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USP22 enhances atherosclerotic plaque
stability and macrophage efferocytosis by

stabilizing PPARYy
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Atherosclerosis is a chronic inflammatory disease that strongly threatens human health, and
macrophages play a pivotal role in its pathogenesis. Ubiquitin-specific peptidase 22 (USP22) is
involved in the regulation of macrophage inflammation. However, its role in the atherosclerotic
microenvironment remains unclear. In this study, we found that USP22 overexpression in
macrophages alleviated atherosclerosis progression in ApoE~~ mice. In vitro, USP22 silencing
enhanced macrophage inflammation and foam cell formation, and macrophage efferocytosis was
significantly impaired. Mechanistically, USP22 bound to peroxisome proliferator-activated receptory
(PPARYy) and inhibited its ubiquitination, thereby stabilizing PPARy and promoting efferocytosis. In
addition, intraperitoneal injection of the USP22 inhibitor USP22i-S02 exacerbated atherosclerosis in
ApoE " mice. In summary, these findings indicate that USP22 may be a potential therapeutic target for

the treatment of atherosclerosis.

Coronary artery disease caused by atherosclerosis is the leading cause of
death worldwide, accounting for 32% (17.9 million) of deaths in 2019"
Atherosclerosis is a chronic progressive inflammatory disease primarily
affecting medium and large arteries’. As key players in inflammation,
macrophages are involved throughout all stages of atherogenesis and pro-
gression, from plaque formation to the transition to vulnerable plaques,
making them as critical therapeutic targets for atherosclerosis. Previously, it
was believed that macrophages are involved in atherogenesis, mainly
through their phagocytosis of lipids, leading to excessive foam cell accu-
mulation in the arterial wall*’. However, increasing evidence has revealed
various macrophage-induced atherosclerosis mechanisms, including
impaired autophagy’, decreased efferocytosis capacity’ and M1 macrophage
polarization®. Among them, efferocytosis plays a crucial role in athero-
sclerosis as a key mechanism for maintaining tissue homeostasis’.
Efferocytosis refers to the process by which apoptotic cells are cleaned
by specialized phagocytes such as macrophages as well as nonspecialized
phagocytes (epithelial cells and smooth muscle cells). Efferocytosis consists
of three phases: apoptotic cell recognition (discovery and binding), pha-
gocytosis (internalization) and degradation. Both experimental and clinical
studies have shown that efferocytosis is impaired in certain diseased tissues,
including advanced atherosclerotic plaques™’™. Impaired macrophage

efferocytosis is a key component of atherosclerotic plaque vulnerability.
Therefore, there is an urgent clinical need to understand the key molecules
regulating efferocytosis in atherosclerotic plaques. Previous findings suggest
that the ubiquitinproteasome system is involved in the development of
atherosclerosis'“"”. Deubiquitination enzymes (DUBs) are proteases that
cleave ubiquitin molecules from ubiquitin-linked substrates. In one study,
ubiquitin-specific peptidase 9X (USP9X) was identified as a deubiquiti-
nating enzyme that reduces lipid uptake in macrophages'. In addition,
ubiquitin-specific peptidase 14 (USP14) in endothelial cells attenuates
atherosclerosis by inhibiting nuclear factor-k-gene binding (NF-kB)".
However, the role of DUBs in efferocytosis is unknown.

Ubiquitin-specific peptidase 22 (USP22) belongs to the USP family of
deubiquitinating enzymes and is predominantly localized in the cytoplasm
and nucleus. USP22 has long been associated with a poor prognosis in
cancer and neurological diseases'®"’. To date, little is known about the role of
USP22 in inflammatory diseases. It has been shown that USP22 protects
cardiomyocytes from ischemia-reperfusion injury by inhibiting myocardial
ferroptosis via the SIRT1/p53/SLC7A11 pathway”’. USP22 in macrophages
promotes LRR and PYD structural domain protein 3 (NLRP3) degradation
and attenuates inflammation through autophagy-associated 5 homolog
(ATG5)-mediated autophagy’. Furthermore, silencing USP22 in
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macrophages promotes foam cell formation'®. However, the role of USP22
in macrophages in atherosclerosis and whether it is associated with effer-
ocytosis has not been elucidated. The inflammatory state of macrophages
and increased lipid uptake impair efferocytosis® . Interestingly, USP22
plays an anti-inflammatory and inhibitory role in lipid uptake in
macrophages'®”', suggesting that USP22 may be an important molecule in
the regulation of macrophage efferocytosis as well as a therapeutic target for
atherosclerosis.

Here, we used ApoE ™~ mice to establish a model of advanced ather-
osclerosis by feeding the mice a Western diet (WD). We found that USP22
overexpression in macrophages alleviated atherosclerosis in ApoE™"~ mice.
Unexpectedly, the antiatherosclerotic effect of USP22 was associated with
increased efferocytosis through its ability to bind to peroxisome proliferator-
activated receptor y (PPARY) and modulate PPARYy stability.

Results

Decreased USP22 expression in macrophages in severe ather-
osclerosis lesions

A previous study showed that USP22 deficiency in macrophages sig-
nificantly promotes alum-induced peritoneal inflammation'. However, the
role of USP22 in atherosclerosis is unclear. Eight-week-old ApoE ™~ mice
were fed a WD or chow diet for 16 weeks (Fig. 1A). We found that aortic

tissue USP22 protein expression was lower in ApoE ™~ mice fed a WD for
16 weeks than in ApoE '~ mice fed a chow diet for 16 weeks (Fig. 1B).
Subsequent immunofluorescence staining analysis revealed that the average
fluorescence intensity of USP22 protein in CD68" macrophages within
atherosclerotic lesion areas was lower in ApoE™~ mice fed a WD for
16 weeks compared to those fed a chow diet for 16 weeks (Fig. 1C). In
addition, we treated THP-1-derived macrophages with LPS and IFN-y for
24 h in vitro, and USP22 protein expression was also significantly decreased
(Fig. 1D). Collectively, these results suggest that USP22 in macrophages may
play an important role in the development of atherosclerosis.

Overexpression of USP22 in macrophages alleviates athero-
sclerosis in ApoE~~ mice

To explore the role of USP22 in macrophages in atherosclerosis, we con-
structed an animal model of USP22 overexpression in macrophages by
injecting adeno-associated virus carrying the F4/80 promoter of macro-
phages and the flag-tagged USP22 gene (AAV-F4/80-OE-USP22) into 7-
week-old male ApoE™~ mice and the AAV-empty vector was injected as a
control. These ApoE '~ mice were fed a WD starting at 8 weeks of age and
continuing for 16 weeks (Fig. 2A). Immunofluorescence staining of aortic
sections revealed the colocalization of CD68 with Flag (Supplementary
Fig. S1A), which suggested that AAV-F4/80-OE-USP22 could be
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Fig. 1 | Decreased USP22 expression in macrophages in severe atherosclerosis
lesions. A 8-week-old ApoE '~ mice were fed a WD or chow diet for 16 weeks.

B Protein levels were measured by western blot (1 = 6). C Sections of the aortic sinus
from ApoE ™'~ mice were co-stained with USP22 (green), CD68 (red) and nuclei

Vehicle LPS+IFN-y

(DAPI, blue). USP22 staining was quantified as the MFI within CD68* macrophages
(n =6). Scale bar: 100 pum. D Representative gel images and quantification of USP22
in THP-1-derived macrophages are shown, and GAPDH was used as a control

(n = 3). P values are shown in the figure. Two-tailed unpaired ¢-test (B-D).
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Fig. 2 | Overexpression of USP22 in macrophages by AAV in WD-fed ApoE™'~
mice results in smaller plaque necrotic core areas and improves efferocytosis in
atherosclerotic plaques. A In vivo experimental timeline. B ApoE '~ mice were
subjected to ORO staining of aorta. C Representative images and quantification of
H&E-stained aortic sinus cross-sectional sections are shown. The plaque area is
marked (dashed line). Scale bar: 500 um. D Representative images and quantifica-
tion of Masson and ORO staining of aortic sinus cross-sectional sections are shown.
Scale bar: 200 um. E Sections of the aortic sinus were co-stained with TUNEL (green)

and nuclei (DAPI, blue). Scale bar: 50 um. F Representative fluorescent images and
quantification of lesion efferocytosis are shown. Scale bar: 100 um. The white arrows
represent macrophage-associated apoptotic cells, and the boxed areas are magnified.
Scale bar: 5 um. G Protein levels were measured by western blot, model group
represents ApoE ™'~ mice fed WD for 16 weeks. Each point is from a single mouse. P
values are shown in the figure. Two-tailed unpaired t-test (B-F). One-way ANOVA
(G). (n=6).
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successfully translocated into macrophages. In addition, western blot assay
also confirmed this finding (Fig. 2G). Compared with those of the controls,
the percentages of the plaque necrotic area and Oil red O (ORO)-positive
area were decreased (Fig. 2B-D), and the percentage of the collagen content
was increased (Fig. 2D) in ApoE™~ mice with USP22-overexpressing
macrophages. However, no significant change in lesion area was observed
between the two groups (Fig. 2C). We also found that ApoE ™'~ mice with
USP22-overexpressing macrophages had a lower percentage of macro-
phages in plaques as well as lower plasma interleukin-1B (IL-1B) and
monocyte chemoattractant protein-1 (MCP-1) levels than controls did
(Supplementary Fig. S1B, Table S1). Body weight, low-density lipoprotein
cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C)
levels were comparable between the two groups of mice (Supplementary
Table S1).

It is well known that prolonged accumulation of foam cells leads to
apoptosis, and if they are not cleared by efferocytosis, they become necrotic
and exacerbate inflammation. Therefore, we explored whether the over-
expression of USP22 in macrophages affects the accumulation of apoptotic
cells. We observed that the percentage of apoptotic cells within lesions was
lower in ApoE ™~ mice in which USP22 was overexpressed in macrophages
than in control mice (Fig. 2E). Because the decrease in the number of
apoptotic cells within lesions can be caused by either decreased apoptosis or
increased efferocytosis, we next determined whether the overexpression of
USP22 in macrophages affects macrophage efferocytosis. The results
revealed that the ratio of macrophage-associated TUNEL-positive cells to
free TUNEL-positive cells was greater in the lesions of ApoE ™'~ mice with
USP22 overexpression in macrophages than in those of controls (Fig. 2F),
which indicated that USP22 enhanced efferocytosis, and these results were
consistent with the smaller necrotic core area found in the aortas of ApoE "~
mice with USP22 overexpression in macrophages (Fig. 2C). We subse-
quently demonstrated decreased BCL2-associated X (BAX) protein
expression and elevated B-cell lymphoma-2 (BCL-2) protein expression in
the aortic tissues of ApoE™"~ mice with USP22 overexpression in macro-
phages compared with those of controls (Fig. 2G). These results suggest that
overexpression of USP22 in macrophages alleviates the progression of
atherosclerosis in mice by inhibiting lipid deposition and enhancing
efferocytosis.

Overexpression of USP22 in macrophages inhibits foam cell
formation, inflammation, and macrophage apoptosis

Because overexpression of USP22 in macrophages did not reduce
lipid levels in ApoE™~ mice, we hypothesized that the reduced lipid
deposition in the lesions of ApoE ™'~ mice with USP22 overexpression
in macrophages might be caused by reduced lipid uptake by mac-
rophages. We used human Si-USP22-1/2/3 and Si-Ctrl to transfect
THP-1-derived macrophages for 48 h. Western blot analysis verified
that USP22 was significantly inhibited by Si-USP22-1 (Fig. 3A,
Supplementary Fig. S1C); thus, all subsequent related experiments
were performed with Si-USP22-1. In addition, we also used siRNA
transfection of bone marrow-derived macrophages (BMDM:s) as well
as lentiviral infection of THP-1 cells to stably overexpress USP22
(Fig. 3A). We subsequently demonstrated that silencing USP22
enhanced lipid uptake and foam cell formation, whereas over-
expressing USP22 inhibited lipid uptake and foam cell formation
(Fig. 3B-D). To elucidate the molecular mechanisms by which USP22
regulates lipid uptake. We examined the protein expression of cluster
of differentiation 36 (CD36), recombinant macrophage scavenger
receptor 1 (MSR1) and lectin-like oxidized low density lipoprotein
receptor 1 (LOX-1), the major lipid uptake molecules in macro-
phages, by western blot assay. The results revealed that over-
expression of USP22 resulted in a statistically significant decrease in
CD36 and LOX-1 in macrophages, that of MSR1 was mildly elevated
but not statistically significant, and that silencing of USP22 resulted
in a statistically significant increase in CD36 and LOX-1 (Supple-
mentary Fig. S2). In conclusion, USP22 inhibits lipid uptake and

reduces foam cell formation probably by decreasing CD36 and LOX-
1 expression. Next, we also found that LPS and IFN-y reduced USP22
protein expression in macrophages in a time-dependent manner.
However, interleukin-4 (IL-4) and interleukin-13 (IL-13) increased
USP22 protein expression in macrophages (Fig. 3E and F). In addi-
tion, we stimulated THP-1-derived macrophages with LPS and IFN-y
to model inflammatory macrophages. We observed reduced mRNA
expression levels of MCP-1 and interleukin-12 (IL-12) and increased
mRNA expression levels of the anti-inflammatory factors interleukin-
10 (IL-10) and transforming growth factor-f (TGF-B) in THP-1-
derived macrophages overexpressing USP22 compared with those in
the control group (Fig. 3G). Finally, we observed that USP22
inhibited macrophage early apoptosis under basal and inflammatory
conditions (Fig. 3H-]). Collectively, these results suggest that USP22
in macrophages inhibits foam cell formation, inflammation, and
macrophage apoptosis.

USP22 in macrophages enhances efferocytosis
We observed in vivo that overexpression of USP22 in macrophages
enhanced efferocytosis. Next, we investigated the effect of USP22 in mac-
rophages on efferocytosis and the potential mechanism in vitro. We treated
Jurkat cells with H,O, to generate apoptotic jurkat cells (ACs), and the
apoptosis rate of the Jurkat cells was >80%, as detected by flow cytometry
(Supplementary Fig. S3A). We subsequently cocultured ACs with THP-1-
derived macrophages for 2h and detected increased USP22 protein
expression in the macrophages (Fig. 4A). The increased USP22 expression
in THP-1-derived macrophages could be caused by the phagocytosis of ACs
or apoptotic cell conditioned medium (ACCM). We subsequently treated
THP-1-derived macrophages with 10 uM cytochalasin D (CytD) for 30 min
before they were cocultured with ACs, and CytD blocked internalization by
inhibiting actin polymerization. We found that USP22 expression remained
high in CytD-treated THP-1-derived macrophages compared with that in
control cells not treated with CytD, which suggested that elevated expression
of USP22 was not associated with internalization (Supplementary Fig. S3B).
Furthermore, we learned that the increased USP22 protein expression in
macrophages was due mainly to ACCM stimulation (Supplementary
Fig. S3B).

Next, we explored the effect of USP22 on macrophage efferocytosis.
We performed GSEA on the differential expression of transcripts (Sup-
plementary data 1), which suggested that USP22 may promote efferocytosis
(Supplementary Fig. S3C). We subsequently silenced USP22 in vitro, which
showed impaired efferocytosis in THP-1-derived macrophages (Fig. 4B),
and this finding was further confirmed by flow cytometry result (Fig. 4C). In
addition, to determine the mechanism by which silencing USP22 inhibits
efferocytosis, we used CytD to inhibit actin polymerization in THP-1-
derived macrophages, which prevented the internalization of ACs. Any
difference in the association of macrophages with ACs may be due to dif-
ferences in the binding capacity of macrophages to ACs. As expected,
compared with THP-1-derived macrophages transfected with Si-Ctrl, THP-
1-derived macrophages transfected with Si-USP22 presented significantly
decreased binding to ACs (Fig. 4C, Supplementary Fig. S3D). Therefore, we
hypothesized that silencing USP22 might affect the expression of
efferocytosis-associated receptors or bridging molecules, and further
experiments revealed that USP22 silencing in macrophages resulted in a
decrease in the expression of the efferocytosis-associated molecules anex-
elekto(AXL), c-mer proto-oncogene tyrosine kinase (MERTK), and milk fat
globule epidermal growth factor 8 (MFG-E8), whereas no significant
changes were observed in CD36 (Fig. 4D, E). In addition, the phagocytosis of
fluorescent polystyrene beads by USP22-overexpressing THP-1-derived
macrophages was greater than that in the control group (Fig. 4F). Finally, we
used BMDM s to validate the effect of USP22 on efferocytosis, and the results
were consistent with those observed in THP-1-derived macrophages
(Fig. 4G-J, Supplementary Fig. S3D). These data suggest that USP22 affects
efferocytosis by regulating the expression of efferocytosis-associated
receptors or bridging molecules.
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USP22 in macrophages regulates efferocytosis by

stabilizing PPARy

Previous studies have shown that PPARy regulates macrophage inflam-
mation, lipid metabolism, and the expression of efferocytosis-associated
receptors” . In addition, USP22 has been found to stabilize PPARy in
hepatocellular carcinoma cells™. However, the relationship between USP22

and PPARy in macrophages is unclear. We next investigated whether
USP22 enhances efferocytosis by regulating PPARY.

Interestingly, we found that USP22 may activate the PPAR signaling
pathway in THP-1-derived macrophages (Fig. 4K, Supplementary
data 1). PPARYy protein expression was upregulated in THP-1-derived
macrophages and BMDMs treated with ACCM. However,
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Fig. 3 | Downregulation of USP22 in macrophages promotes foam cell formation,
inflammation and apoptosis. A Protein levels were measured by western blot.

B, C Representative images and quantification of ORO staining and Dil-ox-LDL
uptake in THP-1-derived macrophages are shown. (n = 5). Scale bar: 100 pm or
200 um. D Representative images and quantification of ORO staining and Dil-ox-
LDL uptake in BMDMs are shown (1 = 5). Scale bar: 100 pm or 200 um. E, F THP-1-
derived macrophages were treated with LPS (100 ng/mL) and IFN-y (20 ng/mL) or
IL-4 (20 ng/mL) and IL-13 (20 ng/mL). Protein levels were measured by western blot
(n=4). G THP-1-derived macrophages were treated with LPS (100 ng/mL) and

IFN-y (20 ng/mL) for 24 h. RT-qPCR was performed to detect the mRNA levels of
IL-10, TGF-B, MCP-1, IL-12, TNF-q, and IL-6 in THP-1-derived macrophages.
(n=3). H TUNEL staining in THP-1-derived macrophages is shown. Scale bar:
400 pm. I Protein levels were measured by western blot (n = 4-5). ] THP-1-derived
macrophages were treated with LPS (100 ng/mL) and IFN-y (20 ng/mL) for 24 h.
Representative images and quantification of early apoptotic cells are shown (n = 3).
The n value represents the number of an individual cell culture well biological
replicates. P values are shown in the figure. Two-tailed unpaired t-test (B, C, D, G, J).
One-way ANOVA (F, I).

USP22 silencing in THP-1-derived macrophages and BMDMs resulted
in decreased PPARY protein expression (Fig. 5A). Given that USP22 is a
deubiquitinating enzyme and that USP22 and PPARy are localized
mainly in the nucleus, we hypothesized that USP22 may regulate the
expression of efferocytosis-associated receptors or bridging molecules by
stabilizing PPARYy in the nucleus of macrophages. To test this hypothesis,
we performed cytoplasmic and nuclear protein separation experiments
and found that the protein expression of USP22 and PPARYy in the
nucleus of THP-1-derived macrophages was elevated after ACCM sti-
mulation. However, no significant changes in the cytoplasmic USP22 or
PPARYy were detected (Fig. 5B). More importantly, we also found that
silencing USP22 in THP-1-derived macrophages significantly decreased
PPARy protein expression in the nucleus (Supplementary Fig. S3E).
However, inhibiting PPARy in THP-1-derived macrophages with
GW9662 did not affect USP22 protein expression (Fig. 5C). This sug-
gested that PPARY is a downstream factor of USP22. In addition, USP22
and PPARy were colocalized mainly in the nucleus of THP-1-derived
macrophages and BMDMs (Fig. 5D). We subsequently performed
coimmunoprecipitation experiments to confirm the interaction between
USP22 and PPARy (Fig. 5E), and predicted their possible binding sites
via HDOCK software (Fig. 5E). Next, we examined PPARYy protein levels
in the presence of cycloheximide (CHX), a protein synthesis inhibitor.
Notably, USP22 silencing in THP-1-derived macrophages resulted in a
significant decrease in PPARy protein stability (Fig. 5F). Thus, these
results suggest that USP22 increases the stability of the PPARY protein by
binding to PPARy in the nucleus of macrophages. To determine the
mechanism of PPARY reduction, we used the protease inhibitor MG132
to intervene in THP-1-derived macrophages, and the protein reduction
in PPARYy caused by Si-USP22 was blocked by MG132 (Fig. 5G). Fur-
thermore, USP22 significantly promoted PPARy deubiquitination
(Supplementary Fig. S4). These results suggest that silencing USP22 in
THP-1-derived macrophages induces ubiquitinproteasome system-
mediated degradation of the PPARYy.

Finally, we tested whether the decrease in PPARy might be one of the
molecular mechanisms by which USP22 silencing inhibits efferocytosis. Our
results showed that the PPARy agonist rosiglitazone reversed the decrease in
macrophage efferocytosis caused by USP22 silencing (Fig. 5H-], Supple-
mentary Fig. S5A, B. Furthermore, for THP-1-derived macrophages under
inflammatory conditions, USP22 overexpression also promoted effer-
ocytosis. However, this effect was reversed by the PPARy inhibitor GW9662
(Fig. 5K). Collectively, USP22 in macrophages promotes PPARY stability
and its mediated efferocytosis by binding PPARy.

GW9662 reduces protective effect of USP22 overexpression in
macrophages on atherosclerosis

To determine in vivo whether PPARy may be an important downstream
molecule of USP22 in the regulation of macrophage efferocytosis during
atherosclerosis, we fed ApoE ™'~ mice injected with AAV-F4/80-OE-USP22
at 8 weeks of age a WD for 16 weeks, in which the latter 8 weeks were
concomitantly injected intraperitoneally with GW9662 (1 mg/kg) every
3 days/dose (Fig. 6A). GW9662 significantly reduced PPARY protein
expression in aortic tissue (Fig. 6G). Compared with those in ApoE '~ mice
injected with AAV-F4/80-OE-USP22 alone, the aortic root lesion area and
the percentage of plaque necrotic core area increased in ApoE™'~ mice given

both GW9662 and AAV-F4/80-OE-USP22 (Fig. 6B), which was accom-
panied by increased lipid deposition (Fig. 6C and E) and increased
plasma MCP-1 and IL-1P levels (Supplementary Table S2). However, no
significant change in the percentage of plaque collagen content was observed
between the two groups of mice (Fig. 6D). Body weight, HDL-C, and LDL-C
levels were comparable between the two groups of ApoE ™'~ mice (Supple-
mentary Table S2). We subsequently determined whether GW9662 influ-
enced the promotion of efferocytosis by USP22 overexpression in
macrophages in vivo. The results revealed that the ratio of macrophage-
associated TUNEL-positive cells to free TUNEL-positive cells was lower in
the lesions of ApoE '~ mice given GW9662 than in those of ApoE ™'~ mice
injected with AAV-F4/80-OE-USP22 alone (Fig. 6F), which suggested
attenuated efferocytosis.

Furthermore, we demonstrated that GW9662 reversed the increased
expression of efferocytosis-associated receptors or bridging molecules in
aortic tissues caused by the overexpression of USP22 in macrophages
(Fig. 6G). Collectively, these results suggest that the protective effect of
USP22 overexpression in macrophages against atherosclerosis is weakened
by the PPARy antagonist GW9662.

The USP22 inhibitor USP22i-S02 exacerbates atherosclerosis in
ApoE~~ mice

Next, we determined the effect of USP22i-S02 on atherosclerosis in ApoE’/ -
mice in vivo. We divided ApoE™"~ mice into 3 groups: (I) vehicle; (II) low-
dose USP22i-S02 (L-USP22i-502) (7.5 mg/kg); and (III) high-dose USP22i-
S02 (H-USP22i-S02) (15 mg/kg). All mice were fed a WD for 16 weeks, with
USP22i-S02 or vehicle intervention only during the last 8 weeks. USP22i-
S02 or vehicle was treated by intraperitoneal injection every 3 days/dose.
Body weight, HDL-C, and LDL-C were comparable in all groups of ApoE '~
mice (Supplementary Table S3). Interestingly, compared with those in the
vehicle group, the percentages of plaque necrotic core areas and ORO-
positive areas were greater in the aortic root lesions of ApoE '~ mice injected
with high doses of USP22i-S02 (Fig. 7A, B). However, the percentage of
plaque collagen content did not significantly differ among the three groups
of mice (Fig. 7C). We also examined the plasma MCP-1 and IL-1 levels in
these groups of mice, and the results showed that ApoE '~ mice injected
with high doses of USP22i-S02 had significantly increased plasma MCP-1
and IL-1 levels compared with those in the vehicle group (Fig. 7D). These
results suggest that USP22i-S02 aggravates atherosclerosis in ApoE '~ mice.

Discussion

Impaired macrophage efferocytosis is a major driver of atherosclerotic
necrotic core formation™. Although numerous studies have revealed the
mechanisms by which phagocytes recognize and take up apoptotic cells and
the role of efferocytosis in avoiding inflammation over the past three
decades™ ™, the endogenous regulatory pathways of efferocytosis remain
incompletely defined. The present study reveals a novel association between
the USP22-PPARy signaling pathway and apoptotic cell clearance in
macrophages, suggesting that USP22 may ameliorate atherosclerosis and
enhance plaque stability through this mechanism.

In recent years, an increasing number of studies have shown that
USP22 plays a key role in various cancers™”, revealing its great potential as a
potential therapeutic target. However, the role of USP22 in inflammatory
diseases has not been elucidated. In our study, USP22 expression was
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Fig. 4 | Downregulation of USP22 in macrophages inhibits efferocytosis.

A Protein levels were measured by western blot (n = 6). B Representative images and
quantification of efferocytosis in THP-1-derived macrophages are shown (n=5).

Scale bar: 200 um. C Efferocytosis capacities of THP-1-derived macrophages

detected by flow cytometry are shown (1 = 3). D, E Protein levels were measured by
western blot (n = 3-4). F. Quantification of fluorescent polystyrene beads phago-

Rank in Ordored Datasat

and quantification of efferocytosis in BMDMs are shown (1 = 5). Scale bar: 200 pm.

H Efferocytosis capacities of BMDM:s detected by flow cytometry are shown (n = 3).
I, J Protein levels were measured by western blot (n = 3-5). K Visualization of the

GSEA result. The n value represents the number of an individual cell culture well

cytosed by THP-1-derived macrophages is shown (n = 3). G Representative images

biological replicates. P-values are shown in the figure. Two-tailed unpaired ¢-test
(A, B, F, G). One-way ANOVA (J). Two-way ANOVA (C, E, H).
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downregulated in macrophages or monocytes during atherosclerosis in
humans and mice. In addition, we stimulated THP-1-derived macrophages
with LPS and IFN-y in vitro for 24 or 48 h, and USP22 protein expression
was significantly decreased. Previously, LPS stimulation for 8 or 16 h was
reported to result in a seemingly unchanged total USP22 protein levels in
macrophages, with nuclear USP22 translocating to the cytoplasm and

inhibiting inflammation through autophagy”'. Thus, we infer that the
possible mechanism is that in the early stage of inflammation, USP22
reduces the level of cellular inflammation through compensatory cyto-
plasmic translocation, and when the inflammatory stimulus is prolonged,
USP22 is in a state of loss of compensation, its expression decreases
markedly, and the cell undergoes a strong inflammation. Given that
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Fig. 5 | USP22 in macrophages enhances efferocytosis by stabilizing PPARy.

A Protein levels were measured by western blot (n = 4-5). B Western blot analysis of
USP22 and PPARY in the cytosol and nucleus of THP-1-derived macrophages are
shown. H3 was used as a nucleus control and GAPDH was used as a cytosol control
(n=6). C THP-1-derived macrophages were treated with 10 uM GW9662 for 24 h.
Protein levels were measured by western blot (1 = 5). D Triple immunofluorescence
(IF) staining of USP22 (red), PPARYy (green) and nuclei (DAPI, blue) was performed
in THP-1-derived macrophages or BMDMs. Scale bar: 10 um. E Co-IP experiments
were performed in THP-1-derived macrophages or BMDM s lysates. Proteins were
measured by western blot (n = 3). The possible binding sites of USP22 and PPARy
predicted by HDOCK software are shown. F THP-1-derived macrophages were

treated with 40 uM CHX. Stability analyses of the PPARy protein in THP-1-derived
macrophages transfected with Si-Ctrl or Si-USP22 are shown (n = 4). G THP-1-

derived macrophages were treated with 10 uM MG132 for 6 h. Protein levels were
measured by western blot (n = 4-5). H THP-1-derived macrophages or BMDMs
were treated with 50 uM rosiglitazone for 24 h. Fluorescence images of macrophages
(green) and apoptotic Jurkat cells (red) are shown (n = 5). Scale bar: 200 um.

I, ] THP-1-derived macrophages or BMDMs were treated with 50 uM rosiglitazone
for 24 h. Flow cytometry was performed to detect the efferocytosis of THP-1-derived
macrophages or BMDMs (n = 3). K THP-1-derived macrophages were treated with
10 uM GW9662 for 24 h. Flow cytometry was performed to detect the efferocytosis
of THP-1-derived macrophages under inflammatory conditions (n = 3). The n value
represents the number of an individual cell culture well biological replicates. P-
values are shown in the figure. Two-tailed unpaired ¢-test (H, J). One-way ANOVA
(A, C,K). Two-way ANOVA (A, B, F, G).

inflammatory cytokines contribute to atherogenesis™”, We measured the

levels of cytokine, including MCP-1, IL-12, IL-10, and TGF-f, and we
subsequently reported that the overexpression of USP22 in macrophages
both in vivo and ex vivo reduced the levesl of inflammatory factor. Similarly,
Karlowitz et al. reported that USP22-deficient human intestinal epithelial
cells significantly upregulate genes involved in interferon signaling and viral
defense®. In addition, USP22-deficient hematopoietic stem progenitor cells
exhibit increased expression of inflammation-related genes". However,
another study has shown that USP22 is highly expressed and localized to the
nucleus in calcified human aortic smooth muscle cells and that USP22
promotes high-phosphorus-induced vascular calcification through activa-
tion of the NF-kB signaling pathway”. USP22 deletion diminishes the
suppression of Treg cells without promoting broad inflammation®. Thus,
we believe that USP22 has different effects on inflammation in different
cells. Our results also suggest that the anti-atherogenic effect of USP22 is not
due to alterations in the plasma lipid profile, but rather that USP22 inhibits
lipid uptake by macrophages, which is consistent with the previously
reported result'®. In contrast, other studies have shown that USP22 pro-
motes fatty acid synthesis in hepatocellular carcinoma cells and, thus,
hepatocellular carcinoma progression®. The different effects of USP22 on
cellular lipid metabolism may be related to factors such as the different cells
studied and the disease microenvironment. In the context of neoplastic and
inflammatory diseases, the function of USP22 may show diametrically
opposite trends, a phenomenon that deserves our in-depth attention and
exploration. In addition, since we observed in vivo that overexpression of
USP22 in macrophages reduced the accumulation of apoptotic cells in
plaques and that our in vitro experiments also revealed that USP22 reduced
macrophage apoptosis under both basal and inflammatory conditions.
However, the exact mechanism of action is still unclear, as previous studies
have suggested that USP22 may be involved in cell cycle regulation and
apoptosis through the deubiquitination of Cyclin D1 and SIRT1**.
Defective efferocytosis leads to secondary necrosis of uncleared
apoptotic cells, which exacerbates inflammation within the plaque. We
unexpectedly found that USP22 in macrophages enhanced efferocytosis
both in vitro and in vivo. Although USP22 overexpression had little effect on
the plaque lesion area, it significantly reduced the plaque necrotic core area
and increased the degree of plaque collagen deposition, which stabilized the
plaques. However, in contrast, it has been demonstrated that USP22 dele-
tion enhances bacterial phagocytosis by neutrophils*'. Although both the
phagocytosis of bacteria by macrophages and efferocytosis are part of
phagocytosis, the mechanisms are different. Inflammation usually enhances
phagocytosis and the antimicrobial capacity of phagocytes in the short term,
contributing to the clearance of pathogens. However, in cases of prolonged
or chronic inflammation, phagocytosis may be inhibited and instead be
detrimental to the clearance of pathogens. In addition, inflammation can
indeed impair efferocytosis. This damage may be achieved through various
mechanisms, including the adverse effects of inflammatory mediators,
cellular metabolic disorders, and inflammation-induced cell death and tis-
sue damage™. In the present study, we also found that LPS and IFN-y
stimulation resulted in impaired macrophage efferocytosis; however,
overexpression of USP22 improved macrophage -efferocytosis in

inflammatory states, which may be partly attributed to the anti-
inflammatory effect of USP22. In addition, it has been shown that oxi-
dized lipoproteins can bind to efferocytosis-associated receptors and com-
pete for the recognition of apoptotic cells, thereby inhibiting the
phagocytosis of apoptotic cells by macrophages™. In this study, we likewise
found that silencing USP22 promotes the uptake of oxidized lipoproteins,
which may inhibit macrophage efferocytosis.

Interestingly, in this study, we found that USP22 promoted the
expression of efferocytosis-associated receptors as well as bridging mole-
cules and that this regulation is dependent on the activation of PPARy.
PPARy is a member of the ligand-activated nuclear hormone receptor
superfamily that strictly regulates the gene transcription of major
efferocytosis-associated receptors’*’. Majai et al. demonstrated that the
downregulation of PPARYy activity via the use of a small molecule inhibitor
resulted in decreased phagocytosis of apoptotic neutrophils by human
monocyte-derived macrophages due to the downregulation of several key
efferocytosis-associated receptors, including CD36, AXL, TG2, and PTX3%.
In addition, it has been shown that activated PPARy enhances MERTK
expression and promotes microglial phagocytosis in a mouse model of
cerebral hemorrhage®. Although current studies have shown that PPARy
exerts insulin-sensitizing effects, the role of PPARy in macrophages in
cardiovascular diseases has been controversial™. Some studies have shown
that macrophage PPARY plays a protective role in atherosclerosis, but it has
also been reported that PPARy aggravates atherosclerosis by promoting
foam cell formation®”'. More importantly, clinical trials using the PPARy
agonist rosiglitazone to treat patients with type 2 diabetes have not been
successful because of increased myocardial infarction, heart failure, and
cardiovascular mortality”. In light of this, our study focused on the
upstream regulatory mechanisms of PPARY, aiming to explore strategies
that can both promote the positive effects of PPARy and effectively curb the
potential adverse effects triggered by its activation. In the present study, we
found that USP22 regulates the stability of PPARY through direct binding to
PPARy, which in turn enhances macrophage efferocytosis capacity, whereas
USP22 inhibits foam cell formation. Consistent with previous findings,
PPARYy is an important pathway for regulating macrophage efferocytosis in
atherosclerosis, and SHP2 in macrophages acts as an anti-inflammatory
agent and promotes efferocytosis by stabilizing PPARY in atherosclerotic
mice”. In addition, 5-aminolevulinic acid-mediated acoustic kinetic therapy
promotes macrophage efferocytosis, cholesterol efflux, and anti-
inflammatory responses by inducing foam cell apoptosis and thereby acti-
vating the PPARy-LXRa-ABCA1/ABCGI pathway, forming a beneficial
cycle that contributes to the improvement of advanced plaques™. However,
the exact role of PPARY in human plaques has not yet been fully elucidated.
Therefore, more studies are needed to determine the role and potential
mechanisms of PPARy in human plaques. In this study, we also found that
USP22 regulates PPARY stabilization through its deubiquitination function,
which is consistent with previous findings in hepatocellular carcinoma
cells™. However, USP22 does not seem to have a clear specificity in terms of
its selectivity for PPARy deubiquitination, and studies have reported that
USP22 can deubiquitinate ATG5 and STING***. Whether USP22 affects
immune response-associated other proteins related to the immune response
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Fig. 6 | The protective effect of USP22 overexpression in macrophages against
atherosclerosis is weakened by the GW9662. A In vivo experimental timeline.

B Representative micrographs and quantification of H&E-stained aortic sinus cross-
sectional sections are shown. Scale bar: 500 um. C Representative micrographs and
quantification of aortic sinus cross-sectional sections subjected to ORO staining are
shown. Scale bar: 200 um. D Representative micrographs and quantification of aortic

sinus cross-sectional sections subjected to Masson staining are shown. Scale bar: 200
um. E ApoE ™"~ mice were subjected to ORO staining of the aorta. F Quantification of
lesion efferocytosis is shown. G Protein levels were measured by western blot. Each
point is from a single mouse. P values are shown in the figure. Two-tailed unpaired ¢-
test (B-F). One-way ANOVA (G). (n=6).

is not yet fully understood and requires further study. Furthermore, we
demonstrated that a USP22 inhibitor exacerbated atherosclerosis. Although
no USP22-specific inhibitors are currently available for clinical treatment,
and reports of cardiovascular events associated with USP22 inhibitors in
basic experiments are lacking, our results suggest that we should consider
the side effects of inhibiting the USP22 protein in the cardiovascular system.

The ApoE ™'~ mice given a WD are a well-characterized animal model
of hyperlipidemia-induced atherosclerosis that mimics the progression of

atherosclerosis in humans. Therefore, this study used ApoE’/ ~ mice for
modeling, and atherosclerotic plaques were observed in the arteries of the
model group of mice, and large numbers of foam cells and unstructured
necrotic material were seen in the aortic sinus, suggesting successful
modeling™*°. We subsequently used adeno-associated virus overexpressing
USP22 in macrophages to investigate its biological properties and found that
USP22 could promote efferocytosis and stabilize plaques by regulating

PPARy. However, USP22 in macrophages has been shown to regulate

Communications Biology | (2025)8:678

10


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08116-6

Article

A
Vehicle L-USP22i-S02
)
B
C
D
- P-0.004
) 1200 P<0.001
_ P=0.660 _ .
= — -
% 2 E 10004 g5 ——
£ 100 s °F z —
= o o < .
o= g s |,
= ° = ®e e
E é 6004 o 2

T

S ¥ o @
*Q“' ,,“ \,“ £°\° .\,“9 .\,%
& B 9 &
& F § L
Iy VO

Fig. 7 | USP22 inhibitor exacerbates atherosclerosis in ApoE™'~ mice.

A Representative micrographs and quantification of H&E-stained aortic sinus
cross-sectional sections are shown. Scale bar: 500 um. B, C Representative micro-
graphs and quantification of aortic sinus cross-sectional sections subjected to
Masson and ORO staining are shown. Scale bar: 200 pm. D Plasma levels of MCP-1
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and IL-1p in ApoE™"~ mice are shown. Each point is from a single mouse. E In
response to ACs stimulation, USP22 was elevated in the nucleus of macrophages,
promoting efferocytosis-associated receptor and bridging molecule expression by
stabilizing PPARY, thereby improving plaque stability. P values are shown in the
figure. One-way ANOVA (A-D). (n=5).

NLRP3, and the role of NLRP3 in atherosclerosis in ApoE '~ mice is cur-
rently controversial. By superimposing NLRP3 defects on ApoE2 Ki mice,
which are already susceptible to atherosclerosis, NLRP3 deficiency reduces
the formation of atherosclerotic lesions in HFD-fed mice”’. In addition, the
use of lentivirus-mediated NLRP3 gene silencing or the selective NLRP3
inhibitor MCC950 slowed the progression of atherosclerotic plaques in
ApoE ™"~ mice™ . In contrast, however, Menu et al. showed no significant
differences in plaque size or macrophage infiltration between ApoE '~ mice
and ApoE '~ mice lacking NLRP3, ASC, or caspase-1°'. A study have also

reported unaltered atherosclerotic lesions after treatment with the selective
NLRP3 inhibitor MCC950 in nondiabetic mice®™. Possible explanations for
this discrepancy have been hypothesized to be differences in atherogenic
diet and hyperlipidemia levels, which may affect inflammatory responses
and immune status. In addition to the time of modeling as well as the sex of
the mice, which may have influenced the experimental results. Under the
modeling conditions of this study, although we revealed the mechanism by
which USP22 regulates efferocytosis-associated molecules through PPARYy,
other possible regulatory pathways remain unexplored, and whether USP22
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regulates NLRP3 and acts as an antiatherosclerotic agent through NLRP3 is
not clear and needs to be further explored.

In the in vitro experiments of the present study, given the previous
studies on macrophage efferocytosis and the fact that THP-1 cells are more
morphologically and functionally characterized as similar to human pri-
mary monocytes” *’, We used THP1-derived macrophages for validation.
However, the differentiation process and functional properties of THP-1
cells may be affected by their cancerous background and may not fully
mimic the physiological behaviors of primary macrophages. To better fit the
atherosclerosis model, we also used primary mouse bone marrow macro-
phages for the experiments, and both came to the same conclusions. In the
future, we can conduct experiments in human primary macrophages to
verify whether the phenomenon observed in these experiment is general-
izable. In addition, we cannot completely exclude the possible role of USP22
in other cell types in atherosclerosis in this study.

In conclusion, we showed that USP22 in macrophages promotes
efferocytosis and alleviates the progression of atherosclerosis in ApoE ™"~
mice by regulating PPARy. Targeting USP22 in macrophages may offer a
promising approach to limit the progression of atherosclerotic lesions in
patients at high risk for coronary heart disease.

Methods

Animals

ApoE ™"~ mice and C57BL/6] mice were purchased from Beijing Viton
Lever Co. Because of the protective effect of estrogen against atherosclerotic
cardiovascular disease in females, in vivo studies of atherosclerosis were
performed mainly in male ApoE™"~ mice. An adeno-associated virus car-
rying the F4/80 promoter of macrophages and the flag-tagged USP22 gene
(AAV-F4/80-OE-USP22) was injected into 7-week-old male ApoE '~ mice
via the tail vein to overexpress USP22 in macrophages, and the AAV-empty
vector was injected into the tail vein as a control. AAV-F4/80-OE-USP22
and the AAV-empty vector were provided by Hanbio (Shanghai, China). 8-
week-old male ApoE ™"~ mice were fed a WD (HFHC, containing 40 kca%
fat, 43 kca% carbohydrate and 17 kca% protein) for 16 weeks to establish an
atherosclerosis model. All the animal experiments were performed in
accordance with the Guidelines for the Care and Use of Laboratory
Animals (NIH Publication, eighth edition, 2011) and were approved by the
Animal Ethics Committee of the First Affiliated Hospital of Guangxi
Medical University. The animals were euthanized via CO, inhalation fol-
lowed by a second physical method, including cervical dislocation or
decapitation.

Cell lines

THP-1 cells (human monocytic cell line) and Jurkat cells were purchased
from Procell Biotechnology Co. (China, Wuhan). THP-1 cells and Jurkat
cells were cultured in 1640 medium supplemented with 10% FBS and
Ixpenicillin/streptomycin. To generate a USP22- overexpressing THP-1
cell line (H-OE-USP22 THP-1), THP-1 cells were infected with packaged
lentivirus carrying the human USP22 gene, while empty vector lentivirus-
infected THP-1 cells were used as a control. The cells were subsequently
selected with 0.25 pug/mL puromycin (Genomeditech) in a complete RPMI-
1640 medium. THP-1 cells were induced to differentiate into macrophages
by stimulation with 100 ng/mL phorbol-12-myristate-13-acetate (PMA)
for 48h. The lentiviruses were purchased from Shanghai Jiman
Biotechnology Co.

BMDMs culture

BMDMs were isolated from 4 to 6-weeks-old male C57BL/6 mice and
cultured in IMDM supplemented with 10% FBS and 20 ng/mL macrophage
colony-stimulating factor (M-CSF, PeproTech, USA) for 7 days.

Apoptotic jurkat cells and apoptotic cell conditioned medium pr-
eparation

ACs were induced by intervention with 100 mM H,O, in Jurkat cells for
0.5 h. The apoptosis rate of the Jurkat cells was >80%, as detected by flow

cytometry. ACCM was prepared as previously described**®. The ratio of
ACs to macrophages was maintained at 5:1.

siRNA transfection

USP22 siRNA and the negative control were purchased from Hanbio
(Shanghai, China) and used to transfect THP-1-derived macrophages and
BMDMs in Opti-MEM via Lipo3000 according to the manufacturer’s
instructions. The target sequences used in this study are listed in Supple-
mentary Table S4.

Total RNA extraction and RT-qPCR

Total RNA was extracted from the cells via Trizol. SYBR Green-based RT-
qPCR was performed in a real-time PCR detection system (Bio-Rad).
Relative mRNA expression was calculated via the 274 method. GAPDH
was used as an internal control. The primer sequences are listed in Sup-
plementary Table S5.

Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic proteins were isolated via the Nuclear and Cyto-
plasmic Protein Extraction Kit (Solarbio, China) according to the manu-
facturer’s protocol. The relevant information is listed in Supplementary
Table S6.

Western blot

The following antibodies were used for western blot analyses: rabbit anti-
USP22, rabbit anti-PPARY, mouse anti-USP22, mouse anti-PPARY, rabbit
anti-AXL, rabbit anti-MERTK, rabbit anti-CD36, mouse anti-MFG-ES,
rabbit anti-BCL-2, rabbit anti-BAX, rabbit anti-Ubiquitin, rabbit anti-LOX-
1, rabbit anti-MSRI, rabbit anti-GAPDH, rabbit anti-H3 and rabbit anti-p-
Actin. Antibody information is listed in Supplementary Table S7.

RNA-seq assay

THP-1-derived macrophages were treated with LPS (100 ng/mL) and IFN-y
(20 ng/mL) for 24 h. The treated cells were evaluated via an RNA-seq assay
by Sangon Biotech (Shanghai, China). The sequencing data were then
subjected to gene set enrichment analysis (GSEA) and the results were
visualized.

Co-IP

The cell lysates were incubated with the appropriate antibody at 4 °C
overnight. Then the samples were immunoprecipitated with protein A + G
agar magnetic beads at 4 °C for 6 h. Subsequently, the immunoprecipitated
samples were immunoblotted for coprecipitated protein detection.

Blood analysis

Mouse plasma HDL-C and LDL-C were measured according to the kit
manufacturer’s protocol (Jian Cheng Biologics, China). In addition, IL-1p
and MCP-1 were quantified via an enzyme-linked immunosorbent assay
(ELISA) kit.

Immunofluorescence
The following antibodies were used for immunofluorescence staining:
rabbit anti-CD68, rabbit anti-F4/80, rabbit anti-USP22, rabbit anti-PPARy
and mouse anti-PPARYy.

In vitro apoptosis assay

Staining was performed via an Annexin V-FITC Apoptosis Detection Kit.
The data were collected via a flow cytometer (BD, Biosciences) and analyzed
via Flow]Jo software.

Foam cell formation assay

The macrophages were treated with 80 pug/mL oxidized low-density lipo-
protein (ox-LDL) for 48 h and then stained with ORO to assess the intra-
cellular lipid content. The ORO-positive area was measured with Image-Pro
Plus 6.0 software.
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Dil-ox-LDL uptake
THP-1-derived macrophages or BMDMs were incubated with 40 ug/mL
Dil-ox-LDL for 4 h. DAPI staining was performed, and photographs were
taken with an EVOS microscope and the data were quantified with Image-
Pro Plus 6.0 software.

H&E, ORO, and Masson staining of aortic root sections

The aortic root sections were subjected to H&E, ORO, and Masson staining.
H&E staining was used to determine the plaque area and percentage of the
necrotic core area. ORO staining was used to determine the area of lipid
deposition in the aortic plaques. Masson staining was used to determine the
collagen fiber content of the aortic plaques. The samples were stained and
photographed with a microscope, and the data were quantified via Image-
Pro Plus 6.0 software.

In vitro efferocytosis assay

ACs labeled with CellTracker™CM-Dil" were cocultured with macro-
phages at a ratio of 1:1 (ACs: macrophages) at 37 °C for 120 min to allow
macrophages to phagocytose ACs. The macrophages were subsequently
washed several times with precooled PBS to remove free AC and stained
with F4/80 or CD68. Visualization and image capture of cells via EVOS
microscopy. Efferocytosis index = double-positive cells/total F4/80-positive
cells or CD68-positive cells x 100%.

To determine the efferocytosis capacity of THP-1-derived macro-
phages/BMDMs, ACs labeled with CellTracker™CM-Dil* were cocul-
tured with THP-1-derived macrophages labeled with CFSE or BMDMs
ataratio of 5:1 (ACs: macrophages) at 37 °C for 120 min, after which the
macrophages were washed several times with precooled PBS to remove
free ACs. BMDMs were stained with F4/80-FITC. The data were col-
lected via BD flow cytometry and analyzed via Flow]Jo software. Effer-
ocytosis index = double-positive cells/total F4/80-positive cells or CFSE-
positive cells x 100%.

Lesion efferocytosis assay

The lesion efferocytosis assay was performed according to the previously
described method””’. Aortic root sections were double stained with TUNEL
and CD68. The ratio of macrophage-associated TUNEL-positive cells to free
TUNEL-positive cells was used to indicate the efferocytosis capacity.

Statistics and reproducibility

The data are expressed as the mean + standard deviation (SD). Two-
tailed unpaired t-test was used to compare differences between two
groups. For comparisons involving more than two groups, one-way
ANOVA was performed with LSD or Tukey or Tamhane’s T2 multiple
comparison test. Two-way ANOVA was used to assess significance for
two groups with two variables. In vitro experiments included at least
three biological replicates per group (n > 3), while in vivo experiments
included at least five mice per group (n = 5). All the statistical analyses
were performed via SPSS 13.0 for Windows software, and GraphPad
Prism 8.0 software for graphs. P value < 0.05 was considered to indicate
statistical significance.

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

Data availability

The source data for the graphs analyzed in this study can be found in
Supplementary data 2. Original blot images and FACS gate strategy are
provided in the Supplementary Fig. S6 and Fig. S7. Other data will be made
available from the corresponding author upon reasonable request.
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