* to CCR2" cells in M¢-TFEB versus control hearts (Figure 4, D and
E). These finding were consistent with the hypothesis that M¢-TFEB expression influences the relative
abundance of CCR2* and CCR2™ macrophages populations after IR injury (39). To determine whether
the reduction in CCR2* macrophages may be the result of a reduction in circulating monocytes, we
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measured circulating monocytes 7 days after MI. We observed an approximately 65% reduction in mean
circulating monocytes in M¢-TFEB mice that was not statistically significant (P = 0.08) (Supplemental
Figure 4) but suggested that the reduction in CCR2* cells observed in M¢-TFEB mice may at least be
partially attributable to reductions in circulating monocytes.

ATG5-dependent autophagy is dispensable for myocardial benefits of M¢-TFEB to attenuate myocardial
dysfunction after IR. Previously, we found that M¢-TFEB attenuated atherosclerosis and this benefit
was lost with concomitant ablation of ATGS5, an enzymatic protein critical for initiation of autophagy
(27). Based on these data, our initial hypothesis was that, akin to M¢-TFEB effects in atherosclerosis,
TFEB-dependent rescue was most likely to be autophagy dependent, and hence TFEB would demon-
strate epistasis to ATGS5. To test whether autophagy was required to mediate the beneficial effect of
macrophage TFEB on myocardial function, we performed closed-chest IR injury in M¢-TFEB ATG5 "~
mice (with inducible CX3CR1erCre-mediated overexpression of TFEB and excision of ATGS5 in mice
homozygous for floxed ATG) alleles) versus M¢-ATG5~~ control mice. Surprisingly, our data demon-
strated that M¢-TFEB rescued the decline after IR in LVEF at 4 weeks even with concomitant ablation
of ATGS (Figure 5A), without significantly affecting LV dilation (Figure 5B), whereas the area-at-risk
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Figure 3. M¢-TFEB attenuates ventricular dysfunction after ischemia/reperfusion. (A) Schematic detailing
closed-chest ischemia/reperfusion (IR) protocol in control versus M¢-TFEB mice. (B) Representative 2D-echocar-
diographic images from control versus M¢$-TFEB 4 weeks after IR. Green lines highlight the epicardial border; red
lines demarcate the endocardium. (C) Ejection fraction (%, y axis) in control versus M¢-TFEB prior to (pre-isch),
during (isch), and 4 weeks after IR injury. Controls, n = 15; M¢-TFEB, n = 17. 2-way ANOVA with multiple compar-
isons (Tukey's t test). (D) End diastolic volume in mice modeled as in B. (E) Area-at-risk (y axis) in mice modeled
as in B. Student’s t test. (F and G) Representative Masson's trichrome stained cardiac tissue (F) from control and
M¢-TFEB hearts 4 weeks after IR, with quantification of scar size (G) and 2-way Student’s t test. Scale bar =1
mm. n = 3/group. Individual data points with mean and standard error are shown on each graph. *P < 0.05; **P <
0.01; ****P < 0.0001

and scar size were comparable (Figure 5, C-E). These findings indicate that genetic ablation of
ATGS5-dependent autophagy in macrophages is dispensable for the beneficial effects of Mac-TFEB on
LV dysfunction after IR.

M¢-TFEB attenuates myocardial IL-1 protein levels after IR. We previously demonstrated that M¢o-TFEB
attenuates IL-1 secretion in macrophages in an autophagy-independent manner (27). Given that CCR2*
monocytes and macrophages are a major source of IL-1p (11), we hypothesized that M¢-TFEB may be
reducing IL-1P levels in the myocardium. We measured IL-1p protein levels in 2 independent cohorts of
mice at 4 days after IR (Figure 6A) and immediately after IR (Figure 6B), when IL-1B production has been
observed to peak after MI (40). M¢-TFEB significantly reduced IL-1p levels in the myocardium 1 day after
IR; however, we did not observe significant changes in IL-1p in serum (Figure 6C), consistent with a prom-
inent role for TFEB in myocardial macrophages. In addition, pMACs from M¢-TFEB mice demonstrated
significantly lower IL-18 mRNA abundance compared with controls in response to LPS challenge (Figure
6D). To test the role of autophagy in TFEB-mediated IL-1p suppression in vitro, we performed treatment
of pMACs with the specific autophagy inhibitor Spautin-1 (41). Spautin-1 treatment of control pMACs
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resulted in robust suppression of IL-1p secretion after LPS/ATP stimulation, whereas concomitant TFEB
overexpression and autophagic inhibition with Spautin-1 resulted in even lower secreted IL-1f protein lev-
els (Figure 6E). These results are consistent with our prior findings that TFEB suppressed inflammasome
activation independent of autophagy (27).

RNA-seq suggests TFEB regulates macrophage inflammatory responses via lysosomal lipolysis. To character-
ize the nature of TFEB-induced gene expression changes in macrophages in the myocardium after IR
with an unbiased RNA-seq—based approach, we generated control and M¢-TFEB mice crossed with a
Rosa-TdTomato reporter (42) and fed tamoxifen for 1 week immediately followed by closed-chest IR
modeling. Fluorescence-assisted cell sorting was used to separate cardiac macrophages by TdTomato
labeling and CCR2 expression (Figure 7A). This strategy permitted us to identify TFEB expressing
(TdTomato-labeled) macrophages stratified by their CCR2 expression pattern after IR injury (see sche-
matic in Figure 7A). We chose to perform macrophage sorting 7 days after IR in this system because at
that time point we observed both autophagic and lysosomal dysfunction in the setting of after IR (Fig-
ure 2). We subjected these 4 cell populations to RNA-seq analysis in M¢-TFEB—transgenic mice (n = 4)
and Cre-expressing (TFEB nontransgenic) control mice (n = 5) after IR (principle component analysis
shown in Supplemental Figure 5). RNA-seq analysis uncovered 602 transcripts with greater than 1.5x-
fold change and a false-discovery rate of less than 0.02 that exhibited a change in differential expression
secondary to TFEB overexpression (see Supplemental Table 1). Unbiased hierarchical clustering of
the 602 transcripts revealed that M¢-TFEB altered gene expression in both CCR2* and CCR2™ macro-
phages in a similar pattern (Figure 7B). Targets that demonstrated a significant increase in expression

https://doi.org/10.1172/jci.insight.127312 7


https://doi.org/10.1172/jci.insight.127312
https://insight.jci.org/articles/view/127312#sd
https://insight.jci.org/articles/view/127312#sd

insight.jci.org

RESEARCH ARTICLE

- o Mp-Atg5™ Ata5-
A 80- ® Mi-Atg5™ @ 1 Trrp B ®Mi-Atgs™ .mTlt:gEsB
*%k
) 150 P=NS
4 * *kkk *
S 607 ? . e °
B o o
5 : [N £ 1004 r
k3] o
o 40+ > .
w“— o
° = ; H L
S ° & o° 3 'y .t
: Sl W LB
ol 3% FT egvi ozl
L od . [ ° ==
0 L] 1 1 1 L] 1 0
é\ c‘}‘ 0(9\ é\ c‘}\ oé. T T T T T T
20 e Q S R L o S S &
“ Nl ] W O QO O s
¢ N Q N Pl \‘&Qo & F &
< b N b
C -
064 - D
?_ 0.5 ’t 'lE
S ° | b | | <
c [Ye)
2 044 g
-
% 0.3
T
T
§ 02+
Z 02

-

0.0 T T

- - o m
M¢-Atg5™  M¢-Atgs o4
E M¢-TFEB <§ fé
40—
5 30+
B2 |
8
o
>
: - T
x 20—
[0}
N
w
8
8 10+
0 T T
Mg- Atg5™ Mg-Atg5™
M¢-TFEB

Figure 5. ATG5-depenent autophagy is not required for attenuation of ventricular dysfunction after IR by M¢-TFEB.
(A) Ejection fraction (%, y axis) in M¢-Atg5~/~ versus M¢-TFEB Atg5~/~ prior to (pre-isch), during (isch), and 4 weeks after
ischemia/reperfusion (IR) injury. n = 15 M¢-Atg5~; n = 11 M¢-Atg5~/- M$-TFEB, 2-way ANOVA with multiple compari-
sons (Tukey's t test). (B) End-diastolic volume in animals modeled as in A. (C) Area-at-risk (y axis) during ischemia from
mice in A, Student’s t test. (D and E) Representative Masson'’s trichrome stained cardiac tissue (D) and quantification
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Individual data points with mean and SEM are shown on each graph. *P < 0.05; **P < 0.01; ****P < 0.0001

in M¢-TFEB macrophages included TFEB itself (16-fold increase); in addition, we found significant
upregulation of lipases, such as endothelial lipase (16-fold), LAL (1.5-fold), and the lysosomal proton
pump subunit Atp6v0d2 (8-fold). Mechanistically, we were particularly interested in LAL because it has
been implicated in regulation of macrophage function (43) and is required for cholesterol efflux, which
can suppress NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome activation
in atherosclerosis models (44, 45). In addition, we had previously demonstrated that LAL is a target of
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Figure 6. M-TFEB attenuates IL-1B secretion independent of autophagy. (A and B) IL-18 myocardial protein levels at
day 4 (A, n = 5 controls; n = 4 M¢-TFEB) and at day 1 (B, n = 6 controls; n = 6 M$-TFEB) after ischemia/reperfusion (IR).
(€) Serum IL-1B levels at day 1after IR. n = 7/group, Student’s t test for A-C. (D) IL-13 mRNA from peritoneal macro-
phages (pMACs) stimulated with LPS for 4 hours, n = 3/group, 2-way ANOVA with Tukey’s t test for multiple compar-
isons; interaction P value shown at top of graph. (E) IL-1B protein levels in supernatants from pMACs pretreated with
diluent or Spautin-1 (10 puM) for 30 minutes followed by stimulation with LPS (2 hours) and ATP (30 minutes). n = 3-4
cell replicates/time point, 2-way ANOVA with Tukey’s t test for multiple comparisons and interaction P value shown
on graph. For D and E only, representative data are shown with cellular replicates from cells isolated on a single day; all
peritoneal macrophage experiments were repeated at minimum 3 times on separate days; individual data points with
mean and standard error are shown on each graph. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

TFEB in macrophages and is necessary for the effects of TFEB on cholesterol efflux (46). We therefore
tested the role of LAL in inflammasome activation by stimulating pMACs with LPS/ATP. We found
that secreted IL-1p protein levels were significantly reduced by M¢-TFEB and that inhibition of LAL
increased IL1-B levels in both control and M¢-TFEB media, suggesting that one pathway by which
TFEB attenuates IL-1p requires intact LAL activity (Figure 7C). To test the effects of LAL inhibition
in vivo on M¢-TFEB-mediated suppression of remodeling after IR and ventricular dysfunction, we
performed closed-chest IR in 2 cohorts of control and M¢-TFEB male mice injected with either Lalistat
(20 mg/kg) or vehicle. Whereas vehicle treatment recapitulated the effects of M¢-TFEB on LV dys-
function after MI and remodeling (Figure 7, D and E), pharmacological inhibition of LAL completely
abrogated these beneficial effects of macrophage TFEB activation.

Discussion

Macrophages play a central role in cardiovascular disease, including atherosclerosis and MI, and
during the response to IR injury (1, 2, 4-6, 47-49). The autophagy-lysosome pathway has been impli-
cated in the progression of atherosclerosis, and the common comorbidities of cardiovascular disease
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Figure 7. RNA-seq identifies lysosomal acid lipase as critical for M¢-TFEB in vivo effects. (A) Diagram describing
RNA-seq of flow-sorted macrophages 7 days after ischemia/reperfusion (IR). (B) Unbiased hierarchical clustering
of mRNASs differentially expressed in M¢-TFEB versus control cardiac macrophages. n = 4-5 mice/group. (C) Lyso-
somal acid lipase (LAL) inhibition increases IL-1B secretion in peritoneal macrophages (pMACs) stimulated with
LPS and ATP. n = 3/cellular replicates from cells isolated on a single day; all peritoneal macrophage experiments
were repeated at minimum 3 times on separate days. 2-way ANOVA with multiple testing correction (Tukey's t
test). (D and E) Ejection fraction and end-diastolic volume in control and M¢-TFEB mice treated with vehicle (n

= 6) or Lalistat (n = 4), 2-way ANOVA with multiple comparison correction (Sidak test, with interaction P value
shown on graph). Individual data points with mean and standard error are shown on each graph. ***P < 0.001.

may cause impairment in autophagy (31). Here we demonstrated that autophagic insufficiency occurs
in cardiac macrophages in the setting of ischemic cardiomyopathy, which may be the result of a com-
bination of risk factors, including dyslipidemia and diabetes mellitus. However, we showed that IR
injury and hypoxia/reoxygenation were sufficient to trigger autophagosome accumulation, which
indicated lysosomal insufficiency and/or dysfunction. We have previously shown that TFEB, a master
regulator of autophagy and lysosomal biogenesis (23, 24), can attenuate lipotoxic stress in macrophages (50),
attenuate IL-1B secretion, and reduce atherosclerotic progression (27). We have shown that M¢-TFEB
attenuates myocardial dysfunction after IR, improves LVEF, and reduces IL-1B in the LV and in
PMAC:s. In contrast to the observed benefits of TFEB in the setting of atherosclerosis, which depend
on intact autophagy, loss of ATGS5, a key protein involved in phagophore membrane extension, did
not circumvent the benefits of TFEB on LV dysfunction after IR. To understand the in vivo mechanism
by which M¢-TFEB attenuates LV dysfunction after IR and remodeling, we performed RNA-seq of
flow-sorted macrophages and identified LAL, a known TFEB target. We showed that inhibition of
LAL with Lalistat was sufficient to abrogate the beneficial effects of TFEB in vivo. In summary, we
proposed that TFEB-mediated attenuation of myocardial dysfunction was likely attributable to its role
mediating lysosomal lipolysis via LAL and independent of ATG-5-dependent autophagy. Our findings
implicated a central role for lysosome dysfunction and not primarily autophagy impairment (which is
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a consequence of lysosome dysfunction) in provoking macrophage-driven inflammation in ischemic
cardiomyopathy.

Our findings were also consistent with the work of others demonstrating the complex role of autopha-
gy in inflammasome activation, which has garnered markedly increased attention since the publication of
the CANTOS trial (12). Full inflammasome activation requires 2 independent steps. “Signal one,” or prim-
ing, occurs when NF-kB activation is induced downstream of toll-like receptor 4 or TNF receptor signaling
leading to transcriptional activation of NLRP3, pro—IL-1B, and pro-IL-18. Subsequently, multiple stimuli
can act as a “signal two” to induce NLRP3 activation, robust IL-1 secretion with cleavage, and activation
of caspase-1. Of note, autophagy has been implicated in IL-1B suppression. ATG5 ablation, for example,
increases IL-1pB production when macrophages are treated with LPS alone (without a second signal for bona
fide inflammasome assembly, IL-1f processing, and secretion) (51). In addition, autophagy targets NLRP3
for lysosomal degradation and directly regulates inflammasome activation via ROS (52). An important caveat
of these studies is that they mostly used LPS-treated macrophages, in contradistinction to full NLRP3 activa-
tion, which requires 2 signals. Our results were consistent with these findings, insofar as when macrophages
were treated with LPS and palmitate, autophagy ablation also resulted in reduced IL-1f secretion (53).

Several reports have highlighted an additional role for autophagy in IL-1p secretion. Specifically, an
unconventional autophagy-mediated secretory pathway regulates IL-1 secretion in both neutrophils and
macrophages (15, 19, 54), where ATGS5 was demonstrated to have a critical role. In the setting of myo-
cardial IR injury, macrophages encounter hypoxia/reoxygenation that we showed can impair autophagy,
concomitant with the release of damage-associated molecular patterns that can activate NLRP3 through
direct and indirect mechanisms. In addition, we showed that inhibition of lysosomal lipolysis with Lalistat
also increases IL-1p secretion. Therefore, during IR injury, macrophage lysosomes serve complex roles in
inflammasome suppression via LAL but also in Atg5-dependent IL-1f secretion.

After myocardial injury, the bone marrow and spleen release CCR2* cells that home to the myocar-
dium and differentiate into CCR2* macrophages. CCR2* cells are a major source of proinflammatory
cytokine production, including IL-1f (11). Macrophage TFEB overexpression resulted in a reduction in
the percentage of CCR2* macrophages in the myocardium, consistent with TFEB-mediated reductions
in IL-1pB. Accordingly, our data suggested that M¢-TFEB induction was primarily effective in abrogating
remodeling after IR via its effects in recruited and not resident macrophages. However, just as the net
effects of autophagy on IL-1B are complex, TFEB itself has dual roles in regulation of inflammation.
Studies by the Puertollano laboratory have highlighted the role of TFEB and its family member TFE3
as stress sensors that are required for the inflammatory response and IL-1f production (28). Both our
previous report (27) and current studies demonstrated that TFEB overexpression was also sufficient to
modulate the inflammatory response. It is very possible that both reductions and increases in TFEB
activity can suppress IL-1p production. Whether or not overexpression of TFE3 is sufficient to attenuate
IL-1B production is unknown. In aggregate, it is best to consider TFEB actions as immunomodulatory
rather than either a driver or suppressor of IL-1f.

To understand the mechanisms by which TFEB may attenuate myocardial dysfunction after IR injury,
we performed RNA-seq on flow-sorted CCR2* and CCR2" macrophages isolated from the myocardium
7 days after IR injury. Broadly, these studies suggested that TFEB might be altering gene expression in
CCR2* and CCR2™ macrophages in a similar fashion. Consistent with prior studies that demonstrated the
ability of TFEB to induce the expression of multiple genes involved in lipid catabolism (55), we found that
TFEB induced the expression of several lipases in macrophages in vivo. In particular, our data showed
that TFEB upregulates LAL expression in macrophages, consistent with a prior report of lysosomal lipase
induction by HLH-30 (TFEB ortholog) in C. elegans (56, 57). Interestingly, we implicated LAL in inflam-
masome suppression and suggest a critical role for LAL in TFEB-dependent attenuation of injury after IR,
in vivo. LAL inhibition increases IL-1f secretion in response to LPS+ATP, suggesting that increased LAL
may at least be partially responsible for the effects of TFEB on IL-1p. Identifying the precise mechanisms
by which LAL may reduce IL-1p is of great translational interest, especially given the potential relevance of
IL-1B secretion to human disease; clinical trials of IL-1 antagonists to treat cardiac dysfunction after MI
are currently underway. Our studies were also consistent with the recent identification of 25-hydroxycho-
lesterol, a product of LAL enzyme activity, as a critical target for the suppression of IL-1f secretion (58).

Our work should be understood in the context of its strengths and limitations. First, our human
samples were from patients with chronic ischemic heart failure, whereas our animal and cell work has
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been performed at acute time points. Given that other studies have demonstrated autophagic impair-
ment in macrophages in patients with atherosclerosis and diabetes mellitus, our observation of p62
accumulation in human cardiac macrophages was unsurprising. Herein, our mechanistic observation
was that both IR injury and hypoxia/reoxygenation were sufficient to provoke autophagic impairment.
Second, whereas we found that the effects of TFEB were independent of ATGS5, we cannot rule out
ATG5-independent autophagy as potentially being required for some effects of macrophage TFEB.
Although our overall results were consistent with LAL activity being (a) involved in inflammasome
suppression in vitro and (b) required for TFEB-mediated effects on remodeling after IR, it was also clear
that there were other effects of TFEB on macrophages in vivo, and the effects of TFEB were unlikely
to be fully explained by a single mechanism. Future studies will be designed to directly test the role of
macrophage LAL in the myocardial response to injury.

In summary, our work suggests that macrophage TFEB activation is an effective strategy to attenuate
myocardial dysfunction after IR and reduce IL1-B secretion independent of ATGS5-dependent autophagy.
We showed that TFEB’s effects are partially dependent on lysosomal acid lipase, highlighting lysosomal
function, rather than autophagy per se, as a key mechanism of action of TFEB.

Methods

Samples and reagents. Transgenic mice expressing LC3 conjugated with green and red fluorescent pro-
tein (RFP-EGFP-LC3) under control CAG promoter were purchased from Jackson Laboratory (strain
027139) (35) and were bred in-house. Transgenic mice containing a Lox-STOP cassette (CAG-TFEB-
LoxP-STOP) (23) were crossed with Cx3Crl-er-Cre mice that were purchased from Jackson Laboratory
(strain 021160) and bred in-house. LysM-Cre (used for pMAC studies) and ATG5"" mice were previously
described (27), as were td-tomato reporter mice (ROSA26-CAGpromoter-lox-STOP-lox-dTomato (42)
(JAX stock 007909). Tamoxifen diet (500 mg/kg) was purchased from Envigo (formerly Harlan Teklad,
TD 130857). LysoTracker Red DND-99 (Thermo Fisher Scientific) was used at a final concentration of 5
nM. CD45-PerCP/Cy5.5 (30-F11), CD64-APC (X54-5/7.1), CCR2-BV421 (SA203G11), MHCII-APC/
Cy7 (M5/114.15.2), Ly6C-BV510 and FITC (HK1.4), CD45.1-PE (A20) were purchased (Biolegend)
and used in multichannel flow as described below. CD68 antibody clone ab125212 (Abcam) was used
for immunohistochemistry as was p62/Sqstm1 GP62-C (Progen) and for immunoblotting: TFEB clone
A303-673A (Bethyl Labs), p62 ab56415 (Abcam), LC3-II ab48394 (Abcam), LAMP1 sc019992 (Santa
Cruz), Cathepsin D (a gift from Stuart Kornfeld, Washington University, St. Louis, Missouri, USA),
and B-actin A2066 (Sigma-Aldrich). Ultrapure E. coli lipopolysaccharide (InVivoGen), ATP (Sigma-Al-
drich), bafilomycin A (Sigma-Aldrich), and the autophagy inhibitor Spautin-1(41) (Sigma-Aldrich) were
purchased and employed in in vitro studies with pMACs. Lalistat was provided by the University of Notre
Dame, (South Bend, Indiana, USA; ref. 59). Fixed, deidentified human heart tissue obtained from Ken-
neth Margulies at University of Pennsylvania. Hearts were categorized as either nonfailing (no history of
heart failure, obtained from nonfailing brain-dead donors) or ischemic cardiomyopathy (obtained at time
of orthotopic heart transplantation). After in situ cold cardioplegia, all hearts were placed on wet ice at
4°C in Krebs-Henseleit buffer. Transmural LV samples were obtained from the LV free wall with epicardi-
al fat excluded, and samples were then placed in 4% paraformaldehyde for fixation.

Closed-chest I/R surgery and echocardiography. Methods for closed-chest IR have been previously described
(60). Briefly, age- and sex-matched mice were anesthetized with ketamine/xylazine (100 mg/kg and 10 mg/
kg, i.p.), prepped for surgery, and ventilated. A left mini-thoracotomy was performed with pericardial dissec-
tion, followed by passage of an 8-0 polypropylene suture with a U-shaped tapered needle under the proximal
LAD artery. The needle was cut from the suture and the 2 ends of the 8-0 suture were threaded through a
0.5-mm piece of PE-10 tubing that was previously gas sterilized. The suture and occluder formed a loose
snare around the LAD artery. Each end of the suture was then threaded through a size 3 Kalt needle and
exteriorized through each side of the chest wall and the thoracotomy was then closed. The ends of the exteri-
orized 8-0 suture were tucked under the skin and the skin closed. The mouse was removed from the ventilator
and kept warm. Mice were then allowed adequate recovery time, during which they were fed the tamoxifen
diet (depending on the experiment); subsequently, mice were reanesthetized but not ventilated, and only the
skin above the chest wall was reopened. Mice were taped to an ECG board (Indus Instruments) to observe
ST segment changes during IR. The suture ends were pulled apart gently until ST segment elevation appeared
on the ECG indicating LAD artery occlusion. The sutures were then secured in this position and ischemia
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was continued for 90 minutes. To induce reperfusion, the sutures were cut close to the chest wall releasing
the tension, and reperfusion was confirmed with resolution of ST segment elevation. Mice also underwent
echocardiography during IR to assess area-at-risk and 4 weeks after IR (using 100 mg/kg i.p. tribromoethanol
anesthetic). Echocardiography was performed on a Vevo 2100 (Visualsonics) machine equipped with a 30
MHz linear-array transducer as previously described (61, 62). Cardiac images were obtained by a handheld
technique. EF and volume calculations were performed by a blinded echocardiographer. In experiments to
test the role of LAL, vehicle (0.5% methylcellulose 0.1% Tween 20) or Lalistat (20 mg/kg) was injected sub-
cutaneously, as previously described (43), 1 day prior and 1 day after IR surgery.

Flow cytometry, flow sorting, and RNA-seq. To prepare single cell suspension, hearts were perfused with
saline, finely minced, and were digested in DMEM with collagenase 1 (450 U/mL), hyaluronidase (60 U/
mL) and DNase I (60 U/mL) for 1 hour at 37°C. After 1 hour of digestion, enzymes samples were deacti-
vated by washing in HBSS supplemented with 2% FBS and 0.2% BSA. Samples were filtered through 40 pM
cell strainers, washed in HBSS, and resuspended in 100 puL. of FACS buffer (DPBS with 2% FBS and 2 mM
EDTA). Cells were then stained with monoclonal antibodies for 30 minutes at 4°C. Samples were washed
twice and final resuspension was made in 300 pL of FACS buffer. CD45" gate was used for all immune cells.
Neutrophils were gated as Ly6G*CD64. Monocytes were gated as CD64"Ly6C™. Macrophages were gated
as Ly6G-CD64"Ly6C. Flow cytometric analysis was performed on BD LSRII platform. Sorting of CCR2*
and CCR2™ macrophages was performed on BD FACS ARIA III platform with 85 uM nozzle and flow rate
set to 1 uL./minute. Sample collection holder was set at 4°C. Cells were sorted for each population directly
into the 200 pL of lysis buffer (Qiagen) containing 1% B-mercaptoethanol. RNA extraction was performed
using RNeasy Micro kit (Qiagen). Additional methods describing RNA-seq are included in Supplemental
methods. RNA-seq data files are available in GEO under accession number GSE118463.

Immunohistochemistry. Slides of paraffin-embedded human cardiac tissue were obtained from donors
rejected for transplantation or patients with ischemic cardiomyopathy at the time of surgery. Immuno-
histochemistry was performed as previously described (11). The high-resolution images of Masson’s tri-
chrome-stained tissue slices were acquired using a digital whole slide scanner (Nanozoomer 2-HT) using
a 20x%/0.75 lens (Olympus). The images were then quantified using the image analysis module of a digital
pathology software Visiomorph (VisioPharm).

Monocyte number determination. Whole blood (20 pL) was loaded into Hemavet 950 FS (Erba Diagnostics).

Cell culture and hypoxia/reoxygenation experiments. pMACs were isolated from C57/BL6 mice or the rele-
vant transgenic mice 4 days after injection of 3.85% thioglycollate and plated at a density of 1 X 10° cells/
mL in DMEM containing 10% inactivated fetal serum, 1% sodium pyruvate, 1 mM L-glutamate, 50 U/mL
penicillin G sodium, and 50 U/mL streptomycin sulfate. On the day after isolation, cells were washed and
then stimulated with 500 ng/mL lipopolysaccharide for 2 hours, prior to addition of ATP (4 mM) for 30
minutes. For hypoxia/reoxygenation modeling, macrophages were incubated in an oxygen control cabinet
(Coy Laboratories), which was housed within an incubator equipped with an oxygen sensor. Cells were
treated with 1% oxygen (maintained by infusing 95% nitrogen and 5% CO,) for 16 hours, followed by 8
hours of reoxygenation. In the final 2 hours, cells were also treated with either vehicle of 200 nM bafilomy-
cin A to inhibit lysosomal acidification prior to harvesting for immunoblotting.

Immunoblotting. After lysates were prepared from pMACs, Western blotting was performed as pre-
viously described (63).

IL-18 ELISA. IL-1B ELISA was performed on precoated plates (R&D Systems) as previously described (64).

Quantitative PCR analyses. After RNA isolation from pMACs using the RNeasy Mini kit (Qiagen),
cDNA was prepared using the iScript cDNA synthesis kit (Bio-Rad). Transcript levels of IL-1f and 36B4
were determined by qPCR performed on the QuantStudio 3 (Applied Biosystems) using the following
primer sets: IL-1B (forward, 59-AAGGAGAACCAAGCAACGACAAAA-39; reverse, 59-TGGG-
GAACTCTGCAGACTCAAACT-39); 36B4 (forward, 59-ATCCCTGACGCACCGTGA-39).

Statistical analysis. Statistics were performed in Prism Version 8.0.2 (GraphPad Software Inc.). Statisti-
cal significance of differences was calculated via unpaired 2-tailed Student’s ¢ test for 2 group comparisons
or 2-way ANOVA to determine mean differences between groups split by 2 independent variables (in IR
experiments) followed by either Tukey’s or Sidak’s adjustment for multiple comparisons. Experiments in
PMAC:s were analyzed with 2-way ANOVA followed by Tukey'’s test for multiple comparisons. Autophag-
ic flux experiments were analyzed by paired 2-tailed Student’s ¢ test. Graphs containing error bars show
means * SEM with a P value < 0.05 considered statistically significant.

insight.jci.org  https://doi.org/10.1172/jci.insight.127312 13


https://doi.org/10.1172/jci.insight.127312

. RESEARCH ARTICLE

insight.jci.org

Study approval. All animal studies were approved by the Animal Studies Committee at Washington
University School of Medicine and the IACUC committee at the John Cochran VA Medical Center (St.
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