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Macrophages use apoptotic cell-derived
methionine and DNMT3A during efferocytosis to
promote tissue resolution

Patrick B. Ampomah®'22 Bishuang Cai?, Santosh R. Sukka’, Brennan D. Gerlach?,
Arif Yurdagul Jr4, Xiaobo Wang®?, George Kuriakose', Lancia N. F. Darville®, Yan Sun®©¢,
Simone Sidoli%, John M. Koomen®?3, Alan R. Tall' and Ira Tabas ®"78X

Efferocytosis, the clearance of apoptotic cells (ACs) by macrophages, is critical for tissue resolution, with defects driving many
diseases. Mechanisms of efferocytosis-mediated resolution are incompletely understood. Here, we show that AC-derived
methionine regulates resolution through epigenetic repression of the extracellular signal-regulated kinase 1/2 (ERK1/2) phos-
phatase Dusp4. We focus on two key efferocytosis-induced pro-resolving mediators, prostaglandin E, (PGE,) and transforming
growth factor beta 1 (TGF-f1), and show that efferocytosis induces prostaglandin-endoperoxide synthase 2/cyclooxygenase
2 (Ptgs2/C0OX2), leading to PGE, synthesis and PGE,-mediated induction of TGF-p1. ERK1/2 phosphorylation/activation by
AC-activated CD36 is necessary for Ptgs2 induction, but this is insufficient owing to an ERK—DUSP4 negative feedback path-
way that lowers phospho-ERK. However, subsequent AC engulfment and phagolysosomal degradation lead to Dusp4 repression,
enabling enhanced p-ERK and induction of the Ptgs2—PGE,—TGF-f1 pathway. Mechanistically, AC-derived methionine is con-
verted to S-adenosylmethionine, which is used by DNA methyltransferase-3A (DNMT3A) to methylate Dusp4. Bone-marrow
DNMT3A deletion in mice blocks COX2/PGE,, TGF-f1, and resolution in sterile peritonitis, apoptosis-induced thymus injury
and atherosclerosis. Knowledge of how macrophages use AC-cargo and epigenetics to induce resolution provides mechanistic

insight and therapeutic options for diseases driven by impaired resolution.

acrophages play critical roles during the resolution of

inflammation by clearing ACs, termed efferocytosis, and

secreting pro-resolving factors that mediate tissue repair
after injury'. Defects in efferocytosis and resolving mediator syn-
thesis lead to cell and tissue necrosis, unresolved inflammation
and tissue damage; impaired efferocytosis has been implicated in
several chronic inflammatory diseases, including autoimmune dis-
eases, atherosclerosis, chronic lung diseases and neurodegenera-
tive diseases>’. For example, efferocytosis is impaired in advanced
atherosclerotic lesions, promoting clinically unstable plaques char-
acterized by necrosis, inflammation and fibrous cap thinning**.
Resolving mediators produced during efferocytosis not only pro-
mote resolution, but also enhance efferocytosis itself, forming a
highly beneficial positive feedback cycle'”. Accordingly, when effe-
rocytosis becomes defective in diseases, impaired resolution ensues
as part of a negative feedback cycle”.

Efferocytosis-induced macrophage resolution pathways are trig-
gered by activation of AC receptors or molecules resulting from
the phagolysosomal degradation of engulfed ACs*’. For example,
AC-derived arginine enhances the engulfment of subsequent ACs
via an ornithine—putrescine-dependent metabolic pathway’; fatty
acids resulting from efferocytosis promote macrophage synthesis of
interleukin-10 (IL-10) (ref. 7); and AC-derived cholesterol activates
liver X-receptor mediated resolution pathways®.

An important efferocytosis-mediated resolution programme
involves the synthesis and secretion of PGE, and TGF-f1 (ref. °).
PGE, synthesis involves the conversion of arachidonic acid to
prostaglandin H, by COX2 (encoded by Ptgs2), followed by con-
version of prostaglandin H, to PGE, by prostaglandin E synthase
(PGES). Although COX2 and PGE, have been implicated in inflam-
mation and thrombosis'®!!, their effects are context- and PGE,
receptor-dependent, and PGE, has pro-resolving roles in certain
settings, including efferocytosis, atherosclerosis and cardiac isch-
aemia/reperfusion™'?"'*. Similarly, although TGF-p can promote
inflammation in certain settings, it has potent pro-repair activities",
including in the settings of efferocytosis and atherosclerosis®*.

A key gap in this area of research is how efferocytosis stimu-
lates the production of PGE, and TGF-p. In this report, we show
that this process occurs through coordinated signalling involving
AC-receptor binding and a DNA methylation pathway triggered
by AC-derived methionine. Knowledge of this pathway may sug-
gest new therapeutic strategies for the many diseases in which
macrophage-mediated resolution is impaired.

Results

Efferocytosis-induced TGF-pB1 requires AC degradation and
PGE,. We began by investigating whether the key process of
efferocytosis-induced PGE, and TGF-P1 (ref. °) might be linked
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Fig. 1| Efferocytosis-induced TGF-f1 production requires phagolysosomal AC degradation and Ptgs2/COX2 induction. a—h, BMDMs or HMDMs were
pretreated with siRNAs for 72 h or inhibitors for 2 h, as indicated below. The cells were then incubated with (+) or without (-) ACs for 45 min, after which
noninternalized ACs were removed by rinsing. After an additional 1 or 6 h of incubation, the cells were assayed for Ptgs2 or TgfbT mRNA, respectively.

a,b, BMDMs were transfected with scrambled RNA (Scr) or siRbcn and assayed for Ptgs2 or Tgfb1, respectively. ¢—f, BMDMs or HMDMs were pretreated
with vehicle or bafilomycin Al. g, BMDMs were transfected with Scr or siPtgs2. h, HMDMs were pretreated with vehicle or the COX2-specific inhibitor
(NS-398). i, BMDMs were transfected with Scr or siPtges. j, BMDMs were transfected with Scr or siPtger2 and siPtger4. k, BMDMs were transfected with
Scr or siPtger2 and siPtger4. After 72 h, the cells were incubated with vehicle or 10 pM PGE, for 2 h and then assayed for TgfbT mRNA. The mRNA data are
expressed relative to the first control group. Values are means + s.e.m.; ns, not significant (P> 0.05); n=3 biological replicates. Two-sided P values were

determined by one-way ANOVA with Fisher's LSD post hoc analysis.

to the phagolysosomal degradation of ACs. First, we showed that
incubation of bone marrow-derived macrophages (BMDMs)
with ACs causes increases in Ptgs2 messenger RNA, its product
COX2, media PGE, and media TGF-1 (Extended Data Fig. la—c).
The ACs were human Jurkat cells and the primers were based on
mouse mMRNA sequences, and thus the Ptgs2 and Tgfbl mRNA
was from the macrophages, not the engulfed ACs (Extended Data
Fig. 1d). To test the importance of AC phagolysosomal degrada-
tion, we silenced Rubicon, a protein required for microtubule asso-
ciated protein 1 light chain 3-associated phagocytosis (LAP) that
mediates lysosome—phagosome fusion and phagolysosomal AC
degradation during efferocytosis®'. We found that Rubicon silenc-
ing suppressed AC-induced increases in both Ptgs2 and Tgfbl
(Fig. 1a,b and Extended Data Fig. le). Similar results were found

with macrophages pretreated with bafilomycin Al, a lysosomal
vacuolar ATPase inhibitor that blocks phagolysosomal AC deg-
radation during efferocytosis® (Fig. 1c,d), and with human
monocyte-derived macrophages (HMDMs) (Fig. le,f). Note that
neither siRbcn nor bafilomycin treatment blocked initial AC engulf-
ment (Extended Data Fig. 1f). These data suggest that one or more
AC-derived metabolites are involved in the post-efferocytic induc-
tion of Ptgs2/Tgfbl.

On the basis of previous work”, we hypothesized that
AC-induced PGE, might induce TGF-P1 in an autocrine/para-
crine manner. Consistent with this idea, the AC-induced increase
in Tgfbl mRNA was prevented by Pfgs2 silencing in mouse mac-
rophages and by the COX2-specific inhibitor NS-398 (ref. #) in
HMDMs (Fig. 1g,h and Extended Data Fig. 1g). Incubation of
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macrophages with ACs also increased in Ptges (PGE synthase), and
silencing Ptges blocked AC-induced Tgfbl mRNA (Fig. 1h,i and
Extended Data Fig. 1i). Furthermore, silencing two PGE, recep-
tors, EP2 and EP4, decreased AC-induced Tgfbl, and exogenous
PGE, increased Tgfbl, which was also blocked by silencing EP2/4
(Fig. 1j,k and Extended Data Fig. 1j,k). By contrast, silencing Tgfb1
did not affect AC-induced Ptsg2 (Extended Data Fig. 11,m). These
data suggest that phagolysosomal degradation of ACs triggers Ptgs2
induction, leading to COX2-mediated PGE, synthesis/secretion and
then PGE,-mediated induction of TgfbI.

The pathway uses S-adenosylmethionine from AC-methionine.
On the basis of our previous work linking macrophage metabolism
of AC-derived amino acids to gene regulation®, we became interested
in methionine, because methionine-derived S-adenosylmethionine
(SAM) can be used by histone and DNA methyltransferases to
alter gene transcription’. Moreover, methionine was among the
top ten amino acids showing an increase in macrophages follow-
ing efferocytosis®. SAM is formed by the addition of methionine to
ATP, which is catalysed by the enzyme methionine adenosyltrans-
ferase 2A (MAT2A)*. We observed that treating BMDMs with the
MAT?2A inhibitor PF-9366 (ref. *) or siMat2a blocked AC-induced
increases in Ptgs2and Tgfbl mRNA and TGF-p1 secretion (Fig. 2a,b)
without affecting initial AC uptake (Fig. 2a,b and Extended Data
Fig. 2a-d). MAT2A inhibition also blocked AC-induced increases
in PTGS2 and TGFBI1 in HMDMs (Fig. 2¢,d). Further, exogenously
added SAM was sufficient to induce Ptgs2 and Tgfbl, and, as pre-
dicted, this was not substantially reduced by PF-9366 (Fig. 2e,f and
Extended Data Fig. 2e). Note that the modest trend toward reduc-
tion by PF-9366 might be related to a small contribution by the
methionine cycle, where SAM is converted to methionine, which
can then be converted back to SAM via MAT2A”.

We further explored the source of methionine in this pathway.
First, AC-induced increases in Ptgs2 and Tgfbl were not depen-
dent on methionine in the media (Fig. 2g,h). Next, we sought to
trace methionine from AC proteins into macrophage SAM during
efferocytosis. Jurkat cells were incubated with *C,'*N-methionine,
labelled with fluorescent PKH26 dye and then rendered apoptotic.
To prevent “C,"N-SAM formation in Jurkat cells, labelling was
done in the presence of the MAT2A inhibitor, and we showed by
liquid chromatography tandem mass spectrometry (LC—MS/MS)
that the Jurkat cells had *C,"*N-methionine but not *C,*"N-SAM
(Extended Data Fig. 2f). Macrophages were incubated with these
AC:s for 45min, followed by the removal of noninternalized ACs
by rinsing and further incubation in medium without ACs for
1h. The macrophages were then sorted into PKH26* (AC*) and
PKH26~ (AC") cells and analysed by LC—MS/MS for *C;"N-SAM.
BC,*N-SAM was found only in AC* macrophages and, importantly,
this was markedly inhibited when phagolysosomal hydrolysis was
blocked by bafilomycin (Fig. 2i and Extended Data Fig. 2gh).
These combined data provide evidence that methionine originating
from phagolysosomal AC degradation during efferocytosis is con-
verted into SAM, which leads to the induction of Ptgs2 and then
PGE,-mediated induction of TgfbI.

The DNMT3A—PGE,—TGF-f1 pathway requires DNMT3A.
SAM is used by DNA methyltransferases to methylate gene regula-
tory regions, and thus we investigated whether this process might
somehow be involved in the PGE,—TGF-f1 pathway. We focused on
the DNA methyltransferase DNMT3A, which becomes functional
in late embryos and after birth**. We found that the AC-induced
increases in Ptgs2, COX2 and Tgfbl were blocked in BMDM:s from
Dnmt3a™" VaviCre*~ mice (haematopoietic (H)-DNMT3A knock-
out (KO) mice) versus control Vav1Cre*~ mice, despite equal uptake
of ACs (Fig. 3a—c and Extended Data Fig. 2i,j). Similarly, DNMT3A
silencing blocked AC-induced PTGS2 and TGFf1 in HMDMs
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(Fig. 3d,e and Extended Data Fig. 2k), and the BMDM data were
similar when apoptotic macrophages were the source of ACs
(Fig. 3f,g). To test another source of cellular methionine cargo, we
incubated control and DNMT3A-KO macrophages with immuno-
globulin G (IgG)-coated red blood cells (RBCs). By flow cytometry,
RBC* macrophages had a marked increase in COX2 compared with
RBC~ macrophages, and this increase was decreased by ~50% in
DNMT3A-KO macrophages (Extended Data Fig. 21). In contrast
to these findings with engulfed cells, control and DNMT3A-KO
macrophages, or macrophages treated with scrambled RNA or
siDnmt3a, responded similarly to lipopolysaccharide (LPS (Il6 and
Ptgs2), interferon-gamma+ LPS (COX2 and Nos2) and IL-4 (Argl)
(Extended Data Fig. 2m-p). Further, basal and AC-induced SAM
levels were similar between control and H-DNMT3A-KO macro-
phages (Extended Data Fig. 2q). Finally, the increases in Ptgs2 and
Tgfbl induced by exogenous SAM were also prevented in macro-
phages lacking DNMT3A (Fig. 3h,i).

The involvement of SAM and DNMT3A prompted us to look
at global DNA methylation in efferocytosing macrophages. We
found that ACs increased the percentage of 5-methylcytosine (mC)
in macrophage DNA, which was partially dampened by MAT2A
inhibition or DNMT3A absence (Fig. 3j). We then incubated mac-
rophages with PC;*N-methionine-labelled ACs (above) and found
that "CH,-DNA, assayed by LC—MS/MS, was detected in mac-
rophages incubated with *C,'*N-methionine-labelled ACs ver-
sus unlabelled ACs, and this was partially blocked by bafilomycin
and markedly blocked by bafilomycin plus the MAT2A inhibitor
(PF9366) (Extended Data Fig. 2r and Fig. 3k).

As a separate finding, the addition of exogenous PGE, did not
rescue the defect in Tgfvl mRNA in DNMT3A-KO macrophages
(Fig. 31). We then asked whether this finding might be linked to
the fact that PGE, receptors signal through phosphorylated-CAMP
responsive element binding protein 1 (p-CREB1) (ref. ). Indeed,
PGE,-induced p-CREB1 was blocked in DNMT3A-KO macro-
phages (Fig. 3m). Most importantly, silencing CREB1 blocked the
increase in Tgfbl in macrophages treated with exogenous PGE,
or incubated with ACs (Fig. 3n,0 and Extended Data Fig. 2s).
These combined data suggest at least two roles for DNMT3A in
efferocytosis-induced pro-resolving mediator production. First,
efferocytosis/SAM-mediated Ptgs2 induction requires DNMT3A,
and the finding that methyl groups from AC-derived methionine
can be traced to macrophage DNA suggests a possible role for DNA
methylation in this pathway (below). Second, the ability of PGE,
to induce Tgfbl also involves DNMT3A via a pathway involving
p-CREBI.

The pathway requires DNMT3A-mediated Dusp4 repression.
Because DNA methylation often suppresses gene transcription, we
reasoned that suppression of one or more genes by DNA methyla-
tion might secondarily increase Ptgs2, for example, by removing an
inhibitory signal from a Ptgs2-inducing pathway. We began with the
finding that ERK activation has been implicated in COX2 induction
and PGE, secretion in other cell types and settings™. In addition,
we and others have shown previously that TGF-p1 production by
macrophages requires ERK1/2 activation®-**. Consistent with these
previous reports, incubation of macrophages with ACs increased
the active form of ERK, p-ERK1/2, which was dampened by bafilo-
mycin (Extended Data Fig. 3a,b). Most importantly, inhibition of
ERK1/2 by U0126, or silencing of Makpl and Mapk3, prevented
AC-induced increases in Ptgs2 and Tgfbl and decreased TGF-pl1
secretion by mouse and human macrophages (Fig. 4a-d and
Extended Data Fig. 3c,d).

ACs are known to activate cell-surface receptors that can activate
ERK, notably MerTK and CD36 (refs. *****). We therefore targeted
these receptors in macrophages, incubated them with PKH-26 or
pHrodo-labelled ACs, and conducted flow cytometry assays, gating
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Fig. 2 | The AC-induced Ptgs2-TGF-f1 pathway requires SAM formation from AC-derived methionine. a—d, BMDMs (a,b) or HMDMs (c,d) were
pretreated with vehicle or the 10 pM MAT2A inhibitor PF-9366 for 2 h. Cells were then incubated with (+) or without (-) ACs for 45 min, after which
noninternalized ACs were removed by rinsing. After an additional 1or 6 h of incubation, the cells were assayed for a, Ptgs2 in BMDMs; b, TgfbTin BMDMs;
¢, TGFBTin HMDMs; d, PTGS2 in HMDMs. For media TGF-B1in b, macrophages were pretreated for 2 h with vehicle or MAT2A inhibitor before the
addition of ACs for 45 min. The macrophages were rinsed to remove nonengulfed ACs and then incubated for an additional 24 h. The cell media were
collected and assayed for TGF-f1. e f, BMDMs were incubated with vehicle or 20 puM SAM and then assayed for Ptgs2 after 1 h or Tgfb] mRNA after 6 h,
respectively. g h, BMDMs were cultured in methionine-free DMEM supplemented with dialysed FBS (D-FBS). Before the addition of ACs, cells were
pretreated with vehicle or 10 uM MAT2A inhibitor. The cells were then incubated with or without ACs for 45 min, after which noninternalized ACs

were removed by rinsing. The cells were assayed for Ptgs2 after 1h or TgfbT after 6 h, respectively. i, BMDMs were cultured in methionine-free media
supplemented with D-FBS. The cells were then pretreated for 2 h with vehicle or bafilomycin AT, followed by incubation for 45 min with PKH26-labelled
ACs whose proteins had been labelled with *C*N-methionine before apoptosis induction. After nonengulfed ACs were removed by rinsing and following
an additional Th of incubation, macrophage extracts were assayed for *C;*N-SAM by LC—MS/MS, with the data expressed as peak height per pg of

cell protein. The mRNA data are expressed relative to the first control group. Values are means +s.e.m.; n.s., not significant (P> 0.05); n=3 biological
replicates. Two-sided P values were determined by a one-way ANOVA with Fisher's LSD post hoc analysis.

on labelled AC* and AC~ macrophages to correct for the lower
number of efferocytosing macrophages in receptor-silenced cells.
In comparison with AC* wild-type macrophages, AC* MerTK-KO
macrophages showed a modest decrease in p-ERK and COX2
mean fluorescence intensity (MFI; Extended Data Fig. 3e), while
siCD36-treated versus scrambled RNA-treated AC* macrophages
showed a more robust reduction in p-ERK, COX2 and TGF-f1 MFI
(Fig. 4e—g and Extended Data Fig. 3f,g). Thus, activation of CD36 by
ACs is an important activator of ERK in this pathway.

We next questioned whether ERK activated by the early event of
AC binding might be enhanced by DNMT?3A after AC engulfment
and degradation. Consistent with this idea, control macrophages
showed an initial increase in p-ERK1/2 45min after exposure to
ACs, which was maintained after the cells were chased in the absence
of ACs for 1 or 2h (Fig. 4h, blue circles). By contrast, DNMT3A-KO
macrophages showed a smaller increase in p-ERK1/2 at 45min,
and the difference between KO and control macrophages persisted
for the following 2-h chase period (Fig. 4h, red circles). Based on
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Fig. 3 | The AC-induced COX2-TGF-f1 pathway requires DNMT3A. All incubations with (+) or without (-) ACs were 45 min long, followed by rinsing and
then a 1- or 6-h chase period for Ptgs2 or Tgfbl, respectively. a, BMDMs from VaviCre*~ (Control) or Dnmt3a™f VaviCre*- (H-DNMT3A-KO) mice were
incubated with or without ACs and then assayed for Ptgs2. b, BMDMs treated with scrambled RNA (Scr) or siDnmt3a were incubated with or without ACs
and then immunoblotted for DNMT3A, COX2 and f-actin after 3h. ¢, Control or DNMT3A-KO BMDMs were incubated with or without ACs and then
assayed for Tgfbl. d,e, HMDMs treated with Scr or sSiDNMT3A were incubated with or without ACs and then assayed for PTGS2 or TGFBT f,g, Control or
DNMT3A-KO BMDMs were incubated with or without apoptotic human macrophages and then assayed for Ptsg2 or Tgfb1. h,i, Control or DNMT3A-KO
BMDMs were incubated with vehicle or SAM and then assayed for Ptgs2 after 1h or Tgfb1 after 6 h, respectively. j, Control macrophages pretreated with
vehicle or MAT2A inhibitor (PF9366) and DNMT3A-KO macrophages were incubated with or without ACs and then assayed for global DNA methylation
levels (percentage 5-mC). k, BMDMs pretreated for 1h with vehicle or bafilomycin A1and the MAT2A inhibitor were incubated for 45 min with or without
ACs whose proteins were labelled with *C;*"N-methionine. After rinsing and an additional 1h of incubation, macrophage DNA was assayed for *C,-mC.

I, Control or DNMT3A-KO BMDMs were incubated with vehicle or PGE, for 2h and then assayed for Tgfb1. m, Control or DNMT3A-KO BMDMs were
incubated with vehicle or PGE2 for 1 h and then immunoblotted for DNMT3A, p-Creb], Creb1 and p-actin (1h). n,0, BMDMs were pretreated with Scr or
siCreb1 and then incubated + PGE, for 2h (n) or with or without ACs for 45 min followed by a 6-h chase (o). The cells were then assayed for Tgfbl. The
mRNA data are expressed relative to the first control group. Values are means +s.e.m.; n.s., not significant; n=3 biological replicates. Two-sided P values
were determined by a one-way ANOVA with Fisher's LSD post hoc analysis.
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these data, we hypothesized that DNMT3A might repress a gene
that functions to lower p-ERK, for example, an ERK phosphatase.
ERK phosphorylation in cells is often transient owing to negative
feedback by certain dual-specificity phosphatases (DUSPs), nota-
bly DUSP1 and DUSP4 (ref. *°). We first found that when macro-
phages were exposed to ACs, there was an increase in Dusp4 but
not Duspl mRNA in siDnmt3a-treated macrophages (Fig. 4i).
Similar results with Dusp4 were found in a time-course experi-
ment comparing control and DNMT3A-KO macrophages (Fig. 4j).
In addition, AC-induced Dusp4 was blocked by the ERK inhibitor
U0126, consistent with an ERK—DUSP4 negative feedback path-
way in these macrophages (Extended Data Fig. 3h). Most impor-
tantly, the suppression of Ptgs2, COX2 and Tgfbl by siDnmt3a
or DNMT3A-KO in efferocytosing macrophages was abrogated
when Dusp4 was also silenced, but not when Duspl was silenced
(Fig. 4k, and Extended Data Fig. 3i-m). Moreover, the reduction
in Tgfbl expression in siMat2a-treated macrophages was res-
cued by also silencing Dusp4 (Extended Data Fig. 3n,0). Finally,
Dusp4 silencing could not rescue the defect in Tgfbl expression in
siMapk1/3-treated macrophages (Extended Data Fig. 3p,q), which
is consistent with DUSP4 functioning in the pathway by increas-
ing ERK1/2 activation. Finally, using methylated DNA immuno-
precipitation, we found that the CpG-rich promoter region of the
Dusp4 gene was methylated in response to ACs in wild-type, but
not DNMT3A-deficient macrophages (Fig. 4m). When considered
together, the data suggest the following model (Fig. 4n): the initial
binding of an AC to an efferocytosis receptor such as CD36 trig-
gers an ERK pathway that induces Ptgs2, leading to the downstream
COX2—-PGE,—Tgfbl pathway. The pathway requires more than
transient ERK activation, and thus escape from DUSP4-mediated
negative feedback is required. This escape occurs during the next
stage in efferocytosis, that is, the phagolysosomal degradation of the
engulfed AC, and involves a pathway that relies on AC-methionine,
SAM and DNMT3A-mediated suppression of Dusp4. Finally,
the subsequent ability of PGE, to induce Tgfbl also involves
DNMT3A, which functions through a yet-to-be-defined pathway
involving p-CREBI.

Evidence for the DNMT3A—COX2—-TGF-f1 pathway in vivo.
To test for the presence of the DNMT3A—-COX2—TGEF-p1 path-
way in vivo, we compared control and H-DNMT3A-KO bone
marrow-transplanted (BMT) mice (above) using three well-
characterized models influenced by macrophage-mediated effero-
cytosis and resolution: dexamethasone (DEX)-induced thymocyte
apoptosis, Zymosan Al-induced peritonitis and atherosclerosis.
For the DEX-thymus model, mice were injected with dex to induce
thymocyte apoptosis or PBS solution as the vehicle control. In this
model, apoptotic thymocytes are continually cleared by thymic

macrophages, which is necessary to prevent dead thymocyte
accumulation, tissue necrosis and inflammation®. We first showed
that H-DNMT3A-KO did not affect the initial apoptosis phase,
because the number of annexin V* (apoptotic) cells in the thymus 4 h
after DEX injection was similar in the two groups of mice (Extended
Data Fig. 4a). For pathway identification, we examined the thymi
from control and H-DNMT3A-KO mice 18h after the DEX or PBS
injection, a time point crucial for identifying macrophage-mediated
resolution effects®. As designed, DNMT3A was absent in thymic
macrophages of the H-DNMT3A-KO mice (Extended Data Fig. 4b,
left). We observed that DEX increased thymic macrophage p-ERK,
COX2, PGE, and TGF-fl in the control mice, whereas these
responses were suppressed in the H-DNMT3A-KO mice (Fig. 5a—c
and Extended Data Fig. 4b, right). Importantly, in the DEX-treated
cohorts, the thymi of H-DNMT3A-KO mice had higher DUSP4
expression than control mice thymi (Fig. 5d).

In the peritonitis model, Zymosan Al elicits a neutrophil-
mediated sterile inflammatory response, which is followed by a
gradual accumulation of efferocytosing macrophages that clear
neutrophils as they become apoptotic***’. To test for the presence
of the DNMT3A—-COX2—-TGF-p1 pathway in this model, control
and H-DNMT3A-KO mice were injected intraperitoneally with
Zymosan Al. After 24h, but not 12h, exudate macrophages from
the H-DNMT3A-KO mice had decreases in phospho-ERK, COX2
and LAP-TGF-f1 and also in secreted PGE, and TGF-p1 (Fig. 5e-g
and Extended Data Fig. 4c,d).

To look for the pathway in atherosclerotic lesions, control and
H-DNMT3A-KO mice were fed a western-type diet for 12 weeks. As
designed, the atherosclerotic lesions of the chimeric knockout mice
had undetectable macrophage DNMT3A (Extended Data Fig. 4e).
Blood glucose, body weight, total cholesterol and systemic blood
parameters were similar in both groups after harvesting (Extended
Data Fig. 4f-m). Most importantly, lesional macrophages of
H-DNMT3A-KO mice had decreases in p-ERK, COX2 and TGF-f1
(Fig. 5h-j). In summary, DNMT3A-dependent increase in p-ERK,
COX2 and TGF-1 are evident in the macrophages of three differ-
ent models where macrophage-mediated efferocytosis and resolu-
tion are known to play important roles.

The pathway is functional in resolution in vitro and in vivo.
PGE, and TGF-Bl1 promote tissue resolution, including effero-
cytosis, which is an important effector arm of the resolution res
ponse”>*_ In this context, we reasoned that activation of the
DNMT3A pathway by an initial efferocytic event might further
promote efferocytosis via autocrine/paracrine effects of TGF-p1. To
begin, we confirmed that incubation of macrophages with TGF-p1
in vitro enhances efferocytosis®, which was blocked by inhibit-
ing transforming growth factor beta receptor I-mediated SMAD

>
>

Fig. 4 | The role of ERK, CD36 and DUSP4 in the efferocytosis—Ptgs2/COX2—TGF-f$1 pathway. All incubations with (+) or without (-) ACs were 45min
long, followed by rinsing and then a 1- or 6-h chase period for Ptgs2 or Tgfb1, respectively. a—d, BMDMs (a,b) or HMDMs (c,d) pretreated for 2 h with

the MEK/ERK inhibitor U0126 were incubated with or without ACs for 45 min and then assayed for a, Ptgs2 in BMDMs; b, TgfbTin BMDMs; ¢, PTGS2

in HMDMs; d, TGFBTin HMDMs. Media TGF-B1 was assayed 24 h after AC removal. e—g, BMDMs treated with scrambled RNA (Scr) or siCd36 were
incubated with PKH26-labelled ACs for 45min and then assayed by flow cytometry for p-ERK1/2 MFI, or, after an additional 3 or 18 h of incubation, for
COX2 or TGF-B1 MFI, respectively, gating on PKH26* (AC*) and PKH26" (AC") macrophages. h, Control and DNMT3A-KO BMDMs were incubated with
PKH26-labelled ACs for 45 min and then assayed by flow cytometry for p-ERK1/2 at the indicated time points after AC removal. i, BMDM:s transfected
with Scr or siDnmt3a were incubated with or without ACs for 45min, chased for Th and then assayed for DuspT or Dusp4. j, Control or DNMT3A-KO
BMDMs were incubated with or without ACs and then assayed for Dusp4 mRNA after O or 1-h chase. kI, BMDMs treated with Scr, siDnmt3a, siDusp4 or
siDnmt3a + siDusp4 were incubated with or without ACs and then assayed for Ptgs2 after 1 h or Tgfb1 after 6 h, respectively. m, Control or DNMT3A-KO
BMDMs were incubated with or without ACs and then after Th subjected to methylated DNA immunoprecipitation to immunoprecipitate fragments of
methylated DNA. PCR targeting the CpG-rich region of the Dusp4 promoter was used to determine the fold-enrichment of methylated DNA relative to 1gG
control. n, Pathway scheme, showing AC-CD36-mediated ERK activation, which is limited by Dusp4, and the subsequent AC-degradation pathway, which
represses Dusp4 via DNMT3A-mediated DNA methylation to sustain p-ERK. The pathway leads to PGE,, which acts via EP2/4 and p-CREB to induce
Tgfbl. The p-CREB pathway also involves DNMT3A. The data in a—I are expressed relative to the first control group. Values are means +s.e.m.; n.s., not
significant; n=3 biological replicates. Two-sided P values were determined by one-way ANOVA with Fisher’s LSD post hoc analysis.
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phosphorylation with LY3200882 (Extended Data Fig. 5a). More
importantly, incubation of macrophages with conditioned media
(CM) from AC-exposed control macrophages, but not AC-exposed

increase seen with control-macrophage CM was

DNMT3A-KO macrophages, increased efferocytosis, and the

blocked by an

anti-TGF-P1 antibody (Fig. 6a). These data are consistent with the
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idea that efferocytosis-induced TGF-p1 secretion further increases
efferocytosis by a paracrine mechanism.

To test the functionality of this pathway in vivo, we turned to the
DEX-thymus model and looked for signs of impaired efferocytosis
and resolution in the H-DNMT3A-KO cohort. As alluded to above,
within 4h of DEX treatment, there is marked thymocyte apoptosis,
but after 18 h the number of apoptotic thymocytes is modest owing
to their clearance by thymic macrophages®. Accordingly, although
there was a modest increase in ACs in the thymi of the control
mice 18h after DEX, thymus weight and cellularity were decreased
owing to macrophage-mediated clearance of apoptotic thymocytes
(Fig. 6b,c and Extended Data Fig. 5b, groups 1 and 3). Most impor-
tantly, the thymi of the H-DNMT3A-KO cohort showed a greater
increase in ACs and cellularity and a smaller decrease in thymus
weight after DEX, indicative of impaired continual efferocytosis
(Fig. 6b,c and Extended Data Fig. 5b, groups 2 and 4). To assess effe-
rocytosis directly, we stained thymic sections in the DEX-treated
cohorts for macrophages using anti-Mac2 antibody and TdT-
mediated dUTP-X nick end labeling (TUNEL) to mark dead thy-
mocytes and then quantified the ratio of macrophage-associated
TUNEL" cells to free TUNEL* cells as a measure of efferocyto-
sis’. Note that ‘macrophage-associated TUNEL* cells’ refers to
macrophages with cytoplasmic TUNEL* living macrophages, not
nuclear-TUNEL* dead macrophages, which are extremely rare in
this model (Extended Data Fig. 5c). We observed that the ratio of
macrophage-associated to free TUNEL* thymocytes was lower in
the thymi of DEX-treated H-DNMT3A-KO versus DEX-treated
control mice (Fig. 6d), with similar levels of thymic macrophages
(Extended Data Fig. 5d), further supporting a defect in efferocytosis.

ACs become necrotic when they remain uncleared. As such,
we examined sections from PBS and DEX-treated control and
H-DNMT3A-KO mice for evidence of necrosis in sections stained
with haematoxylin and eosin. As expected, there was no observ-
able difference between the control and KO groups after PBS treat-
ment, but 18h after DEX, the KO cohort showed a greater increase
in per cent necrosis than the control cohort (Fig. 6e). Further, the
thymi of DEX-treated H-DNMT3A-KO mice had a higher level of
immunoreactive tumour necrosis factor-alpha and a trend toward
higher IL-6 compared with the thymi of DEX-treated control mice
(Extended Data Fig. 5e,f). Thus, in the DEX-thymus model, hae-
matopoietic DNMT3A deletion impairs efferocytosis and resolu-
tion, which, when considered together with the decreases in COX2
and TGF-f1 in this model shown in the previous section, provide
evidence for the functionality of the DNMT3A—-COX2—-TGF-f1
pathway in vivo.

We next examined the Zymosan sterile peritonitis model.
Peritoneal polymorphonuclear cell (PMN) counts were similar
between control and H-DNMT3A-KO mice during the inflamma-
tory stage at 12h, but the KO cohort showed a relatively impaired
decrease in PMNs compared with the control cohort at both 24 and
48h (Fig. 6f). We also showed in a separate experiment that the exu-
date PMN numbers were also different between the two cohorts at

18h after Zymosan (Extended Data Fig. 5g). On the basis of previ-
ous studies using this model***, this finding suggests that loss of
DNMT3A in macrophages impairs resolution in sterile peritoni-
tis and probably compromises the efferocytic clearance of apop-
totic PMNs by exudate macrophages. Following this observation,
we determined whether intraperitoneal (i.p.) injection of TGF-f1,
whose production is impaired in DNMT3A-deficient mice after
injection of Zymosan (above), would restore efferocytosis and reso-
lution. As an initial test, we first showed that injection of wild-type
mice with 200 ng of TGF-p1 i.p. 15 and 20h after Zymosan lowered
exudate PMN number 24h later (Extended Data Fig. 5h), which
is consistent with the above in vitro data showing that TGF-f1
enhances efferocytosis. Most importantly, we found that treatment
of H-DNMT3A-KO mice with TGF-p1 15 and 20h after Zymosan
lowered the number of PMNs to the level seen in the control cohort
(Fig. 6g). We then immunostained cells from the peritoneal exu-
date for the neutrophil marker Grl and the macrophage marker
F4/80 and used flow cytometric analysis to evaluate the percentage
of macrophages (F4/80* cells) with internalized PMNs (F4/80*Gr1*
cells), which is an indicator of in vivo efferocytosis®. TGF-p1 treat-
ment in H-DNMT3A cohort increased the percentage of efferocy-
tosing macrophages (F4/80*Grl*) to the level seen in the control
chimeric cohort (Fig. 6h). Thus, as in the DEX-thymus model,
H-DNMT3A-KO impairs resolution and efferocytosis, with direct
evidence for the role of TGF-p1 in this model.

Lastly, we examined the 12-week atherosclerosis model, focus-
ing on the TGF-pl-mediated endpoints of fibrous cap thickness
and efferocytosis, both of which are features of plaque resolution
and stability>*****. H-DNMT3A-KO resulted in marked decreases
in cap thickness when compared with lesions from control mice
(Fig. 6i). Importantly, this finding was not simply a reflection of
smaller lesion size (Fig. 6j), because lesion size was not affected
by H-DNMT3A-KO (Extended Data Fig. 5i). Moreover, lesional
efferocytosis was impaired in the lesions of H-DNMT3A-KO ver-
sus control mice (Fig. 6k). Thus, in this complex, disease-relevant
model, there is evidence that the DNMT3A pathway plays a role in
processes linked to resolution and efferocytosis.

Discussion

A fascinating concept that has emerged in the area of inflamma-
tion resolution relates to the ability of macrophages to use mole-
cules derived from the phagolysosomal hydrolysis of ACs to drive
resolution and continual efferocytosis®*. Thus far, the mechanisms
have focused on AC metabolite-induced pathways that result in
specific transcription factor activation, mRNA stabilization or cel-
lular energy metabolism alteration®®. Here we report on a new
mechanism that involves epigenetic gene regulation. In this case,
AC-derived methionine is converted to SAM, which provides the
substrate for DNMT3A-mediated DNA methylation. The result
is methylation-induced suppression of Dusp4, which enables pro-
longed ERK phosphorylation to induce Ptgs2 and subsequent acti-
vation of the PGE,—TGF-P1 resolution pathway (Fig. 4n). This

>
>

Fig. 5 | Evidence for the DNMT3A—COX2—TGF-$1 pathway in vivo. a—d, Wild-type (WT) C57BL/6J mice were transplanted with BM from VaviCre*~
(Control) or Dnmt3a™" VaviCre*/- (H-DNMT3A-KO) mice and injected 4 weeks later with PBS or DEX. After 18 h, the thymi were harvested and
immunostained for Mac2 (macrophages) and the following proteins: (a) p-ERK1/2, n=4; (b) COX2, n=4; (¢) TGF-p1, n=4; and (d) DUSP4, n=4. The
data are quantified as MFIl per Mac2* area, expressed relative to the first control group. Scale bars, 50 pm. b and ¢ show the content of PGE, and TGF-f1,
respectively, in thymic extracts as assayed by ELISA (n=3 and 4 for PBS and DEX groups respectively). e—g, Control or H-DNMT3A-KO BMT mice
were injected i.p. with Tmgml™ Zymosan Al. After 24 h, peritoneal exudate cells were analysed by flow cytometry for the following proteins, gating on
F4/80* cells (macrophages): (e) p-ERK, n=4; (f) COX2, n=4; (g) LAP-TGF-B1, n=4. f and g also show the content of PGE, (n=8) and TGF-p1 (n=8),
respectively, in peritoneal exudates as assayed by ELISA. h—j, Ldlr”~ (LDLR-KO) mice were transplanted with bone marrow from VaviCre*/~ (Control) or
Dnmt3a" VaviCre*’- (H-DNMT3A-KO) and, after 4 weeks, fed a western-type diet for 12 weeks. Aortic root sections were immunostained for Mac2 and
the following proteins: (h) p-ERK1/2, n=7; (i) COX2, n=7; and (j) TGF-B1, n=7. The data are quantified as MFl per Mac2* area expressed relative to the
control group. Scale bars, 50 pm. Values are means +s.e.m., n.s., not significant (P> 0.05). Two-sided P values were determined by the Student's t-test for
two groups or one-way ANOVA with Fisher's LSD post hoc analysis for four groups.
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Fig. 6 | Loss of haematopoietic cell DNMT3A impairs efferocytosis in vitro and resolution in vivo. a, Eighteen-hour CM from control or DNMT3A-KO
BMDMs incubated with (+) or without (-) AC, or DMEM control, were added to recipient BMDMs (left). In a parallel experiment (right), CM from control
BMDMs were treated with or without anti-TGF-p1 antibody and then added to BMDMs. After 1h, the BMDMs were incubated with or without PKH26
labelled ACs and then assayed for per cent PKH26-AC* of total macrophages (n=4 biological replicates). b—e, The thymi of PBS and DEX-treated control
and H-DNMT3A-KO BMT mice similar to those in Fig. 5a-d were assayed for annexin V* cells, n=5 mice/group (b); cellularity, n=6 (PBS) and 8 (DEX)
mice (c¢); efferocytosis, n=7 mice/group; yellow and white arrows indicate macrophage-associated or free TUNEL* cells, respectively (d); and per cent
necrosis, n=4 mice/group (e). Scale bars, 50 pm (d) and 200 pm (e). f, The peritoneal exudates of Zymosan Al-injected control and H-DNMT3A-KO
BMT mice similar to those in Fig. 5e-g were assayed for Ly6G* PMN as a function of time after Zymosan A1 injection, n=5 mice/group. g h, As in f, but

a cohort of KO mice received 200 ng ml” TGF-p1i.p., whereas control and KO mice received vehicle (Veh). After 24 h, the exudates were assayed for

the number of PMNs, n=5 mice/group (g), and for the percentage of F4/80* macrophages that were Gr1* by flow cytometry (efferocytosis of PMNs),
n=>5 mice/group (h). i—k, For control and H-DNMT3A-KO BMT LdIr”- mice fed a western-type diet for 12 weeks, similar to those in Fig. 5h-j, aortic

root lesions were assayed for fibrous cap thickness, expressed relative to the control cohort, n=8 mice/group (i); fibrous cap thickness as a ratio of the
lesion area, n=_8 mice/group (j); and efferocytosis, n=7 mice/group (k). Scale bar, 200 pm (i) and 50 pm (k). For k, yellow and white arrows indicate
macrophage-associated (top) or free TUNEL* (bottom) cells, respectively. Values are means + s.e.m., n.s., not significant. Two-sided P values were
determined by the Student's t-test for two groups or one-way ANOVA with Fisher's LSD post hoc analysis for four groups.
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pathway is supported by mechanistic data using BMDMs and
HMDMs; by the presence of the unique biochemical signature of
the pathway in resolution settings in vivo; and, most importantly,
by DNMT3A-causation experiments in vivo in settings where
macrophage-mediated efferocytosis and resolution are important,
notably, atherosclerosis. We showed that DNMT3A-KO or silenc-
ing in efferocytosing macrophages suppresses the incorporation
of methyl groups from AC-methionine into SAM and DNA, and
decreases Dusp4 promoter methylation. However, future studies are
needed to show that AC-derived methionine per se is the source
of methyl groups on the Dusp4 promoter and that methylation of
this promoter is directly responsible for AC-induced repression of
Dusp4 expression.

The major premise for the study was that efferocytosis pro-
motes resolution by stimulating the synthesis and secretion of
PGE, and TGF-1 (ref. °) Moreover, another study showed that
a CD36-activating antibody led to the induction of TGF-p1 in a
leukaemia-derived macrophage cell line’’. Our studies in BMDMs
and HMDMs indicate that AC-induced activation of CD36-ERK1/2
is limited by a DUSP4-mediated negative feedback pathway and that
PGE, and TGF-p1 induction requires Dusp4 repression via the sub-
sequent step of AC engulfment and phagolysosomal degradation.
Other efferocytosis receptor-ERK pathways may have a more mod-
est role than CD36, as demonstrated by our data with MerTK-KO
macrophages.

Our data suggest that methionine/SAM is rate-limiting for at
least certain DNA methylation events in macrophages and that
AC-derived methionine, or exogenous SAM, provides the necessary
substrate for DNA methylation. Other DNA and histone methyla-
tion reactions that are known to be active in differentiating macro-
phages* may deplete local stores of endogenous SAM, which could
contribute to the rate-limiting property of AC-derived methio-
nine/SAM. Previous examples suggesting that methionine may be
rate-limiting in DNA methylation-dependent processes include the
use of exogenous methionine by T cells to expand the Th17 lineage"’
and by macrophages to inhibit LPS-induced inflammation*. In
theory, it is also possible that efferocytosis increases the enzymatic
activity of DNMT3A methyltransferase, for example, by suppress-
ing negative regulatory processes that limit DNMT3A activity*>*!.

Our findings raise the possibility that enhancers or promot-
ers in addition to the Dusp4 promoter are methylated in effero-
cytosing macrophages, leading to changes in the expression of
other genes. Global methylation analysis coupled with assay for
transposase-accessible chromatin using sequencing and RNA
sequencing in control and DNMT3A-knockout macrophages
incubated with or without ACs will help shed light on this issue.
In a more general sense, the actions of other DNA methyltransfer-
ases and/or histone methyltransferase*” may also be stimulated by
postefferocytotic SAM formation, leading to yet additional changes
in gene expression following the uptake and degradation of ACs.
Finally, prolonged ERK activation in efferocytosing macrophages
caused by Dusp4 repression is likely to have effects beyond Ptgs2
induction, and elucidation of these may reveal additional insight
into postefferocytosis resolution signalling.

Advanced atherosclerosis was one of the models we used to show
that the DNMT3A pathway is present and functional in vivo. Human
and experimental advanced atherosclerotic lesions are associated
with impaired resolution, and molecular—genetic and pharmaco-
logical studies in mice have shown that impaired resolution contrib-
utes to plaque progression, whereas pharmacological restoration
of resolution suppresses plaque progression®*>***>**_ We showed
here that homozygous deletion of haematopoietic DNMT3A led
to fibrous cap thinning and impaired efferocytosis, two features of
unstable plaques in humans that we predicted would occur via the
suppression of TGF-f1 synthesis”'**". Moreover, the lower expres-
sion level of COX2/PGE, in haematopoietic DNMT3A-deficient
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mice may contribute to the overall defect in resolution, because
COX2/PGE, has been implicated in several anti-inflammatory respo
nses™'>""**, Furthermore, experimental atherosclerotic mouse mod-
els have revealed a direct role of COX2 in protecting against lesion
development and suppressing pro-inflammatory IL-6 and tumour
necrosis factor-alpha production’*'. Age-related loss-of-function
somatic mutations in DNMT3A in humans (clonal haematopoiesis
of indeterminate potential (CHIP)) are associated with an increased
incidence of coronary artery disease (CAD)*, with the mechanism
remaining unknown. Thus, a topic for future study will be to deter-
mine if the degree of DNMT3A lowering in CHIP is enough to
compromise the DNMT3A—PGE,—TGF-f1 pathway in atheroscle-
rotic lesional macrophages, thus providing at least one mechanism
linking DNMT3A CHIP to CAD. This mechanism may be relevant
to a common dominant-negative DNMT3A CHIP mutation associ-
ated with CAD, DNMT3A®%H In addition, the findings from this
study might be particularly applicable to atherosclerosis regression,
where efferocytosis and resolution play important roles in plaque
stabilization®*. Finally, conceiving ways to therapeutically enhance
the DNMT3A—-PGE,—TGF-p1 pathway may provide a new way to
boost resolution in atherosclerosis and other key diseases in which
resolution is impaired. In this context, our findings may provide a
mechanistic basis to an emerging area in resolution therapeutics
in which infusion of ACs, including apoptotic mesenchymal stems
cells, is used to trigger efferocytosis-mediated resolution path-
ways’'. This type of therapy is effective in experimental models of
autoimmune disease and has been shown in a small clinical trial
to decrease the incidence of graft-versus-host disease in subjects
receiving haematopoietic stem cell transplantation for haematologic
malignancies™*”. Several studies have suggested that stimulation of
PGE, secretion by efferocytosing macrophages may be an important
pro-resolving mechanism of this therapeutic strategy>** and, based
on the findings here, this process may be linked to TGF-f1 secre-
tion as well. To the extent that infusion of ACs may cause adverse
effects, that is, if the infused cells become necrotic’’, knowledge of
the DNMT3A—-PGE,-TGF-p1 pathway may suggest alternative,
safer strategies to enhance resolution in disease settings.

Methods

Experimental animals. Animal protocols used for experiments were approved by
Columbia University’s Institutional Animal Care and Use Committee and animals
were cared for according to National Institutes of Health (NIH) guidelines for the
care and use of laboratory animals under protocol number AAAY9450. The mice
were housed socially in standard cages at 22°C and under a 12:12h light/dark
cycle in a barrier facility with ad libitum access to water and food. Eight-week-old
male C57BL/6] wild-type mice (Jackson Laboratory, strain 000664) were used as
BMT-recipient mice for the DEX-thymus and Zymosan A1 experiments, with n
numbers indicated in the figure legends. Eight-week-old male LDLR-KO mice

on the C57BL/6] background (B6.129S7-Ldlr™!"e; Jackson Laboratory, strain
002207) were used as BMT-recipient mice for the atherosclerosis experiments,
with n numbers indicated in the figure legends. All purchased mice were allowed
to adapt to housing in the animal facility for 1 week before the commencement of
experiments. For BMT donor mice, we used 8-week-old Dnmi3a"'Vav1Cre*- and
Vav1Cre*"~ control male mice, both on the C57BL/6] background, which were a
gift from S. Mukherjee and A. Burke. The ratio of donor to recipient mice for BMT
was 10:1. Mertk™" Lyz2cre male mice on the C57BL/6] background were generated
as previously described* and used at 8 weeks of age. Investigators were blinded for
atherosclerosis experiments, but were not for experiments from the DEX-induced
thymocyte apoptosis model and Zymosan-induced peritonitis model.

Generation of BMDMs. Bone marrow (BM) cells from either male or female
8-12-week-old mice were cultured in DMEM supplemented with 10%
heat-inactivated FBS, 100 mgml™' streptomycin,10 Uml™ penicillin and 20% L-929
fibroblast-CM for 6-8 d, after which they were ready for use in the experiments.

Generation of HMDMs. Peripheral human blood leucocytes were isolated from
buffy coats of anonymous, de-identified healthy adult volunteers, with informed
consent (New York Blood Center). The leucocytes were purified in a discontinuous
gradient of Histopaque solution and added to 24-well tissue culture plates in a
humidified CO, incubator at 37 °C. After 4h to allow for adhesion, the monolayers
were rinsed to remove unattached cells, and the medium was changed to
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RPMI-1640 (Gibco) containing 10% heat-inactivated FBS, 100 mgml™
streptomycin, 10 Uml™ penicillin and 20ngml' GM-CSF (Peprotech). After 10d,
the HMDM:s were used for experiments.

Cell lines. Jurkat human T lymphocytes (TIB-152) and L-929 mouse fibroblasts
(CCL-1) cells were obtained from the American Type Culture Collection and
cultured in DMEM (Gibco) supplemented with 10% (v/v) heat-inactivated FBS
(Gibco), 10 Uml™ penicillin and 100 mgml™ streptomycin (Corning). Cells were
cultured in a humidified CO, incubator at 37°C.

Induction of apoptosis and labelling of Jurkat cells. Jurkat cells were irradiated
under a 254-nm UV lamp for 15min, followed by incubation in 1x PBS for 2-3h,
and then used for experiments. For some experiments, the ACs were rinsed once
with serum-free DMEM, resuspended at a concentration of 2 x 107 cells per ml
in Diluent C (Sigma-Aldrich), and incubated for 5min with 1 ml of Diluent C
containing concentrated PKH26 dye (Sigma-Aldrich). The reaction was stopped
with 2 ml of FBS, and the ACs were then rinsed twice with DMEM containing
10% heat-inactivated FBS and used for experiments. For other experiments, ACs
were stained with pHrodo dye (Thermo Fisher Scientific) as described by the
manufacturer’s protocol. For experiments using apoptotic human macrophages,
HMDM:s were made apoptotic by treatment with 1 uM staurosporine in DMEM
media for 48 h.

In vitro macrophage efferocytosis assay. BMDMs were plated in 24-well

tissue culture plates and incubated with PHK26- or pHrodo-labelled Jurkat

cells rendered apoptotic by 254nM UV at a ratio of 5:1 (ACs/M¢, where M¢
denotes macrophage). After 45min, unbound ACs were vigorously washed off

and fluorescence and bright field images were taken using an epifluorescence
microscope (Leica DMI6000B) to identify the uptake of labelled cells. Images were
quantified using Image J software. For some experiments, M¢ were incubated with
ACs for 3h, whereas other experiments involved incubating M¢ for an additional 1
or 6h in normal cell culture media following the removal of unbound ACs.

Immunoblotting. After experiments, cells were lysed in 2x Laemmli lysis
buffer (Bio-Rad) containing 50 mM dithiothreitol. Lysates were heated at

95°C for 5min, separated on 4%-20% SDS—PAGE gradient gels (Invitrogen)

at 120V for 2h, and electrotransferred to 0.45-mm polyvinylidene difluoride
membranes at 100V for 1.5h. The membranes were incubated at 4°C with
primary antibodies in PBS containing 5% BSA overnight and detected using
horseradish peroxidase-conjugated secondary antibodies (Pierce) the following
day. Densitometric analysis was performed using Image] software.

Enzyme-linked immunosorbent assay. TGF-p1 or PGE, were measured in cell
culture media or peritoneal exudates using kits purchased from Biolegend

and Cayman Chemicals, respectively, and conducted as described by the
manufacturer’s protocol.

Methylated DNA capture. Control and H-DNMT3A-KO macrophages were
incubated with ACs for 45 min. Noninternalized ACs were removed by media
removal and monolayer rinsing, and the macrophages were incubated in fresh
media for an additional 1h. The macrophages were then harvested, and DNA
was isolated using the PureLink Genomic DNA Kit (Thermo Fisher Scientific).
Next, using 1 pg of DNA from each sample, methylated DNA was captured and
detected by antibodies using the Methylamp Methylated DNA Capture Kit from
EPIGENTEK, following the manufacturer’s protocol. PCR was conducted using
primers targeting the CpG-rich region in the promoter of Dusp4, and the data were
quantified as fold-enrichment of methylated DNA in the Dusp4 promoter relative
to control IgG antibodies that do not recognize methylated DNA.

Short interfering RNA (siRNA)-mediated gene silencing. Scrambled 50 nM
siRNA controls or siRNAs targeting specific genes were transfected into
macrophages using Lipofectamine RNAiMAX (Life Technologies) following the
manufacturer’s protocol. Briefly, cells seeded in 450 pl of BMDM media were
incubated with 50 pl of OptiMEM containing 1.5 pl of iMAX and 50 nM siRNA.
After 48 or 72 h of transfection, experiments were conducted.

Quantitative real-time PCR. RNA was extracted from samples using the
PureLink RNA Mini Kit (Life Technologies) following the manufacturer’s protocol.
The purity and concentration of RNA were determined using a NanoDrop
spectrophotometer (Thermo Fisher Scientific). Complementary DNA was
synthesized from 200 ng of RNA from samples with a 260/280 ratio >1.8 using
oligo(dT) and Superscript II (Applied Biosystems). Quantitative real-time PCR was
performed using a 7500 Real-Time PCR system (Applied Biosystems) and SYBR
Green Master Mix reagents (Applied Biosystems). All sequences for primers and
RNA interference are given in Supplementary Table 1.

Zymosan-induced peritonitis and uptake of apoptotic neutrophils. Male
mice (8-10 weeks old) were injected i.p. with 1 ml of I mgml™ Zymosan A
(Sigma-Aldrich) to induce sterile peritonitis. For some experiments, mice received
200ngml™ recombinant TGF-p1 at 15 and 20 h after Zymosan A injection.

Exudate fluid was collected and assayed for TGF-f1 and PGE, by enzyme-linked
immunosorbent assay (ELISA), and cells in the exudate were stained with mouse
anti-Ly6g (neutrophils; Biolegend) and assayed by flow cytometry to quantify
neutrophil numbers. To assay apoptotic neutrophil uptake by flow cytometry,
exudate cells were stained with anti-F4/80 antibody (macrophages; Biolegend),
permeabilized (below) and stained with anti-Grl. Macrophages that had engulfed
apoptotic neutrophils were identified as F4/80*Gr1* cells.

Flow cytometry. Cells were fixed in 4% PFA (Thermo Fisher Scientific), suspended
in FACS staining buffer (PBS containing 2% FBS and 1 mM EDTA), and incubated
with TruStain FcX PLUS (anti-mouse CD16/32) Fc-blocking antibody (Biolegend).
Cell-surface receptor staining was carried out by incubating with fluorescent
antibodies for 60 min at 4°C. For intracellular staining, cells were permeabilized
with BD Perm/Wash (BD Biosciences), followed by fluorescent antibody staining
at 4°C for 1 h. Cells were washed in FACS buffer twice and then resuspended for
analysis on a BD FACS Canto II flow cytometer. For detection of apoptosis, cells
were washed twice with cold FACS buffer, resuspended in annexin V-binding
buffer at a concentration of 1 10° cells per ml, and incubated with fluorescein
isothiocyanate (FITC)-conjugated annexin V antibody for 15 min at room
temperature. Samples were analysed by BD FACS Canto II flow cytometer. Data
analysis was carried out using the FlowJo v.10.

Dexamethasone thymus experiment. Male mice (8-10 weeks old) were injected
i.p. with 250 pl of PBS containing 250 mg of DEX (Sigma-Aldrich) dissolved in
dimethyl sulfoxide. Eighteen hours after injection, the mice were euthanized, and
thymi were harvested and weighed. One lobe of the thymus was mechanically
disaggregated, and cell number was determined using Countess II (Invitrogen).
Then 1 10° cells were stained with either FITC-conjugated annexin V

antibody (Biolegend) or anti-F4/80 antibody (Biolegend) to determine AC and
macrophage number, respectively. The other thymus lobe was formalin-fixed,
paraffin-embedded and sectioned, followed by immunostaining the sections
with TUNEL reagent (Roche), anti-TGF-B1 (Abcam), anti-p-ERK1/2 (Cell
Signaling), anti-DUSP4 (Abcam) and/or anti-Mac2 antibodies (Cedarlane).

In situ efferocytosis was quantified by counting TUNEL" cells that were associated
with Mac2* cells versus macrophage-free TUNEL* cells. Macrophage-associated
AC:s followed the criteria of TUNEL* nuclei surrounded by or in contact with
neighbouring Mac2* macrophages. Free ACs exhibited nuclear condensation and
were not in contact with neighbouring macrophages.

Tissue collection and lesion analysis. Male Ldlr'~ mice (8-10 weeks/old)

were prepared 1 week before irradiation by giving them acidic water containing
100 mg L' neomycin and 10 gL polymyxin. The mice were given 1,000 rads

using a caesium-137 Gammacell source. Some 4—6h later, the mice were injected
intravenously with 2.5 10° BM cells from 8-10-week-old male control VavI1Cre*~
mice or Dnmt3a"" Vav1Cre*~ mice*. Femurs from the donor mice were flushed
with RPMI-1640 containing 10 units ml™ heparin, 10 U ml™ penicillin and

100 mgml™! streptomycin to collect the BM cells, which were then passed through a
40-mm cell strainer, collected by centrifugation at 500¢ for 5min, and washed twice
before loading into a syringe for injection. Four weeks after injection of BM cells,
mice were fed a western-type diet (Envigo, TD 88137) for 12 weeks. The work-up
of the mice and all atherosclerosis measurements were conducted as described
previously®”. In brief, the night before the mice were euthanized, food was
withdrawn, and the next morning blood glucose was assayed using a OneTouch
Ultra device, plasma cholesterol was measured using a kit from Wako Diagnostics,
and complete blood cell counts and leucocyte differential were quantified using

a FORCYTE Hematology Analyzer (Oxford Science). The mice were then
euthanized, followed by PBS perfusion through the left ventricle. Aortic roots were
formalin-fixed, paraffin-embedded, sectioned and stained with haematoxylin and
eosin®*. For each mouse, we quantified six sections that were separated by 30 mm,
starting at the base of the aortic root. The area from the internal elastic lamina to
the lumen (total lesion area) was quantified using image analysis software. The
lesions were also stained for collagen using picrosirius red (Polysciences, catalogue
no. 24901A) to quantify fibrous cap thickness at the cap midpoint and both
shoulder regions. These measurements were averaged and expressed as the ratio of
collagen cap thickness to lesion area.

Tissue immunohistochemistry and immunofluorescence microscopy.
Paraffin-embedded sections (6 mm) were deparaffinized with xylene and
rehydrated in decreasing concentrations of ethanol. Sections were incubated with
TUNEL staining reagents at 37 °C for 60 min and then washed three times with
PBS. Alternatively, rehydrated sections were blocked for 60 min with 2% BSA in 1x
PBS, and immunostained with anti-Mac2, anti-COX2, anti-TGF-f1 or anti-DUSP4
antibodies overnight at 4 °C. Sections were stained with fluorescently labelled
secondary antibodies and then counterstained with 4,6-diamidino-2-phenylindole.
Images were captured using an epifluorescence microscope (Leica DMI6000B).

Detection of *C,'*N-labelled SAM in BMDM:s incubated with ACs labelled
with *C,;'*N-methionine. Jurkat cells incubated with media containing
C;*N-methionine were labelled with fluorescent PKH26 dye and then rendered
apoptotic. To prevent *C,°N-SAM formation in the Jurkat cells themselves, the
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cells were pre-incubated with the MAT2A inhibitor PF9366. Next, macrophages
were pre-incubated with or without bafilomycin and then incubated with the
labelled ACs for 45 min, followed by the removal of unbound ACs by rinsing and
further incubation in medium without ACs for 1h. The macrophages were then
sorted into PKH26* (AC*) and PKH26~ (AC") cells and analysed by LC—MS/MS
for *C;*N-SAM. Briefly, 500 pl of prechilled cold methanol was added to each
cell pellet, followed by vortexing and incubation at —80°C for 20 min. Samples
were centrifuged at 14,000g for 5min, and the metabolite extract was collected
in a clean microcentrifuge tube. The pellet was re-extracted as described above,
and the metabolite extracts were pooled, dried in a vacuum centrifuge (Savant
SC210A SpeedVac Concentrator, Thermo Fisher Scientific), and resuspended in
liquid chromatography loading solvent. For isotope tracer analysis, an ultra-high
performance liquid chromatograph (Vanquish, Thermo Fisher Scientific)
interfaced with an electrospray Q Exactive Focus mass spectrometer (Thermo
Fisher Scientific) was used in full scan mode. The following solvent systems were
used: solvent A was 100% LC—MS grade water (Burdick & Jackson) containing
0.1% formic acid (Thermo Fisher Scientific, catalogue no. 28905), and solvent

B was aqueous 100% LC—MS grade acetonitrile (Burdick & Jackson, catalogue
no. 34967). For each sample, a 5-ul aliquot of the metabolite mixture was loaded
onto an ACE C18-PFP column, (2.1 mm internal diameter (i.d.) X 100 mm length
with 2 um particle size). The column was equilibrated at 0% B with a flow rate

of 0.350 mlmin~' for 3 min. A gradient from 0% B to 80% B was applied over

10 min with a flow rate of 0.350 ml min', held at 80% B for 3 min, followed by
re-equilibration over 5min, giving a total of 21 min for the LC experiment.

Mass spectrometry (MS) instrument parameters for full Scan MS on the Q
Exactive Focus included the following: resolution, 70,000; AGC target, 3 X 10%
and maximum injection time, 100 ms. Peak heights for unlabelled methionine
and SAM and “C,"*N-labelled methionine and *C,'*N-labelled SAM were
extracted from the chromatograms using Xcalibur Quan Browser (v.4.2.47,
Thermo Fisher Scientific).

Detection and quantification of *C-CH, in genomic DNA. Macrophages
pretreated with or without bafilomycin and/or PF9366 were incubated for 45 min
with or without *C;*N-methionine-labelled Jurkat cells (above). Unengulfed

ACs were removed by rinsing and then incubated for an additional 1h. DNA was
extracted from the cells and digested into single nucleosides by incubation with
the Nucleoside Digestion Mix (New England Biolabs) at 37 °C for 2h. *C-DNA
methylation was identified and quantified by nano-liquid chromatography (nLC)
coupled online with <S. nLC was configured with a two-column system consisting
ina300pm i.d. X 0.5cm C18 trap column (Dionex) and a 75um i.d. X 25cm
Reprosil-Pur C18-AQ (3 um; Dr Maisch GmbH) analytical nano-column packed
in-house using a Dionex RSLC Ultimate 3000 (Thermo Fisher Scientific). nLC
was coupled to an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific). The voltage of the spray was set to 2.3kV, and the temperature of the
heated capillary was set to 275°C. A full scan range of 110—600 1/z was acquired
in the Orbitrap at a resolution of 120,000. The source fragmentation energy

was set at 30V, and the RF lens was set at 50%. The instrument was optimized

to fragment the protonated nucleosides deoxy-methylcytidine and labelled
3C-deoxy-methylcytidine into protonated nucleobases mC and *C-mC with m/z
at 126.0662 and 127.0695, respectively. The percentage of *C-labelled methylation
was calculated using the intensity of mC over mC+"C-mC.

Statistical analysis. GraphPad Prism software (v.9.2.0) was used for all statistical
analyses. We first subjected data to the D’Agostino—Pearson or Shapiro—Wilk

test and found that all data were normally distributed. For comparison of two
groups, we used the Student’s t-test to calculate P values, and for more than

two groups we used one-way analysis of variance (ANOVA) with Fisher’s least
significant difference (LSD) post hoc analysis. Data are reported as means +
s.e.m., and differences were considered statistically significant at P <0.05. Using
power calculations based on our previous studies in mice using the DEX-thymus,
Zymosan peritonitis and mouse atherosclerosis models, the numbers of mice
chosen for each cohort were sufficient to enable the testing of our hypotheses based
on an expected 20%-30% coefficient of variation and an 80% chance of detecting
a 33% difference in key plaque parameters (lesion size and fibrous cap thickness).
Before the start of any analyses, mice were excluded if they died, suffered an injury
requiring euthanasia, or lost >15% of their body weight.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

This study did not generate any unique datasets or codes. All other data can be
made available from the authors on reasonable request. Additional data associated
with the paper can be found in the Supplementary Information. Source data are
provided with this paper.
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Extended Data Fig. 1| Additional experiments documenting the efferocytosis-Ptgs2/COX2-TGF@1 pathway in macrophages. Related to Fig. 1. BMDMs
were incubated + ACs, after which noninternalized ACs were removed by rinsing. The cells were assayed for Ptgs2 mRNA after an additional 1h incubation
and COX2 protein after 3h (a); PGE, in the media after 3h (b); and TGFp1in the media after 18 h (c). For (d), experiments similar to those in panel a

were analyzed for mouse and human Ptgs2/PTGS2 or Tgfb1/TGF1 mRNA to prove that mRNA being measured is not residual human mRNA derived from
human apoptotic Jurkat cells. e, BMDMs were transfected with scrambled RNA (Scr) or siRbcn and then, after 72 h, assayed for Rbcn mRNA. f, BMDMs
were transfected with Scr or siRbcn or treated with vehicle or bafilomycin A1and then incubated with PKH26-labelled ACs for 45 min, followed by rinsing
and quantification of percent PKH26* macrophages of total macrophages. g, BMDMs were transfected with Scr or siPtgs2 and then, after 72 h, assayed
for Ptgs2 mRNA. h, BMDMs were incubated + ACs for 45 min, after which noninternalized ACs were removed by rinsing. The cells were assayed for

Ptges mRNA after an additional 1h incubation. i, BMDMs were transfected with scrambled RNA (Scr) or siPtges and then, after 72 h, assayed for Ptges
mRNA. j-k, BMDMs were transfected with Scr, siPtger4, or siPtger2 and then, after 72 h, assayed for Ptger4 or Ptger2 mRNA, respectively. |, BMDMs were
transfected with Scr or siTgfb1. After 72 h, the cells were incubated + ACs for 45 min, after which noninternalized ACs were removed by rinsing. After an
additional Th of incubation, the cells were assayed for Ptgs2 mRNA. m, BMDMs were transfected with Scr or siTgfb7 and then, after 72 h, assayed for Tgfb1
mRNA. All mRNA data are expressed relative to the first control group. Values are means + SEM. ns, not significant (P> 0.05); n=3 biological replicates.
Two-sided P values were determined by a Student's t-test for two groups or one-way ANOVA with Fisher's LSD posthoc analysis for three or more groups.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Additional experiments documenting the role of SAM in the efferocytosis-Ptgs2/COX2-TGF@1 pathway. Related to Figs. 2 & 3.
All AC incubations were 45 min, and Ptgs2 or TgfbT were assayed 1or 6 h after AC removal, respectively. a, BMDMs pretreated 2 h with vehicle or the
MAT2A inhibitor PF9366 were incubated with pHrodo-labeled ACs and quantified for the percent pHrodo-AC* macrophages. Scale bar, 50 pm. b-c,
BMDMs treated with scrambled RNA (Scr) or siMat2a were incubated + ACs and then assayed for Ptgs2 orTgfbl. d, BMDMs treated with Scr or siMat2a
were assayed for Mat2a. e, BMDMs treated with vehicle or SAM were assayed for SAM content. f, Jurkat cells were cultured in methionine-free DMEM
supplemented with dialyzed FBS containing 13C515N-methionine and the MAT2A inhibitor, PF9366. The cells were rendered apoptotic after the third

day of culture and analyzed by LC-MS/MS to show accumulation of 13C515N-methionine in the presence of MAT2A inhibitor, expressed as peak height,
BMDMs cultured in methionine-free media with D-FBS and pretreated for 2 h with vehicle or bafilomycin A1 (Baf) were incubated 1h with PKH26-labeled
ACs whose proteins were labeled with C.°*N-methionine. AC* and AC~ macrophages were sorted and assayed for SAM content (g) and percent *C;*N-
SAM of total SAM (h). i, Control or DNMT3A-KO BMDMs were incubated with PKH26—labelled ACs and then quantified for the percent PKH26-AC*
macrophages. Scale bar, 50 pm. j, Control and DNMT3A-KO BMDMs were immunoblotted for DNMT3A and p-actin. k, HMDMs treated with Scr or
siDNMT3A were assayed for DNMT3A. |, BMDMs were incubated with 1gG-coated RBCs for 45 min and then assayed 3 h later for COX2 MFI by flow
cytometry. m-n, Control and DNMT3A-KO BMDM s treated with LPS or LPS + IFNy for 4 h were assayed for /16, Ptgs2, or COX2 (n). o-p, BMDMs treated
with Scr or siDnmt3a were incubated for 24 h with vehicle and LPS + IFNy or IL4 and assayed for Nos2 or Argl. q, Control and DNMT3A-KO BMDMs were
incubated + ACs for 45 min and then assayed for SAM. r, BMDMs pretreated for 2 h with vehicle or bafilomycin A1 were incubated + ACs whose proteins
were labeled with *C*N-methionine and then assayed 1h after AC removal for *Cs-mC in DNA. s, BMDMs treated with Scr or siCreb1 were assayed for
Crebl. All mRNA data are expressed relative to the first control group. Values are means + SEM. n.s., not significant (P> 0.05); n =3 biological replicates for
all bar graphs except i (n=6). Two-sided P values were determined by the Student's t-test for two groups or one-way ANOVA with Fisher's LSD posthoc
analysis for three or more groups.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Experiments documenting the role of ERK, CD36, and DUSP4 in the efferocytosis-Ptgs2/COX2-TGF@1 pathway. Related to

Fig. 4. AC incubations were 45 min, and Ptgs2 or Tgfb1 were assayed 1or 6 h after AC removal, respectively. a, BMDMs incubated + ACs were
immunoblotted for p-ERK1/2, ERK1/2, and B-actin. b, BMDMs pretreated with vehicle or bafilomycin A1 were incubated + PKH26-labelled ACs for

45 min and assayed by flow cytometry for p-ERK1/2 in PKH26* (AC*) and PKH26™ (AC-) macrophages. c-d, BMDMs transfected with scrambled RNA
(Scr) or siMapkl and siMapk3 were incubated + ACs for 45min and immunoblotted for ERK1/2, COX2, and p-actin or assayed for Ptgs2 or Tgfbl. e, WT
or MerTK-KO BMDMs were incubated with PKH26-labelled ACs and assayed by flow cytometry for p-ERK1/2 or, after a 3-h chase, COX2. (f) BMDMs
treated with Scr or siCd36 were assayed for Cd36. (g) BMDM:s treated with Scr or siCd36 were incubated with pHrodo—labelled ACs and, after an 18-h
chase, assayed by flow cytometry for TGFB1in pHrodo* (AC*) and pHrodo™ (AC-) macrophages. h, BMDMs pretreated for 2 h with vehicle or U0126 (MEK
inhibitor) were incubated + ACs and assayed for Dusp4. i, BMDMs treated with Scr, siDnmt3a, siDusp4, or siDnmt3a + siDusp4 were assayed for Dnmt3a
or Dusp4. j-k, Control or DNMT3A-KO BMDMs transfected with Scr or siDusp4 as indicated were incubated + ACs and assayed for Ptgs2 or Tgfbl. I-m,
Control or DNMT3A-KO BMDMs treated with Scr or siDusp1 as indicated were incubated + ACs and assayed for Ptgs2 or Tgfbl. n-o, BMDMs treated
with Scr, siMat2a, siDusp4, or siMat2a + siDusp4 were incubated + ACs and assayed for Tgfbl. p-q, BMDMSs treated with Scr, siMapk1/3, siDusp4, or
siMapk1/3 +siDusp4 were incubated + ACs and assayed for Tgfbl, Mapk3, Mapk1, and Dusp4 after a 6-h chase. Data are expressed relative to the first
control group. Values are means + SEM. n.s., not significant (P> 0.05); n=3 biological replicates. Two-sided P values were determined by the Student's
t-test for two groups or one-way ANOVA with Fisher's LSD posthoc analysis for three or more groups.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | In vivo evidence of AC—induced COX2-TGF@1 pathway. Related to Fig. 5. Wild-type (WT) C57BL/6 J mice were transplanted with
bone marrow from VaviCre*~ (Control) or Dnmt3a™" VaviCre*- (H-DNMT3A-KO) mice and, after 4 weeks, injected with PBS or dexamethasone (DEX).
After 4 h, the thymus was harvested and immunostained with anti-annexin V to document the initial increase in apoptosis after PBS or DEX injection, n=4
mice per group (a). For b (left), thymi were immunostained with Mac2 (green) and DNMT3A (Red). White arrows indicate non-macrophage DNMT3A,
and brown arrows indicate macrophage DNMT3A. For b (right), documentation of co-localized p-ERK1/2, COX2, and Mac2. Representative image from
n=4 mice per group. Scale bar, 50 pm. c-d, Wildtype (WT) C57BL/6 J mice transplanted with bone marrow from control or H-DNMT3A-KO mice were
injected i.p. with Tmg/mL Zymosan A1. After 12 h, peritoneal exudate cells were analyzed by flow cytometry for F4/80* and COX2* cells (n=4 mice/
group) LAP-TGFp1* cells (n=4 mice/group). e-m, Ldlr”- (LDLR-KO) mice were transplanted with bone marrow from control or H-DNMT3A-KO mice

and, after 4 weeks, fed a western-type diet (WD) for 12 weeks. Aortic root sections were immunostained for Mac2 and DNMT3A. Brown arrows indicate
macrophage DNMT3A. Representative image from n=8 mice per group (e); body weight, n=10 mice/group (f); and the plasma or blood was assayed for
the indicated metabolic and immune cell parameters, n=10 mice/group (g-1) and the lipoprotein-cholesterol profile by FPLC (m). Scale bar, 50 pm. Values
are means + SEM; n.s., not significant (P> 0.05). Two-sided P values were determined by the Student's t-test for two groups or one-way ANOVA with
Fisher's LSD posthoc analysis for three or more groups.
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Extended Data Fig. 5 | DNMT3A mediates efferocytosis and resolution in vivo. Related to Fig. 6. BMDMs were pretreated with vehicle or a TGFB1R
inhibitor for 2h and with vehicle or recombinant TGFp1 for Th, as indicated. The macrophages were then incubated with PKH26—labelled ACs for

45 mins, followed by rinsing and quantification of percent PKH26-AC* macrophages of total macrophages, n=4 biological replicates. b-f, Wildtype (WT)
C57BL/6 ) mice were transplanted with bone marrow from control or H-DNMT3A-KO mice and, after 4 weeks, injected with PBS or dexamethasone
(DEX). After 18 h, the thymi were weighed, n=7 and 9 mice for PBS and DEX groups respectively (b); immunostained for DAPI, TUNEL, and Mac2 (c);
assayed for F4/80* cells, n="5 mice per group (d); and assayed for TNF-a, n=3 and 5 mice for PBS and DEX groups respectively and IL-6 by ELISA,
n=3and 4 mice for PBS and DEX groups respectively (e-f). The image in b illustrates thymic macrophages with cytoplasmic TUNEL as an example of
efferocytosing thymic macrophages. Scale bar, 100 pm. g, The peritoneal exudates were assayed for Ly6G* polymorphonuclear cells (PMN) 18 hours
after Zymosan Al injection, n=3 mice per group. h, Wild-type mice received 200 ng/mL recombinant TGF1i.p. or vehicle control 15 and 20 hours after
Zymosan injection and then assayed for the number of PMNs 4 hours later, n=3 mice/group. i, Ldlr”- (LDLR-KO) mice were transplanted with bone
marrow from control or H-DNMT3A-KO mice and, after 4 weeks, fed a western-type diet (WD) for 12 weeks. Aortic root sections were quantified for
lesional area, n=_8 mice/group. Values are means + SEM; n.s., not significant (P> 0.05). Two-sided P values were determined by the Student's t-test for
two groups or one-way ANOVA with Fisher's LSD posthoc analysis for three or more groups.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

]

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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0o

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection FACS Canto was used for flow cytometry experiments. Applied Biosystems 7500 Software v2.3 was used for RT-gPCR. Leica microscope was used
for immunofluorescent images.

Data analysis ImageJ 1.53f51 was used for immunofluorescence analysis. FlowJo, v10 was used for flow cytometry analysis. GraphPad Prism, v9.2.0 was
used to plot graphs and for statistical analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

This study did not generate any unique datasets or codes. All other data can be made available from the authors on reasonable
request. Additional data associated with the paper can be found in the Supplementary information. Uncropped gele data are included.
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Sample size Previous studies and pilot experiments in the lab form the basis of power calculations for the various studies. Depending on the experiment,
calculations indicated that 3-12 mice per group would enable the testing of our hypotheses based on an expected 25-30% coefficient of
variation and an 80% chance of detecting a 33% difference in the key specified endpoints ( P =0.05)
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Data exclusions  Pre-specified exclusion criteria were weight loss>10% of initial body weight or signs of illness or injury requiring euthanasia. According to
these pre-specified criteria, the maximum number of mice were typically 0-2.

Replication All experiments were reproducible as assessed in multiple wells of cells, tissue samples or mice. For in vitro assays, experiments involved
three or more biological replicates. 4 or more mice were used for in vivo experiments, sufficient for statistical power calculation. We did not
have cases of irreproducibility. Data were subjected to extensive reproducibility in all biological assays.

Mice of the same age and similar weight were randomly assigned to experimental and control groups. For in vitro experiments, cells were

Randomization - ;
allocated randomly to study groups. Primary cells were allocated into groups based on target genotype.

Blinding Investigators were not blinded for in vitro assays and some in vivo experiments since target genotype needed to be predetermined
before experiments. Investigators were blinded for atherosclerosis lesion and necrotic size quantifications.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies XI|[] chip-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology g |:| MRI-based neuroimaging

Animals and other organisms

Human research participants The HMDMs were from buffy coats that we purchased from the NY Blood Center, with
donors being completely anonymous and unidentifiable to us. See Methods. This is NOT
considered "human research participants" as it is exempted based on Protection of

Dual use research of concern gyman Rights Title 45 CFR 46.104, section 4 (ii).

Clinical data
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Antibodies
Antibodies used The source, catalogue number, vendors and dilutions of all the antibodies used in this paper have been provided as a supplementary
table due to the length of the compiled file
Validation These are all commercial antibodies with validations available either as proofs or publication references on the manufacturers website

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Human Jurkat T Lymphocyte-ATCC TIB-152 and L-929 mouse fibroblasts (ATCC CCL-1)
Authentication Not authenticated
Mycoplasma contamination Not tested

Commonly misidentified lines  No commonly misidentified cell lines were used in this study
(See ICLAC register)




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 8-week-old male mice were used for all experiments. C57BL/6J (Stock No. 000664) and LDLR KO (B6.129S7-LdIrtm1Her/J) mice were
ordered from Jackson lab. Dnmt3afi/fl VavlCre+/- mice were a gift from Dr. Siddhartha Mukherjee and Mertkfl/fl Lyz2cre male mice
were generated as previously described in methods. All genetically altered mice were C57BL/6J. Mice were housed in standard cages at
22Cand undera 12-12 h light-dark cycle in a barrier facility with ad libitum access to water and food.

Wild animals No wild animals were used in this study

Field-collected samples  No field-collected samples were used in this study

Ethics oversight Animal protocols used for experiments were approved by Columbia University’s institutional animal care and use committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript
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Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Detailed description of the sample preparation can be found in the methods section
Instrument FACS Canto
Software FlowJo v10
Cell population abundance Sorting yielded about ~30% AC+ versus ~60% AC- macrophage population. Population purity was verified by staining F4/80
for macrophage population.
Gating strategy FSC-A/SSC-A gating was used to detect all events. FSC-A/FSC-H was used to select singlets

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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