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Myeloid MMP14 couples extracellular proteolysis to
inflammatory and metabolic remodeling during

obesity
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® Macrophage MMP14 links matrix remodeling to obesity
inflammation via TLR4-NFxB

® Macrophages generate endotrophin via MMP14; it partly
mediates inflammation

e MMP14 shapes macrophage lipid metabolism, affecting lipid
flux, and cell crosstalk

® Myeloid Mmp14 deletion improves HFD metabolism,
lowering inflammation, and steatosis
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In brief

Shao et al. identify macrophage MMP14
as a key regulator linking extracellular
matrix proteolysis to inflammatory and
metabolic remodeling in obesity. MMP14
promotes endotrophin generation, TLR4-
NFkB signaling, and lipid accumulation in
macrophages, while myeloid Mmp14
deletion reduces adipose inflammation,
fibrosis, hepatic steatosis, and metabolic
dysfunction.
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SUMMARY

Macrophages orchestrate tissue remodeling, inflammation, and metabolic dysfunction in obesity, but the role
of macrophage-intrinsic extracellular proteolysis in immunometabolic regulation remains unclear. Matrix
metalloproteinase-14 (MMP14), a membrane-bound protease, is strongly induced during monocyte-to-
macrophage differentiation and further elevated in adipose tissue macrophages from high-fat diet (HFD)-
fed mice. Pharmacological inhibition or myeloid-specific deletion of Mmp14 impaired macrophage differen-
tiation, proliferation, migration, phagocytosis, and inflammatory activation in response to obesity-associated
adipose tissue signals. Mechanistically, MMP14 promoted inflammatory programming by increasing endo-
trophin generation and enhancing TLR4-NFxB signaling. MMP14 also reprogrammed macrophage lipid
metabolism by suppressing lipolysis and promoting lipid accumulation, altering metabolic communication
with neighboring cells. In vivo, myeloid-specific Mmp14 deletion protected mice from HFD-induced insulin
resistance, dyslipidemia, hepatic steatosis, adipose inflammation, and fibrosis. These findings identify
macrophage MMP14 as a key mediator linking extracellular matrix remodeling with inflammatory and meta-

bolic dysfunction in obesity.

INTRODUCTION

Obesity induces chronic low-grade inflammation and profound
extracellular matrix remodeling in metabolic tissues, including
adipose tissue and liver, contributing to insulin resistance, dysli-
pidemia, and nonalcoholic fatty liver disease.'™ Early studies
identified tumor necrosis factor-a (TNF-o) as a key inflammatory
mediator linking obesity to insulin resistance, establishing
inflammation as a central feature of metabolic disease.® Subse-
quent work demonstrated that macrophages accumulate in
obese adipose tissue and represent a major source of inflamma-
tory cytokines, directly implicating innate immune cells in meta-
bolic dysfunction.® In both adipose tissue and liver, macro-
phages drive inflammatory signaling, fibrosis, and immune cell
recruitment, shaping tissue remodeling and disease progres-
sion, including enhanced insulin resistance.'®'® Despite their
central role, the macrophage-intrinsic mechanisms that connect
ECM remodeling to inflammatory and metabolic dysfunction
remain poorly understood.

)
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Matrix metalloproteinases (MMPs) are critical regulators of
ECM turnover and immune cell behavior. Beyond degrading
structural matrix components, MMPs modulate extracellular
signaling by processing cytokines, growth factors, and ECM-
derived fragments.'® Matrix metalloproteinase-14 (MMP14 and
MT1-MMP) is a membrane-anchored protease with potent colla-
genolytic activity and a broad substrate repertoire. MMP14 is
essential for pericellular collagen remodeling and activation of
pro-MMP2, functions that are critical for localized matrix turn-
over and tissue invasion.”’?' Genetic studies established
MMP14 as a dominant collagenase in vivo, distinguishing it
from secreted MMPs in controlling pericellular proteolysis.?**

Several studies have implicated MMP14 in macrophage
behavior within matrix-rich tissues. MMP14 enables macrophage
migration through dense fibrillar collagen when protease-inde-
pendent movement is insufficient, allowing macrophages to infil-
trate fibrotic or remodeled tissues.’*’ In disease models,
myeloid MMP14 has been linked to macrophage-driven collagen
remodeling and inflammation in atherosclerosis and inflammatory
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Figure 1. MMP14 expression fluctuates during monocyte-to-macrophage maturation and is required for macrophage differentiation and
proliferation

(A) Interrogation of transcriptomic profiles in GEO dataset GDS2429 shows that MMP14 expression undergoes dynamic modulation as circulating monocytes
transition to macrophages under M-CSF exposure, and that its levels further shift when these macrophages are driven toward M1-like or M2-like phenotypes by
IFN-y plus LPS or by IL-4 (blue dots indicate percentile rank within the samples).

(B) A temporal assessment of MMP14 and Mac2 expression in bone-marrow-derived monocytes cultured toward macrophages (BMDMs) demonstrates that
MMP14 undergoes gradual modulation throughout the differentiation process.

(C) Western blot analysis of MMP14 protein levels in differentiated BMDMs treated with LPS or IL-4. The lower image shows quantification of MMP14 levels
normalized to p-actin. Data are presented as mean + SEM (n = 3 per group). One-way ANOVA, followed by Tukey’s multiple-comparisons test; *p < 0.05.

(D) Blocking MMP14 activity using the MMP14-specific neutralizing antibody 3A2 disrupted THP-1 monocyte differentiation, evidenced by lower levels of Mac2,
arginase 1 (Arg1), and Ki67 throughout the progression toward mature macrophages. The protein sample loadings are normalized by p-Actin.

(legend continued on next page)
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arthritis,”®° and to active construction and remodeling of collag-
enous matrices in tumors.®'*2 These studies establish MMP14 as
a regulator of macrophage localization and tissue architecture.
However, they largely view MMP14 as a permissive mediator of
matrix remodeling, and do not address whether MMP14 directly
programs macrophage inflammatory activation or metabolic
state.

ECM remodeling can also generate bioactive fragments, or ma-
trikines, that influence inflammation and metabolism.>® In obesity,
the collagen VI-derived fragment endotrophin has emerged as a
key mediator linking fibrosis to metabolic dysfunction.®**" Endo-
trophin was identified as a cleavage product of the collagen VI a3
chain produced by mature adipocytes, where it promotes adipose
tissue fibrosis, inflammation, angiogenesis, and systemic insulin
resistance.®>*? This work established ECM-derived signaling as
an active driver of metabolic disease. However, endotrophin pro-
duction has largely been attributed to adipocytes,”° and whether
immune cells contribute to its generation, particularly under obe-
sogenic conditions, remains unknown.

Obesity creates a tissue micro-environment characterized by
excess lipids, inflammatory stimuli, hypoxia, and progressive
ECM accumulation.”®® In this setting, macrophages adopt
specialized inflammatory and metabolic states, marked by lipid
accumulation, altered lipid handling, and sustained cytokine pro-
duction.”* These obesity-associated macrophages influence
adipocyte and hepatocyte metabolism and shape adaptive im-
mune responses, including CD8" T cell accumulation in obese
adipose tissue.*>™*° Although ECM remodeling and lipid over-
load are defining features of obese tissues, how macrophage-
intrinsic ECM proteolysis integrates with lipid metabolism to in-
fluence whole-body metabolic outcomes remains unclear.

Here, we uncover a macrophage-intrinsic function of MMP14
that connects extracellular matrix remodeling to inflammatory
and metabolic responses in obesity. MMP14 expression rises
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during monocyte-to-macrophage differentiation and is further
increased in macrophages from high-fat diet-fed mice, where it
supports macrophage activation, migration, and lipid handling
in response to adipose-derived signals. At the mechanistic level,
MMP14-dependent matrix processing drives the production of
endotrophin, thereby linking between ECM cleavage to macro-
phage inflammatory signaling. In parallel, MMP14 limits macro-
phage lipolysis and favors lipid accumulation, thereby influ-
encing both macrophage metabolism and the signals
macrophages deliver to neighboring cells. /In vivo, myeloid dele-
tion of Mmp 14 is associated with improved metabolic outcomes
during diet-induced obesity, including reduced lipid burden, a
lower inflammatory tone, polarization toward anti-inflammatory
and more TREM2* states, and improved glucose tolerance.
Together, these findings suggest that macrophage MMP14,
acting in part through endotrophin, couples matrix remodeling
to immunometabolic programs that shape tissue remodeling
and whole-body metabolic homeostasis.

RESULTS

MMP14 expression is induced during macrophage
differentiation and under obesogenic conditions

To determine whether MMP14 expression is regulated during
macrophage differentiation and activation, we first examined
whether MMP14 expression is regulated during macrophage
differentiation. Analysis of publicly available transcriptomic
data from GEO dataset GDS2429 showed that MMP14 expres-
sion increased as circulating monocytes differentiated into
macrophages in response to M-CSF. MMP14 expression was
further modulated when macrophages were polarized toward
M1-like or M2-like states (Figure 1A), suggesting an association
with macrophage differentiation and activation status. To
experimentally validate these observations, we assessed

(E) Measurement of THP-1 cell proliferation by confocal imaging. Differentiated THP-1 macrophages were treated with 3A2 or control IgG for 24 h in the presence
of BrdU. The images show reduced BrdU incorporation following 3A2 treatment. Scale bar: 10 pm.
(F) Quantification of BrdU incorporation from E. Data are presented as mean + SEM (n = 6 per group), Student’s t test; **p < 0.01.

(G) Phagocytosis in Raw264.7 cells is suppressed by 3A2 treatment. Raw264.7 cells were incubated for 24 h with conditioned medium collected from cultured
eWAT (from lean or HFD-fed mice, shown as CM-L and CM-H), together with either 3A2 or control IgG. Phagocytic activity was assessed by the uptake of
fluorescent green vesicles. Scale bar: 100 pm.

(H) Quantification of fluorescence intensity of engulfed fluorescent green vesicles. Data are presented as mean + SEM (n = 6 per group), One-way ANOVA,
followed by Tukey’s multiple-comparisons test; *p < 0.05.

() Inhibition of MMP14 by 3A2 reduces macrophage migration under various stimuli. Mature Raw264.7 cells were scratched at equal distances across different
wells and then treated with various lipids, including OA and PA, as well as the positive control LPS, in the presence of either 3A2 or control IgG for 40 h. Cell
migration into the scratched areas was measured to assess macrophage migratory capacity in each condition. The red lines indicate the original scratch
boundaries. Scale bar: 200 pm.

(J) Quantification of Raw264.7 cell migration from triplicate experiments using Imaged software. Data are presented as mean + SEM (n = 6 per group), Student’s t
test; *p < 0.05; **p < 0.01.

(K) Schematic representation of the process of BMDM isolation from mice (Top); western blotting validates efficient deletion of MMP14 expression on protein
levels in the Lysm-Cre-Mmp14 knockout (KO) mice (Bottom). B-Actin serves as the loading control.

(L) Deletion of Mmp14 in BMDMSs reduces macrophage migratory capacity in response to various stimuli. Mmp14 KO and wild-type (WT) BMDMs were cultured
with conditioned medium collected from HFD-fed eWAT cultures (CM-H) or lean eWAT cultures (CM-L). After 40 h, cell migration in each well was recorded by
bright-field imaging. Scale bar: 200 pm.

(M) Quantification of BMDM macrophage migration as shown in L using Imaged. Data are presented as mean + SEM (n = 6 per group), One-way ANOVA, followed
by Tukey’s multiple-comparisons test; n.s., not significant; **p < 0.01; ***p < 0.001.

(N) Phagocytosis assays in WT and Mmp14 KO BMDMs after 24 h of treatment with CM-L or CM-H. Engulfed fluorescent vesicles were visualized by confocal
imaging. Scale bar: 100 um.

(O) Quantification of fluorescence intensity shows that phagocytosis was markedly reduced in KO BMDMs under CM-H treatment conditions. Data are presented
as mean = SEM (n = 3 per group), One-way ANOVA, followed by Tukey’s multiple-comparisons test; **p < 0.01; ***p < 0.001.
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MMP14 expression during the in vitro differentiation of mouse
bone marrow-derived macrophages (BMDMs). MMP14
expression changed dynamically throughout differentiation
and closely paralleled the induction of the macrophage marker
Mac2, suggesting that MMP14 is functionally regulated during
macrophage differentiation (Figure 1B).

We next asked whether macrophage MMP14 expression is
altered in response to different polarization stimuli and under
metabolic stress in vivo. Differentiated BMDMs were treated
with LPS or IL-4 to polarize them toward M1-like or M2-like
states, respectively. The results showed that MMP14 protein
levels increased in both LPS- and IL-4-treated BMDMs
(Figure 1C). Moreover, peritoneal macrophages isolated from
mice fed a high-fat diet (HFD) for 16 weeks exhibited markedly
elevated MMP14 protein levels compared with macrophages
from chow-fed controls (Figure S1A). These data establish that
MMP14 expression fluctuates during macrophage differentiation
and is further enhanced in macrophages in response to polariza-
tion stimuli or exposure to an obesogenic environment.

MMP14 supports macrophage differentiation,
proliferation, migration, and phagocytosis

Given the induction of MMP14 during macrophage maturation,
we next examined whether MMP14 activity contributes to
macrophage differentiation and proliferation. THP-1 monocytes
were differentiated in the presence of the MMP14-neutralizing
antibody 3A2 (1pg/ml).*>*° Inhibition of MMP14 reduced the
expression of the macrophage differentiation markers Mac2
and Arg1, as well as the proliferation marker Ki67, at multiple
observed time points: 2, 16, 24, and 40 h (Figure 1D). To directly
assess proliferative capacity, BrdU incorporation assays were
performed. Differentiated THP-1 macrophages treated with
3A2 (1pg/ml) exhibited reduced BrdU incorporation compared
with IgG-treated controls (Figure 1E), and quantification
confirmed a significant reduction in proliferation (Figure 1F).

We next examined whether MMP14 influences macrophage
effector functions relevant to tissue remodeling. To achieve this
goal, macrophages were treated with conditioned medium (CM)
collected from cultured epididymal white adipose tissue (€WAT)
obtained from male mice fed either a high-fat diet (CM-H) or a reg-
ular chow diet (CM-L).°" Phagocytic capacity was assessed in
Raw264.7 macrophages exposed to CM-L or CM-H. Under
both conditions, 3A2-treated macrophages showed reduced up-
take of fluorescent vesicles compared with controls, with a more
pronounced effect under CM-H conditions (Figure 1G). Quantifi-
cation further confirmed diminished phagocytic activity (Figure
1H). Macrophage migration was then assessed using scratch as-
says.®> Raw264.7 macrophages treated with OA, PA, or LPS ex-
hibited robust migration into the wounded area, whereas migra-
tion was consistently reduced in the presence of MMP14
inhibition by 3A2 (Figure 1l), with quantification demonstrating
decreased wound closure across all stimuli (Figure 1J).

To validate these findings genetically, BMDMs isolated from
LysM-Cre-Mmp14 KO mice (Figure 1K; Figure S1G) were exam-
ined. Compared with WT macrophages, Mmp14 KO BMDMs ex-
hibited reduced migration in response to CM-L and CM-H, with a
more pronounced defect under CM-H conditions (Figures 1L-
1M). Phagocytic capacity was also significantly reduced in
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Mmp14 KO BMDMs under both conditions, with a more pro-
nounced defect under CM-H conditions (Figures 1N-10).
Together, these results indicate that MMP14 activity supports
macrophage differentiation, proliferation, migration, and
phagocytosis.

MMP14 is required for pro-inflammatory macrophage
polarization and inflammatory signaling

Because macrophages in obese tissues are exposed to adi-
pose-derived inflammatory cues,’® we next examined whether
MMP14 regulates macrophage polarization in response to these
signals. Raw264.7 macrophages treated with CM-L exhibited a
modest increase in CD86* M1-like macrophages, which was
reduced by MMP14 inhibition with 3A2 (Figures 2A and 2B;
Figure S2). When macrophages were treated with CM-H, a
more pronounced expansion of CD86" was observed in the
macrophages. This CM-H-induced pro-inflammatory polariza-
tion was significantly attenuated in the presence of 3A2
(Figures 2C and 2D). In contrast, the anti-inflammatory polariza-
tion population (CD206%) was increased in 3A2-treated macro-
phages under CM-L conditions (Figures 2A and 2B). However,
no significant differences were observed under CM-H condi-
tions, in which the CD206™ population was reduced to very low
levels in both groups (Figures 2C and 2D). Quantification of the
polarizations were shown in Figure 2E.

We then examined primary macrophages from WT and
MMP14 KO mice. Compared with the WT, KO BMDMs treated
with CM-L showed reduced proportions of F4/80*CD86" (M1-
like) and increased portion of F4/80"CD206* (M2-like) macro-
phages (Figures 2F and 2G). Under CM-H conditions, WT mac-
rophages exhibited a strong shift toward the M1-like phenotype,
whereas Mmp 14 KO macrophages failed to mount a comparable
response. In contrast, M2-like macrophage populations were
not significantly altered by MMP14 loss under CM-H conditions
(Figures 2H and 2I). Quantification of the polarizations were
shown in Figure 2J.

To determine whether the observed changes in macrophage
polarization were accompanied by alterations in inflammatory
signaling, we next examined expression of key pathway compo-
nents, including TLR4, NF-xkB, TNFa, IL-18, and IL-6. In
Raw264.7 macrophages, treatment with adipose tissue-derived
conditioned media induced expression of these inflammatory
markers, and this induction was reduced by MMP14 neutraliza-
tion with 3A2 under both CM-L and CM-H conditions, with a
more pronounced reduction under CM-H conditions
(Figures 2K and 2L). Importantly, the secretion of IL-1p, IL-6,
and TNFa into the culture media showed a similar pattern of
changes, particularly under CM-H conditions (Figure 2M).

Similarly, Raw264.7 cells were treated with LPS in the pres-
ence or absence of 3A2, followed by western blot analysis.
Consistent results were observed for these inflammatory factors
(Figures 1B and 1C). ELISA assays further confirmed similar
changes in their secreted levels, resembling the pattern
observed under CM-H treatment. Interestingly, no significant
changes in these pro-inflammatory factors were observed under
IL-4 treatment conditions (Figures S1D-S1F).

To further assess inflammatory signaling at the subcellular
level, NF-xB localization was examined by immunofluorescent
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Figure 2. Conditioned media from HFD eWAT reveals a role for MMP14 in driving pro-inflammatory macrophage activation

(A and B) Flow cytometry analysis of M1-like (CD86") and M2-like (CD206*) macrophage populations in Raw264.7 cells treated with CM-L in the presence of either
3A2 or control IgG.

(C and D) Flow cytometry analysis of M1-like (CD86™) and M2-like (CD206") macrophage populations in Raw264.7 cells treated with CM-H in the presence of
either 3A2 or control IgG.

(E) Quantification of CD86" and CD206" macrophage populations. Data are presented as mean + SEM (n = 3). One-way ANOVA, followed by Tukey’s multiple-
comparisons test; n.s., not significant; *p < 0.05; **p < 0.01.

(F and G) Flow cytometry analysis of M1-like (F4/80"CD86") and M2-like (F4/80"CD206*) macrophage populations in WT and Mmp14 KO BMDMs treated with
CM-L.

(H and I) Flow cytometry analysis of M1-like (F4/80*CD86") and M2-like (F4/80*CD206") macrophage populations in WT and Mmp14 KO BMDMs treated with
CM-H.

(legend continued on next page)
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staining. Compared with CM-L treatment, CM-H markedly
increased total NF-«B signal intensity in Raw264.7 macrophages
(Figure S3A). Notably, CM-H treatment also promoted nuclear
accumulation of NF-xB, consistent with activation of NF«xB-
dependent transcriptional programs. Treatment with the
MMP14-neutralizing antibody 3A2 reduced overall NF-«B signal
intensity and substantially decreased nuclear localization of NF-
kB under CM-H conditions (Figure S3A).

We then asked whether Mmp14 KO primary macrophages
produced a similar effect. In WT BMDMs, both CM-L and
CM-H induced the expression of TLR4, NF-kB, TNFa, IL-1p,
and IL-6, with stronger induction observed under CM-H condi-
tions. In contrast, induction of these inflammatory proteins was
markedly reduced in Mmp14 KO BMDMs (Figures 2N and 20).
CM-H treatment also promoted nuclear accumulation of NF-xB
in WT BMDMs, consistent with activation of NFkB-dependent
transcriptional programs. The treatment further reduced overall
NF-xB signal intensity and substantially decreased nuclear local-
ization of NF-xB in Mmp14 KO BMDMs (Figure S3B). Moreover,
under CM-H conditions, secreted IL-6, IL-13, and TNFa levels
were significantly reduced in conditioned media from Mmp14
KO BMDMs (Figure 2P).

MMP14 regulates lipid accumulation and lipid metabolic
programs in macrophages
Having observed that MMP14 promotes pro-inflammatory
macrophage activation in response to adipose-derived signals,
we next asked whether MMP14 also regulates macrophage lipid
handling, a defining feature of obesity-associated macrophages.
To address this, we first examined lipid accumulation in macro-
phages under defined lipid-loading conditions. Raw264.7 mac-
rophages were treated with oleic acid (OA), palmitic acid (PA),
or a combination of OA and PA. Measurement of intracellular
triglyceride (TAG) levels revealed that neutralization of MMP14
with the antibody 3A2 reduced TAG accumulation under all
lipid-loading conditions compared with IgG-treated controls
(Figure 3A). We next examined intracellular free fatty acid (FFA)
levels in the same experimental setting. Raw264.7 macrophages
treated with 3A2 exhibited increased intracellular FFA levels
compared with control-treated cells (Figure 3B), suggesting
altered lipid turnover rather than increased lipid storage.

To assess macrophage lipid accumulation in response to
oxidized lipids, Raw264.7 macrophages were treated with

Cell Reports

oxidized LDL (oxLDL). BODIPY staining showed that oxLDL
treatment induced robust lipid droplet accumulation compared
with untreated controls (Figure 3C, upper panels). Treatment
with the MMP14-neutralizing antibody 3A2 markedly reduced
oxLDL-induced lipid droplet accumulation (Figure 3C, upper
panels). Quantification of BODIPY fluorescence intensity
confirmed a significant decrease in lipid accumulation following
3A2 treatment (Figure 3C, lower panels).

To examine whether adipose tissue-derived factors modulate
macrophage lipid accumulation in an MMP14-dependent
manner, Raw264.7 macrophages were treated with CM-L or
CM-H. BODIPY staining showed that CM-H treatment markedly
increased lipid droplet accumulation compared with CM-L,
whereas CM-L treatment alone had minimal effects (Figure 3D,
upper panels). Treatment with the MMP14-neutralizing antibody
3A2 substantially reduced CM-H-induced lipid droplet accumu-
lation, while having little effect under CM-L conditions (Figure 3D,
upper panels). Quantification of BODIPY fluorescence intensity
confirmed a significant reduction in lipid accumulation following
3A2 treatment under CM-H conditions (Figure 3D, lower panels).

Subsequently, we tested whether genetic deletion of MMP14
in primary macrophages produces similar effects. BMDMs from
WT and Mmp 14 KO mice were treated with CM-L or CM-H. Un-
der CM-H conditions, Mmp14 KO macrophages exhibited
reduced intracellular TAG levels compared with WT macro-
phages (Figure 3E). Intracellular FFA levels were also reduced
in Mmp14 KO macrophages (Figure 3F). Consistent with these
biochemical changes, BODIPY staining revealed reduced lipid
droplet accumulation in Mmp 14 KO macrophages (Figure 3G).

To define the molecular basis for altered lipid accumulation,
we examined expression of key lipid metabolic regulators.
Immunoblot analysis further showed increased expression of
ATGL and HSL, along with elevated p-ACC and decreased total
ACC, in Mmp14 KO macrophages under both CM-L and CM-H
conditions, with more pronounced effects observed under
CM-H conditions (Figures 3H-3J). Together, these findings indi-
cate reduced de novo lipogenesis and increased lipolytic activity
in Mmp14 KO BMDMs.

MMP14-dependent macrophage signals influence lipid
accumulation in recipient cells

Because macrophages communicate metabolic signals to sur-
rounding cells,®*°® we asked whether MMP14-dependent

(J) Quantification of F4/80"CD86" and F4/80*CD206* macrophage populations. Data are presented as mean + SEM (n = 3). One-way ANOVA, followed by
Tukey’s multiple-comparisons test; n.s., not significant; *p < 0.05; *p < 0.01, **p < 0.001.

(K) Western blot analysis of Raw264.7 cells treated with CM-L or CM-H in the presence or absence of 3A2 or control IgG. Detected pro-inflammatory factors:
TLR4, NF-xB, TNFa, IL-1B, and IL-6. p-Actin was used as a loading control.

(L) Quantification of band intensities using ImagedJ, shown in K. Data are presented as mean + SEM (n = 3). One-way ANOVA, followed by Tukey’s multiple-
comparisons test; n.s., not significant; *p < 0.05; **p < 0.01.

(M) ELISA analysis of culture media from Raw264.7 cells treated with CM-L or CM-H in the presence of 3A2 or control IgG. Detected pro-inflammatory factors:
TNFa, IL-1B, and IL-6. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple-comparisons test. n.s., not significant; *p < 0.05;
**p < 0.01; ***p < 0.0001.

(N) Western blot analysis of WT and MMP14 KO BMDM s treated with CM-L or CM-H, detecting TLR4, NF-kB, TNFq, IL-18, and IL-6. p-Actin served as a loading
control.

(O) Quantification of band intensities shown in N. Data are presented as mean + SEM (n = 3). Statistical significance was determined by one-way ANOVA followed
by Tukey’s multiple-comparisons test. *p < 0.05; **p < 0.01.

(P) ELISA analysis of culture media from WT and Mmp14 KO cells treated with CM-H. Detected pro-inflammatory factors: TNFa, IL-1p, and IL-6. Statistical
significance was determined by Student’s t test. *p < 0.05.
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Figure 3. MMP14 deficiency reduces macrophage lipid accumulation and alters lipid metabolism

(A and B) Triacylglycerol (TAG) (A) or free fatty acid (FFA) levels (B) level in Raw264.7 cells treated with OA, PA, or OA + PA in the presence or absence of 3A2 or
control IgG. Data are presented as mean + SEM (n = 3), Student’s t test; n.s., not significant; *p < 0.05, **p < 0.01.

(C) Confocal images of BODIPY fluorescence staining in Raw264.7 cells treated with or without oxLDL in the presence of 3A2 or control IgG. The bottom image
shows quantification of fluorescence intensity from the images shown in the upper image. Data are presented as mean + SEM (n = 3 fields). Scale bar: 10 pm.
Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple-comparisons test. “o < 0.05; ***p < 0.001.

(D) Confocal images of BODIPY fluorescence staining in Raw264.7 cells treated with CM-L or CM-H, together with 3A2 or control IgG. The bottom image shows
quantification of fluorescence intensity from the images shown in the upper image. Data are presented as mean + SEM (n = 3 fields). Scale bar: 10 pm. Statistical
significance was determined by one-way ANOVA followed by Tukey’s multiple-comparisons test. “p < 0.05, **p < 0.01).

(E and F) TAG (E) and FFA (F) levels in WT and KO BMDMs treated with CM-L or CM-H. Data are presented as mean + SEM (n = 4). Statistical significance was
determined by one-way ANOVA followed by Tukey’s multiple-comparisons test. n.s., not significant; *p < 0.05, **p < 0.01.

(G) Representative confocal images of BODIPY fluorescence in WT and KO BMDMs treated with CM-L) or CM-H. The right image shows quantification of
fluorescence intensity. Data are presented as mean + SEM (n = 6). Scale bar: 10 pm. Statistical significance was determined by one-way ANOVA followed by
Tukey’s multiple-comparisons test. n.s., not significant; *p < 0.05, **p < 0.01.

(legend continued on next page)
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changes in macrophage lipid metabolism influence lipid accu-
mulation in recipient cells. To test this, conditioned media trans-
fer experiments were performed using AML hepatocyte-like
cells. AML cells exposed to conditioned media from oxLDL-
treated Raw264.7 macrophages accumulated abundant lipid
droplets, as visualized by BODIPY staining (Figure 3K). In
contrast, AML cells treated with conditioned media from
Raw264.7 macrophages treated with oxLDL in the presence of
3A2 exhibited markedly reduced lipid accumulation (Figures 3K
and 3L). To determine whether genetic ablation of Mmp714 in
macrophages alters macrophage-dependent regulation of lipid
accumulation in recipient cells, AML cells were treated with
conditioned media collected from WT or Mmp14 KO BMDMs
cultured by lean CM-L or CM-H. BODIPY staining showed that
AML cells treated with conditioned media from Mmp14 KO
BMDMs under CM-H conditions exhibited markedly reduced
lipid droplet accumulation compared with those treated with
WT-derived CM-H conditioned media, while no appreciable dif-
ference was observed under CM-L conditions (Figures 3M
and 3N).

MMP14 regulates endotrophin production and
downstream inflammatory and metabolic gene

programs

MMP14 is known to cleave collagen VI in adipocytes to generate
endotrophin, a matrikine directly linked to metabolic inflamma-
tion.*%*>°” Both endogenous and secreted endotrophin have
been shown to exert profound fibrotic and pro-inflammatory ef-
fects by activating distinct signaling pathways.***%°7:%¢ To
determine whether MMP14 regulates endotrophin production
in macrophages, Raw264.7 cells were treated with CM-L or
CM-H in the presence of control IgG or 3A2. Immunoblot anal-
ysis showed that endotrophin was detectable in macrophages
treated with CM-L, and this basal endotrophin production was
reduced by 3A2 treatment (Figure 4A). CM-H treatment induced
higher levels of endotrophin, and this CM-H-induced endotro-
phin production was also inhibited by 3A2 (Figures 4A and 4B).
ELISA using an endotrophin-specific antibody further confirmed
that, under CM-H conditions, inhibition of MMP14 with 3A2
reduced endotrophin production in the culture media
(Figure 4C). To assess whether Mmp 14 KO affects endotrophin
production in macrophages, WT and Mmp14 KO BMDMs were
treated with CM-L or CM-H. Immunoblot analysis showed that
WT BMDMs produced detectable levels of endotrophin under
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CM-L conditions, whereas endotrophin levels were significantly
reduced in Mmp14 KO BMDMs (Figure 4D). CM-H treatment
induced higher endotrophin production, and this induction was
markedly blunted in Mmp14 KO BMDMs (Figures 4D and 4E).
ELISA using an endotrophin-specific antibody further confirmed
that, under both CM-L and CM-H conditions, endotrophin pro-
duction was significantly reduced in culture media collected
from Mmp14 KO BMDMs, with a more pronounced reduction
under CM-H conditions (Figure 4F).

To determine whether endotrophin mediates MMP14-depen-
dent inflammatory signaling in macrophages, Raw264.7 cells
were treated with the MMP14-neutralizing antibody 3A2 in the
presence or absence of recombinant endotrophin. Immunoblot
analysis showed that 3A2 treatment suppressed the expression
of the indicated pro-inflammatory factors, including TNFa, IL-6,
and IL-1f (Figure 4G). Importantly, addition of endotrophin
restored the expression levels of these pro-inflammatory pro-
teins (Figures 4G and 4H). Similar rescue effects were observed
in Mmp14 KO BMDMs treated with endotrophin (Figure 4l).

Transcriptomic profiling reveals MMP14-dependent
regulation of inflammatory and lipid metabolism
pathways

To define broader transcriptional programs regulated by
MMP14, we performed RNA-seq analysis on Raw264.7 macro-
phages treated with LPS in the presence or absence of the
MMP14-neutralizing antibody 3A2 (Figure S4). Unbiased tran-
scriptomic profiling identified widespread changes in gene
expression, with hundreds of genes differentially regulated
following MMP14 inhibition. Heatmap analysis highlighted
coordinated downregulation of inflammatory gene networks
(Figure 4J) as well as genes associated with macrophage prolif-
eration and cell cycle regulation (Figure 4K). In parallel, pathway-
focused analysis revealed suppression of lipogenesis-related
gene programs and enrichment of genes involved in lipid cata-
bolic processes, including lipolysis (Figures 4L and 4M). A GO/
pathway enrichment analysis further highlighted the selected up-
regulated genes, including the proinflammatory markers, such
as selected significantly changed genes, such as /123a, Tnfaip3,
Tnfaip2, Tnfsf10b, and Tnfsf13b (Figure 4N).

To validate these RNA-seq findings, we performed RT-gPCR
analysis of selected representative genes. Consistent with the
transcriptomic data, expression of key inflammatory and macro-
phage activation genes (TIr4, NF-xB, IL-6, ll1b, and Tnfa) was

(H) Western blots of protein lysates from WT and KO BMDMs treated with CM-L or CM-H. Lipid-metabolism-related proteins analyzed include ACC/p-ACC,

ATGL, and HSL. B-Actin was used as the loading control.

(I) Quantification of band intensities for ATGL and HSL in (H). Data are presented as mean + SEM (n = 3). Statistical significance was determined by one-way
ANOVA followed by Tukey’s multiple-comparisons test. n.s., not significant; *p < 0.05, **p < 0.01.
(J) Quantification of the band intensities for ACC and p-ACC in (H). Data are presented as mean + SEM (n = 3). Statistical significance was determined by one-way

ANOVA followed by Tukey’s multiple-comparisons test. *p < 0.05.

(K) Representative BODIPY fluorescence images of AML cells treated with conditioned media from Raw264.7 cells co-treated with oxLDL and 3A2 or IgG control.

Scale bar: 10 pm.

(L) Quantification of BODIPY fluorescence intensity shown in (K). Six fields were analyzed per group. Data are presented as mean + SEM (n = 6). Statistical
significance was determined by one-way ANOVA followed by Tukey’s multiple-comparisons test. “p < 0.05, **p < 0.01.
(M) Representative BODIPY fluorescence images of AML cells treated with conditioned media from WT or KO BMDMs exposed to CM-L) or CM-H conditioned

media. Scale bar: 10 pm.

(N) Quantification of BODIPY fluorescence intensity is shown in (M). Six fields were analyzed per group. Data are presented as mean + SEM (n = 6). Statistical
significance was determined by one-way ANOVA followed by Tukey’s multiple-comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Suppression of MMP14 reduces endotrophin under inflammatory and adipose tissue-derived stimuli

(A) Western blot analysis of endotrophin in Raw264.7 macrophages treated with 3A2 or control IgG. p-Actin was loaded as the loading control (same loading
control as in Figure 2K).

(B) Quantification of endotrophin band intensity in (A). Data are presented as mean + SEM (n = 3). Statistical significance was determined by one-way ANOVA
followed by Tukey’s multiple-comparisons test. *p < 0.05.

(C) ELISA analysis of secreted endotrophin in culture media from Raw264.7 cells treated with 3A2 or control IgG. Statistical significance was determined by one-
way ANOVA followed by Tukey’s multiple-comparisons test. n.s., not significant; *p < 0.05.

(D) Western blot analysis of endotrophin in WT and Mmp14 KO BMDM macrophages treated with CM-H or CM-L. p-Actin was loaded as the loading control.

(E) Quantification of endotrophin band intensity in (D). Data are presented as mean + SEM (n = 3). Statistical significance was determined by one-way ANOVA
followed by Tukey’s multiple-comparisons test. *p < 0.05, **p < 0.01.

(F) ELISA analysis of secreted endotrophin in culture media from WT and Mmp 14 KO BMDM treated with CM-L or CM-H. Statistical significance was determined
by one-way ANOVA followed by Tukey’s multiple-comparisons test. n.s., not significant; *p < 0.01.

(legend continued on next page)
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significantly downregulated following MMP14 inhibition (Figure
40). Likewise, expression of representative lipogenesis-related
genes (Accl1, Fasn, Scd1, and Srebp2) was downregulated
(Figure 4P), confirming the reliability of the RNA-seq results.

Myeloid Mmp 14 deletion improves systemic metabolic
homeostasis during HFD feeding

To determine whether the macrophage-intrinsic effects of
MMP14 observed in vitro translate into systemic metabolic out-
comes in vivo, WT and Mmp14 KO mice were fed an HFD for
16 weeks. Body weight gain over time was comparable between
genotypes, and no significant differences in total body weight
were observed at any time point during the feeding period
(Figure 5A). Because similar body weight does not necessarily
reflect comparable body composition, we next evaluated fat
and lean mass. Compared with WT controls, Mmp14 KO mice
showed a reduced fat mass and a corresponding tendency to-
ward increased lean mass (Figures 5B and 5C).

We next assessed glucose homeostasis. Fasting glucose
levels were reduced in Mmp14 KO mice (Figure 5D). To further
evaluate glucose homeostasis, mice were subjected to an intra-
peritoneal glucose tolerance test (IPGTT). Mmp14 KO mice dis-
played improved glucose clearance following intraperitoneal
glucose administration compared with WT controls (Figure 5E),
with quantification shown in Figure 5F. To assess systemic insu-
lin sensitivity, mice were next subjected to an insulin tolerance
test (ITT). Blood glucose responses during ITT were comparable
between WT and Mmp14 KO mice (Figure 5G), and quantifica-
tion confirmed no significant difference between genotypes
(Figure 5H).

Systemic lipid parameters were then examined. Circulating
TAG levels were reduced in Mmp 14 KO mice (Figure 51), whereas
circulating FFA levels were unchanged (Figure 5J). TAG content
was reduced in eWAT (Figure 5K) and liver (Figure 5M), whereas
tissue FFA levels were unchanged (Figure 5L). Circulating inflam-
matory cytokines, including m-CSF, were reduced in Mmp14 KO
mice (Figure 5N).

Circulating and tissue inflammatory factors were measured
using specific ELISA assays. The results showed no significant

Cell Reports

differences in circulating IL-6, IL-18, or TNFa levels between
WT and Mmp14 KO mice; however, all three factors were signif-
icantly reduced in the eWAT of Mmp14 KO mice (Figures S5A-
5C; Figures 50-5Q). Notably, both circulating and local eWAT
endotrophin levels were dramatically decreased in Mmp14 KO
mice, as measured by ELISA (Figures 5R and 5S).

To determine whether the metabolic improvements observed
in Mmp14 KO mice were accompanied by alterations in whole-
body energy metabolism, indirect calorimetry was performed
following HFD feeding. Oxygen consumption (VO,) and carbon
dioxide production (VCO,) were continuously monitored.
Mmp14 KO mice exhibited significantly increased CO, produc-
tion (VCO,) during the light phase compared with WT controls
(Figures S5F and 5G). Although VO, during the light phase and
both VO, and VCO, during dark phase showed an upward trend
in KO mice, these differences did not reach statistical signifi-
cance (Figures 5D-5G). Consistent with these findings, heat pro-
duction in Mmp 14 KO mice showed a tendency to increase dur-
ing both the dark phase; however, the difference did not reach
statistical significance compared with WT controls (Figures 5H
and 5I). To assess substrate utilization, respiratory exchange ra-
tio (RER) was analyzed. Mmp14 KO mice displayed a significant
shift toward lower RER values, suggesting increased reliance on
fatty acid oxidation (Figures 5T and 5U).

Myeloid Mmp14 deletion drives tissue-level lipid
metabolic remodeling

We next examined whether myeloid Mmp14 deletion is associ-
ated with coordinated changes in lipid metabolism and tissue
morphology across key metabolic organs. To address this, his-
tological and molecular analyses were performed in WAT, liver,
and brown adipose tissue (BAT) following HFD feeding. H&E
staining revealed reduced adipocyte hypertrophy in both subcu-
taneous WAT (sWAT) and eWAT from Mmp14 KO mice
compared with WT controls (Figure 6A). In addition, BAT from
Mmp14 KO mice exhibited improved morphology characterized
by a more multilocular appearance, and liver sections showed
reduced lipid accumulation relative to WT mice (Figure 6A).
Quantification of adipocyte size across the indicated adipose

(G) Western blot analysis of pro-inflammatory factors (TNFa, IL-6, and IL-1p) in Raw264.7 cells treated with control IgG, 3A2 alone, or in combination with en-
dotrophin (1pg/ml).

(H) Quantification of band intensities in (G). Data are presented as mean + SEM (n = 4). Statistical significance was determined by one-way ANOVA followed by
Tukey’s multiple-comparisons test. n.s., not significant; *p < 0.05.

(I) Western blot analysis of pro-inflammatory factors (TNFa, IL-6, and IL-1p) in WT and KO BMDMs treated with control IgG or endotrophin (1 1 pg/ml). Quan-
tification of band intensities: Data are presented as mean + SEM (n = 3 per group). Analyzed using one-way ANOVA followed by Tukey’s multiple-comparisons
test. n.s., not significant; *p < 0.05.

(J-M) Heatmap of differentially expressed genes (DEGs) highlighting MMP14-dependent regulation of pro-inflammatory, proliferation, lipogenesis, and lipolysis
pathways in the Raw264.7 cells treated by LPS (100 ng/mL) for 24 h. n = 3 per group, shown as the average of three replicates. Pathway enrichment analysis was
conducted using gene set enrichment analysis (GSEA). All comparisons: unpaired, two tailed Student’s t test. Proinflammatory signature p = 4.45E—16; pro-
liferation signature p = 2.32E—41; lipogenesis signature p value 8.22E—15; lipolysis signature p = 1.29E—05.

(N) Gene ontology (GO) and pathway enrichment analyses identifying major pathways suppressed or enhanced by MMP14 neutralization, highlighting the
proinflammatory program.

(O) RT-gPCR validation of representative DEGs identified by RNA-seq. Expressions of inflammation- and macrophage activation-related genes (TIr4, Nfkb, IL-6,
Il1b, and Tnfa) were consistent with RNA-seq results, confirming dataset reliability. n = 3 per group. Data were analyzed using one-way ANOVA; n.s., not sig-
nificant; “p < 0.05; **p < 0.01; ***p < 0.001, ***p < 0.0001.

(P) RT-gPCR validation of representative DEGs identified by RNA-seq. Expressions of lipogenesis-related genes (Acc1, Fasn, Scd1, Srebp1, and Srebp2) were
consistent with RNA-seq results, confirming dataset reliability. n = 3 per group. Data were analyzed using one-way ANOVA; n.s., not significant; *p < 0.05;
**p < 0.01; **p < 0.001.
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Figure 5. Myeloid MMP14 deficiency improves metabolic health under high-fat diet

(A) Body weight trajectories show that WT and LysM-Cre-Mmp 14 KO mice gain similar overall body weight during HFD feeding for 16 weeks. Data are presented
as mean + SEM.

(B and C) Body composition analysis demonstrated reduced fat mass and modestly increased lean mass in KO mice compared with WT controls (n = 4-5/group,
Data are presented as mean + SEM, Student’s ¢ test; n.s: no significance, *p < 0.05.

(D) Circulating glucose levels do not differ between groups under normal feeding conditions, whereas overnight fasting circulating glucose levels are reduced in
KO mice. (n = 4-5 per group), Data are presented as mean + SEM, Student’s t test; n.s: no significance, *p < 0.05.

(E and F) Glucose tolerance test (GTT) shows improved circulating glucose levels following intraperitoneal (IP) glucose injection at different time points. n = 5 per
group, Data are presented as mean + SEM, Student’s t test; *p < 0.05).

(G and H) Insulin tolerance test (ITT) shows no significant differences between groups (n = 5 per group, mean + SEM, Student’s t test; n.s, no significance).

(I) Serum lipid measurements showing decreased circulating triglycerides in KO mice (n = 4/group, mean + SEM, Student’s t test; *p < 0.05).

(J) Serum lipid measurements show no changes in circulating FFA in KO mice (n = 4/group, mean + SEM, Student’s t test, n.s, no significance).

(K) eWAT lipid measurements show decreased triglycerides in KO mice (n = 4/group, mean + SEM, Student’s t test, *p < 0.05).

(L) eWAT lipid measurements show no change in total FFA in KO mice (n = 4/group, mean + SEM, Student’s t test, n.s, no significance).

(M) Liver lipid measurements show decreased triglycerides in KO mice (n = 4/group, mean + SEM, Student’s t test, *p < 0.05).

(legend continued on next page)
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depots confirmed a significant reduction in adipocyte hypertro-
phy in Mmp14 KO mice (Figure 6B).

To determine whether these morphological changes were
accompanied by alterations in lipid metabolic signaling, we
next examined key regulators of lipid synthesis and breakdown
by immunoblotting. In eWAT, immunoblot analysis showed
increased phosphorylation of ACC and elevated expression of
lipolytic enzymes, including ATGL, HSL, and carboxylesterase
1d (Ces1d), in Mmp 14 KO mice (Figures 6C and 6D). Expression
of the lipid droplet-associated protein perilipin 1 (Plin1) was not
significantly altered (Figures 6C and 6D).

Liver tissue was assessed to determine whether similar lipid
metabolic remodeling occurred. Immunoblot analysis revealed
increased expression of ATGL, HSL, and Ces1d in livers from
Mmp14 KO mice, together with an elevated p-ACC/ACC ratio,
indicating altered hepatic lipid metabolic signaling (Figures 6E-
6H). In parallel, levels of apolipoprotein B100 (ApoB100), a pro-
tein involved in hepatic lipid packaging and export, were
reduced in Mmp14 KO livers (Figures 6l and 6J). Because
Mmp 14 KO mice showed altered substrate utilization and a trend
toward increased energy expenditure, we next assessed
whether thermogenic signaling in BAT was altered. Immunoblot
analysis showed increased phosphorylation of protein kinase A
(PKA) substrates in BAT from Mmp14 KO mice (Figures 6K and
6L). In addition, expression of the thermogenic protein uncou-
pling protein 1 (UCP1) was increased in BAT from Mmp14 KO
mice, as assessed by immunofluorescence staining (Figure
6M) and confirmed by immunoblot analysis (Figures 6N and 60).

Together, these data demonstrate coordinated lipid metabolic
remodeling across WAT, liver, and BAT in Mmp14 KO mice,
characterized by reduced lipid storage, enhanced lipolytic
signaling, and increased thermogenic UCP1 levels.

Myeloid Mmp14 deletion attenuates fibrosis and
inflammatory immune remodeling

Given the established roles of macrophages in driving extracel-
lular matrix remodeling and immune cell recruitment during
obesity,'"'*44°° we next asked whether myeloid deletion of
Mmp14 alters fibrotic remodeling and immune cell composition
in adipose tissue and liver under HFD feeding. To address this,
histological, molecular, and immunophenotyping analyses
were performed in metabolic tissues from WT and Mmp14 KO
mice. We first assessed tissue fibrosis by Masson’s trichrome
staining. In sSWAT, collagen deposition was reduced in Mmp14
KO mice compared with WT controls (Figure 7A). A similar reduc-
tion in collagen accumulation was observed in eWAT from
Mmp14 KO mice (Figure 7B). In contrast, liver sections showed
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only modest differences in collagen deposition between geno-
types (Figure 7C), indicating that myeloid Mmp14 deletion pref-
erentially affects fibrotic remodeling in adipose tissue.

Because macrophage clustering around stressed adipocytes
is a hallmark of adipose tissue inflammation,®®®" we next exam-
ined macrophage accumulation within eWAT. Co-immunofluo-
rescent staining for Mac2 (macrophage marker) and Plin1 (lipid
droplet marker) revealed prominent crown-like macrophage
structures in WT eWAT, whereas these structures were markedly
reduced in Mmp14 KO mice (Figures 7D and 7E). To determine
whether macrophage accumulation was also altered in the liver,
Mac2 immunostaining was performed. Macrophage-positive
areas were reduced in livers from Mmp14 KO mice compared
with WT controls (Figures 7F and 7G).

We examined whether changes in fibrotic and cellular remod-
eling were accompanied by alterations in ECM-derived inflam-
matory mediators. Immunoblot analysis showed reduced levels
of endotrophin in eWAT from Mmp14 KO mice compared with
WT controls (Figure 7H). Quantification confirmed a significant
decrease in endotrophin levels in Mmp14 KO eWAT (Figure 71).

To assess downstream inflammatory signaling within tissues,
expression of pro-inflammatory cytokines was examined by
immunoblotting. In eWAT, levels of TNFa, IL-1p, and IL-6, except
for NF-«B, were reduced in Mmp 14 KO mice (Figures 7J and 7K).
These findings are consistent with our previous observations of
secreted factors in adipose tissue (Figures 50-5Q). Similar re-
ductions in inflammatory cytokine expression were observed in
liver tissue from Mmp14 KO mice. Moreover, NF-kB expression
was significantly decreased (Figures 7L and 7M).

To further define how myeloid Mmp 714 deletion affects immune
cell composition within adipose tissue, SVFs were isolated from
eWAT and analyzed by flow cytometry. Representative flow cy-
tometry plots showed a significantly higher proportion of M1-like
macrophages (F4/80*CD11c") in eWAT from WT mice. In
contrast, Mmp14 KO mice showed no significant differences in
the proportions of M1-like (F4/80*CD11c*) and M2-like (F4/
80"CD206") macrophages. Moreover, when compared with
WT, Mmp14 KO mice showed significantly less M1-like macro-
phages (Figures 7N and 70; Figure S6A).

TREM2* macrophages have been linked to lipid-associated
macrophages and are generally considered to exhibit a more
M2-like, anti-inflammatory phenotype.®*°® To further determine
whether myeloid Mmp14 deletion affects TREM2* macrophage
populations, we performed flow cytometry using the same SVF
samples. Compared with WT mice, Mmp14 KO mice showed
an increased proportion of TREM2™* cells within the total macro-
phage population (F4/80*TREM2), suggesting that MMP14

(N) Circulating inflammatory cytokines (e.g., m-CSF) are reduced in KO mice, indicating lower systemic inflammation (n = 5/group, mean + SEM, Student’s t

test,”p < 0.05).

(O-Q) ELISA measurements of IL-6, IL-1f, and TNFa levels in eWAT from HFD-fed WT and Mmp14 KO mice. Data are presented as mean + SEM (n = 4-5 per

group). Statistical significance was determined by Student’s t test; *p < 0.05.

(R) ELISA measurement of endotrophin level in serum from HFD-fed WT and Mmp 14 KO mice. Data are presented as mean + SEM (n = 4-5 per group). Statistical

significance was determined by Student’s t test; *p < 0.05.

(S) ELISA measurement of endotrophin level in eWAT from HFD-fed WT and Mmp 14 KO mice. Data are presented as mean + SEM (n = 4-5 per group). Statistical

significance was determined by Student’s t test; *p < 0.05.

(T and U) Respiratory exchange ratio (RER) analyses show a shift toward greater fatty acid oxidation in KO mice. (n = 4-5 per group, mean + SEM, one-way

ANOVA followed by Fisher’s post hoc analysis, *p < 0.01).
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Figure 6. Myeloid-specific MMP14 deletion reprograms systemic lipid metabolism under HFD feeding

(A) H&E staining of sWAT, eWAT, BAT, and liver shows reduced adipocyte hypertrophy and attenuated hepatic lipid accumulation in MMP14 KO mice. Scale bar:
10 pm.

(B) Quantification of adipocyte size in the indicated adipose depots using ImageJ. A total of 16 areas of adipocytes were analyzed per group. Data of mean + SEM
were analyzed using Student’s t test; **p < 0.01, **p < 0.001.

(C) Western blot analysis of lipogenic and lipolytic proteins, including ACC and p-ACC, Ces1d, Plin1, ATGL, and HSL, in e WAT from KO and WT mice following
16 weeks of HFD feeding.

(D) Quantification of band intensities in C demonstrates an increased p-ACC/ACC ratio and elevated levels of lipolytic proteins, including ATGL, HSL, and Ces1d,
whereas Plin1 shows no significant change (n = 4/group). mean + SEM, Student’s t test, n.s, no significance, *p < 0.05; **p < 0.001.
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(legend continued on next page)
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deficiency promotes a lipid-associated macrophage phenotype
(Figures 7P-7Q; Figure S6B).

This finding was further supported by confocal imaging of
immunofluorescent staining for F4/80 (red) and TREM2 (green)
in eWAT from HFD-fed WT and Mmp 14 KO mice. Although total
macrophage numbers were reduced in Mmp14 KO eWAT,
TREM2* staining signals were stronger (Figure 6C).

To confirm that endogenous macrophages exhibit similar
properties, we further characterized macrophages directly iso-
lated from the eWAT of HFD-fed WT and Mmp 14 KO mice. Mac-
rophages from Mmp14 KO mice showed dramatically reduced
endotrophin levels (Figures 7A and 7B). They also contained
significantly lower levels of pro-inflammatory factors, including
NF-kB, TNFa, IL-6, and IL-1p (Figures S7C and 7D). Furthermore,
these macrophages exhibited reduced total ACC levels and
increased levels of ATGL, HSL, and Ces1d (Figures S7E and
7F). Together, these changes are consistent with those observed
in BMDMs and Raw264.7 cells, supporting the reproducibility of
these findings across different macrophage sources.

We examined T cell populations within the same SVF samples.
Flow cytometric analysis revealed a reduced proportion of CD8"
T cells in eWAT from Mmp14 KO, but not from WT mice
(Figures 7R and 7S; Figure S6D). In contrast, the proportion of
CD4" T cells was not significantly different between genotypes
(Figures 7R and 7S).

Finally, total immune cell abundance was assessed. Quantifi-
cation of total macrophages (F4/80%) and total T cells (CD3*)
demonstrated an overall reduction in immune cell accumulation
in eWAT from Mmp14 KO mice compared with WT controls
(Figure 7T). These data indicate that myeloid Mmp14 deletion
selectively reduces inflammatory immune cell populations within
adipose tissue.

Schematic summary of the working model

A schematic overview of the experimental findings is shown in
Figure 7U. The schematic illustrates the relationships observed
between MMP14 expression in macrophages, endotrophin
levels, inflammatory signaling, macrophage lipid accumulation,
and tissue-level metabolic outcomes under HFD conditions. In
the absence of MMP14, the schematic depicts reduced endotro-
phin production, lower inflammatory marker expression,
increased macrophage lipolytic activity, decreased immune
cell accumulation, reduced tissue fibrosis, and altered systemic
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metabolic parameters observed in Mmp14 KO mice during HFD
feeding.

DISCUSSION

Macrophage MMP14 as a regulator ofimmunometabolic
remodeling in obesity

Obesity is accompanied by chronic low-grade inflammation,
extensive ECM remodeling, and profound alterations in lipid
metabolism within adipose tissue and liver. Macrophages are
central to each of these processes and act as integrators of im-
mune, stromal, and metabolic signals.®>°"-¢* While the contribu-
tion of macrophages to inflammatory cytokine production and
insulin resistance has been well established, considerably less
is known about how macrophages respond to and interpret
changes in the ECM during obesity. ' In particular, the molecular
mechanisms that connect ECM remodeling to macrophage lipid
metabolism and whole-body energy balance have remained un-
clear. In this study, we identify macrophage MMP14 as a regu-
lator that links ECM proteolysis to inflammatory activation and
lipid metabolic remodeling in obesity. Our data indicate that
MMP14 affects multiple aspects of macrophage biology, ranging
from differentiation and functional maturation to inflammatory
signaling and lipid handling. Importantly, these macrophage-
intrinsic effects extend beyond the local tissue environment
and are associated with changes in immune cell composition,
lipid distribution across tissues, and systemic metabolic out-
comes under high-fat diet conditions. These findings suggest
that macrophage MMP14 functions as more than a matrix-re-
modeling enzyme. Instead, it acts as a molecular conduit
through which structural changes in obese tissues are translated
into immunometabolic dysfunction at the organismal level.
MMP14 showed a transient increase followed by a decline dur-
ing BMDM induction. Notably, its expression on day 6 was lower
than on day 2, suggesting that MMP14 may regulate macro-
phage differentiation through a more complex mechanism.

Of note, we did not include lean mouse cohorts in this study
because, under physiological lean conditions, metabolic tissues
are largely devoid of inflammatory or metabolically activated
macrophage populations. In this context, macrophages remain
in a relatively quiescent state and do not exhibit the lipid-
handling or activation phenotypes observed during metabolic
stress. Consistent with this, macrophage-specific MMP14

(E) Western blot analysis of lipogenic Ces1d, Plin1, ATGL, and HSL, in the liver from KO and WT mice following 16 weeks of HFD feeding.

(F) Quantification of band intensities in D demonstrates elevated levels of lipolytic proteins, including ATGL, HSL, and Ces1d, whereas Plin1 shows no significant
change (n = 4/group), mean + SEM, Student’s t test, n.s, no significance; *p < 0.05; **p < 0.01.

(G) Western blot analysis on ACC (p-ACC) in the liver of KO and WT mice following 16 weeks of HFD feeding.

(H) Quantification of band intensities in G demonstrates the increased ratio of p-ACC/ACC (n = 3 per group), mean + SEM, Student’s t test, **p < 0.01.

(I) Western Blot analysis on ApoB-100 in the liver from KO and WT mice following 16 weeks of HFD feeding.

(J) Quantification of band intensities in | demonstrates the reduced levels of ApoB —100 in the liver of the KO mice (n = 4/group, mean + SEM, Student’s t test,

*p < 0.01).

(K) Western blot analysis on phosphorylated substrates by PKA in the BAT from KO and WT mice following 16 weeks of HFD feeding.
(L) Quantification of band intensities in K demonstrates the elevated levels of total phosphorylated substrates of PKA in the BAT of the KO mice (n = 4/group),

mean + SEM, Student’s t test, **p < 0.01.

(M) Immunofluorescent staining of BAT using a specific a-UCP1 antibody shows increased UCP1 levels in BAT from KO mice. Cell nuclei were counterstained

with DAPI. Scale bar: 25 pm.

(N) Western blot analysis on UCP1 protein levels in the BAT from KO and WT mice following 16 weeks of HFD feeding. p-Actin is the loading control.
(O) Quantification of band intensities in N demonstrates elevated levels of UCP1 in the BAT of the KO mice (n = 4/group), mean + SEM, Student’s t test, *p < 0.05.
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Figure 7. Reduced fibrosis, macrophage accumulation, and inflammation signaling in adipose tissue and liver of myeloid-specific MMP14

KO mice under HFD

(A-C) Masson'’s trichrome staining of SWAT(A), eWAT (B), and liver (C) from WT and KO mice shows reduced fibrosis in KO mice after 16 weeks of HFD feeding.

Scale bar: 50 pm.

(D) Co-immunofluorescent staining of Mac2 and Plin1 in eWAT from WT and KO mice after 16 weeks of HFD feeding. White arrows in the WT merged images
indicate crown-like structures formed by macrophage accumulation in obese adipose tissue, which are markedly reduced in KO mice. Scale bar: 100 pm.

(legend continued on next page)
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deletion in lean mice did not produce any detectable phenotype,
likely because MMP14-dependent functions are not engaged in
unstimulated, healthy tissues (unpublished observations). There-
fore, lean conditions are not suitable for interrogating the role of
macrophage MMP14 in metabolic regulation.

MMP14 contributes to macrophage differentiation and
functional capacity
Most previous studies have viewed macrophage MMP14 pri-
marily as a pericellular collagenase that enables migration
through dense fibrillar matrices when protease-independent
motility is insufficient. Over time, this view has expanded from
MMP14 as a simple, constitutively active surface protease to a
broader role in three-dimensional matrix remodeling, macro-
phage survival, and cellular adaptation to complex tissue envi-
ronments.”’"°°®” These functions are particularly relevant in
fibrotic and tumor settings, where macrophages must navigate
highly cross-linked collagen networks to infiltrate and persist
within tissues.??®' Consistent with this framework, MMP14 has
been implicated in collagen remodeling and inflammatory pa-
thology in multiple disease contexts, including atherosclerosis,
inflammatory arthritis, lung injury, and cancer.?”-2%:67-70

Our results substantially expand this framework. We show that
MMP14 expression is dynamically induced during monocyte-to-
macrophage differentiation and further elevated in macrophages
from obese mice, suggesting a role early in macrophage devel-
opment. Inhibition or genetic deletion of MMP14 impaired
macrophage differentiation, proliferation, migration, and phago-
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cytic capacity, indicating that MMP14 supports multiple aspects
of macrophage functional competence. These defects cannot
be explained solely by impaired migration, as they include
reduced proliferative capacity and diminished phagocytosis.
Together, these findings suggest that MMP14 contributes to
macrophage maturation and responsiveness, potentially by
shaping pericellular ECM interactions, signaling receptor avail-
ability, or access to matrix-bound ligands. In the context of
obese adipose tissue, where macrophages are exposed to
both lipid overload and progressive fibrosis, this broader role
for MMP14 may be critical for sustaining macrophage activation
and persistence. %4244

Macrophages as an MMP14-dependent source of
endotrophin in obesity

Endotrophin, a cleavage product of the collagen VI a3 chain, was
originally identified as an adipocyte-derived matrikine that pro-
motes adipose tissue fibrosis, inflammation, angiogenesis, and
systemic insulin resistance.®>"" In this adipocyte-centric model,
endotrophin is viewed primarily as a paracrine signal that shapes
the fibrotic and inflammatory microenvironment of obese adi-
pose tissue by recruiting immune cells and amplifying inflamma-
tory signaling.®®>"""? Subsequent studies established adipose-
derived endotrophin as a key mediator linking ECM remodeling
to metabolic dysfunction and identified MMP14 as the predom-
inant protease responsible for endotrophin generation.*?
Notably, endotrophin promotes pro-inflammatory macrophage
polarization in obese adipose tissue and in vitro.°” Both

(E) Quantification of Mac2-positive cells in the crown-like structures in D for WT and KO eWAT (Representative of 10 fields. mean + SEM, Student'’s t test;

*p < 0.01).

(F) Immunofluorescent staining of Mac? in the liver from WT and KO mice after 16 weeks of HFD feeding. Scale bar: 100 pm.

(G) Quantification of Mac2-positive staining in F (representative of 8-9 fields; mean + SEM, Student’s t test, **p < 0.01).

(H) Western blot analysis of endotrophin levels in eWAT from WT and KO mice. p-Actin serves as the loading control.

(I) Quantification of band intensities in H shows elevated endotrophin levels in WT eWAT, which are significantly reduced in KO eWAT (n = 4 per group); mean +

SEM, Student’s t test, *p < 0.05.

(J) Western blot analysis of pro-inflammatory factors, including NF-kB, TNF-a, IL-1p, and IL-6, in e WAT from WT and KO mice. -Actin serves as the loading

control.

(K) Quantification of band intensities in J shows slightly reduced total NF-kB levels, whereas TNF-a, IL-16, and IL-6 levels are significantly reduced in KO e WAT
(n = 4/group; mean + SEM, Student’s t test, n.s: not significant, *p < 0.05, *p < 0.01).
(L) Western blot analysis of pro-inflammatory factors, including NF-kB, TNF-a, IL-1p, and IL-6, in the liver of HFD-fed WT and KO mice. B-Actin serves as the

loading control.

(M) Quantification of band intensities in L demonstrates significant reductions in NF-kB, TNF-«, IL-1p, and IL-6 in KO livers (n = 4 per group; mean + SEM,

Student’s t test, *p < 0.05; **p < 0.01).

(N) Flow cytometric analysis of macrophage populations, including F4/80*CD11c* and F4/80"CD206™" cells, in the SVF isolated from eWAT of the HFD-fed WT

and KO mice.

(O) Quantification of M1-like (F4/80*CD11c*) and M2-like (F4/80"CD206%) macrophage populations in the SVF shown in N. (n = 3 per group, mean + SEM,

Student’s t test, n.s: no significance; “p < 0.05).

(P) Flow cytometric analysis of F4/80*TREM2* macrophage populations, in the SVF isolated from eWAT of the HFD-fed WT and KO mice.
(Q) Quantification of F4/80*TREM2" macrophage populations in SVF shown in P. (n = 3 per group; mean + SEM, Student’s t test, *p < 0.05).

(R) Flow cytometric analysis of T cell populations, including CD3*CD4* and CD3*CD8" cells, in the SVF isolated from eWAT of the HFD-fed WT and KO mice.
(S) Quantification of CD3*CD4* and CD3*CD8* T cell populations in SVF shown in R. (n = 3 per group; mean + SEM, Student’s t test, n.s: no significance;
*p < 0.05).

(T) Quantification of F4/80" macrophage population and (CD3* T cell population in total SVF by flow cytometry shows reduced macrophage and T cell abundance
in Mmp14 KO eWAT. n = 3 per group; mean + SEM, Student’s t test, “o < 0.05.

(V) A schematic illustration generated using Bio-Render depicting the role of macrophage MMP14 in response to lipid and LPS stimulation. Inflammatory (LPS)
and lipid cues (OA, PA, oxLDL, and obese adipose-derived factors) induce MMP14 expression in macrophages, promoting TLR4-NFkB signaling, endotrophin
production, and pro-inflammatory cytokine secretion (TNFa, IL-16, and IL-6). Concurrently, MMP14 enhances lipid uptake, storage, and lipid droplet formation,
driving macrophage inflammatory polarization and contributing to adipose and hepatic inflammation, fibrosis, and metabolic impairment. In contrast, inhibition or
loss of MMP14 suppresses inflammatory signaling and endotrophin production, reduces TAG accumulation, enhances lipolysis, and improves tissue lipid
handling and systemic metabolic outcomes.
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endogenous and secreted endotrophin have been shown to
exert profound fibrotic and pro-inflammatory effects by acti-
vating distinct signaling pathways.*>**°>"*® Here, our findings
revise and extend this paradigm by identifying macrophages
as an additional, functionally relevant source of endotrophin.
We show that macrophages produce endotrophin in response
to adipose-derived and inflammatory stimuli and that this pro-
cess depends on MMP14 activity. Importantly, restoration of
endotrophin rescued pro-inflammatory cytokine production in
MMP14-inhibited or Mmp14-deficient macrophages, demon-
strating that macrophage-derived endotrophin directly contrib-
utes to macrophage inflammatory activation. These results
suggest that endotrophin does not act exclusively as an adipo-
cyte-to-macrophage signal. Instead, macrophages themselves
can generate endotrophin, establishing an autocrine and para-
crine feedback loop that reinforces inflammation. In fibrotic envi-
ronments where macrophages are embedded within collagen-
rich ECM, such a mechanism may be particularly effective at
sustaining local inflammatory responses.

Endotrophin and macrophage lipid metabolic
programming

Beyond its inflammatory functions, endotrophin has also been
implicated in lipid metabolic regulation.®>*° Prior studies have
reported that endotrophin alone, or together with its parental
collagen VI, suppresses lipolysis and promotes lipid accumula-
tion in non-macrophage cell types, including adipocytes.®”"®
These observations raised the possibility that endotrophin con-
tributes more broadly to lipid metabolic dysfunction during
obesity, although its role within immune cells had not been
directly examined.

Our data extend this concept by defining a macrophage-
intrinsic metabolic phenotype associated with MMP14 activity.
Loss or inhibition of MMP14 reduced lipid accumulation and
enhanced lipolysis in macrophages across multiple lipid-loading
contexts, including FFAs, oxidized LDL, and adipose tissue-
derived conditioned media. These changes were accompanied
by increased expression of lipolytic enzymes and enhanced
ACC phosphorylation, consistent with a shift toward a more lipo-
lytic metabolic state. Together, these findings indicate that ECM
proteolysis influences macrophage lipid handling in a manner
that is partially independent of classical inflammatory signaling.

Macrophage MMP14 regulates metabolic crosstalk with
neighboring cells

Macrophages influence tissue metabolism through several
mechanisms, including cytokine secretion, lipid scavenging,
and metabolic signaling to neighboring cells.®®>"*"% In obese
metabolic tissues, these interactions are particularly important
because macrophages reside in close proximity to adipocytes
and hepatocytes and are continuously exposed to excess nutri-
ents, lipids, and inflammatory cues.®'047:53:5556.62.76.77 pg g
result, macrophage-derived signals can have outsized effects
on tissue-level metabolic homeostasis. Consistent with this
concept, we found that conditioned media from MMP14-in-
hibited or Mmp14-deficient macrophages reduced lipid accu-
mulation in recipient cells. These findings suggest that macro-
phage MMP14 controls paracrine signals that shape lipid
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handling beyond the macrophage itself. Such signals likely
include a combination of inflammatory mediators, lipid-derived
metabolites, and ECM-associated factors. By regulating both in-
flammatory output and lipid metabolic cues, macrophage
MMP14 may coordinate local tissue responses to nutrient
excess and influence lipid flux across cell types. This provides
a mechanism through which macrophage-intrinsic ECM remod-
eling can affect broader metabolic remodeling within obese
tissues.

MMP14 influences immune remodeling in obese tissues
In addition to metabolic effects, myeloid Mmp14 deletion led to
marked changes in immune cell composition within obese tis-
sues. Knockout mice exhibited reduced accumulation of inflam-
matory macrophages and CD8" T cells in adipose tissue, while
M2-like macrophages and CD4* T cells were largely unchanged.
This pattern suggests a selective attenuation of inflammatory im-
mune circuits rather than a generalized suppression of immune
responses.

Previous studies have shown that CD8* T cells promote
macrophage recruitment and adipose inflammation during
obesity.*® Our data suggest that macrophage MMP14-depen-
dent programs contribute to sustaining this inflammatory im-
mune environment, potentially through endotrophin-mediated
ECM signaling and cytokine production. By disrupting this
axis, Mmp14 deletion attenuates both macrophage activation
and secondary immune cell recruitment. This likely contributes
to the reduced fibrosis and inflammation observed in metabolic
tissues and reinforces the idea that ECM remodeling and im-
mune remodeling are tightly linked processes in obesity.

The increase in TREM2* macrophages in eWAT from HFD-fed
myeloid Mmp 14 KO mice suggests that loss of MMP14 not only
reduces inflammatory macrophage accumulation but also shifts
macrophage identity toward a lipid-associated, less inflamma-
tory state.®>7® This finding is consistent with the reduced
adipose cytokine levels, endotrophin production, crown-like
structures, fibrosis, and CD8" T cell accumulation observed in
Mmp14 KO mice, as well as the enhanced lipolytic markers in
isolated adipose tissue macrophages. However, whether
TREM2* macrophages directly mediate these metabolic bene-
fits or arise secondarily from the improved tissue environment re-
mains to be determined. Future studies using TREM2 loss-of-
function approaches will be needed to define its causal
contribution.

Systemic metabolic effects of myeloid MMP14 deletion
The in vivo phenotypes observed in myeloid-specific Mmp14
knockout mice underscore the physiological relevance of
macrophage MMP14 in metabolic disease. Despite similar
weight gain during high-fat feeding, knockout mice exhibited
improved glucose tolerance, reduced dyslipidemia, diminished
hepatic steatosis, and lower circulating inflammatory markers.
These improvements indicate that macrophage MMP14 contrib-
utes to metabolic dysfunction independently of effects on overall
adiposity.

These metabolic changes were accompanied by an increased
RER, and activation of brown adipose tissue thermogenic pro-
grams. Notably, these systemic effects resemble phenotypes
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reported in endotrophin loss-of-function models, which also
show improved metabolic health without major changes in
body weight.*> Our findings thus identify macrophage MMP14
as an upstream regulator that integrates endotrophin production
with macrophage metabolic programming and systemic energy
balance. This suggests that macrophage-derived ECM remodel-
ing signals are sufficient to influence organismal metabolism dur-
ing obesity.

Limitations of the study

Several limitations should be noted. LysM-Cre-mediated dele-
tion targets multiple myeloid populations, including monocytes
and neutrophils, and therefore does not isolate macrophage-
specific effects in vivo. In addition, resident and recruited mac-
rophages in liver, WAT and BAT are heterogeneous and are not
fully recapitulated by in vitro BMDMs or Raw264.7 cells.”®
These models were used to define macrophage-intrinsic re-
sponses to specific lipid and inflammatory stimuli, not to claim
full phenotypic equivalence with in vivo populations. Our aim
was to link in vivo phenotypes to macrophage-intrinsic pro-
grams identified in vitro, while acknowledging the complexity
of obesity-associated macrophage biology. Although the
in vitro data support a macrophage-intrinsic role for MMP14,
more selective genetic models will be needed to establish
cell-type specificity in vivo.

Endotrophin is likely a contributing mediator rather than the
sole driver of MMP14-dependent inflammatory activation.
In vitro rescue experiments show that endotrophin is sufficient
to restore inflammatory signaling in MMP14-inhibited or
knockout macrophages. In vivo, reduced endotrophin levels in
eWAT parallel decreases in inflammation and fibrosis. Together,
these findings suggest that endotrophin functions within a
broader MMP14-dependent signaling network. Future studies
should determine whether MMP14 directly cleaves collagen VI
in macrophages or acts through intermediary proteases. Further
work is also needed to identify the macrophage-derived factors
that mediate metabolic remodeling in neighboring cells and to
determine how these signals integrate with systemic metabolic
regulation. Addressing these questions will provide deeper
insight into how ECM remodeling, immune activation, and meta-
bolism are coordinated during obesity.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Kai Sun (kai.sun@uth.
tmc.edu).

Materials availability
All unique/stable reagents generated in this study are available from the lead
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cDNA kit High-Capacity cDNA Reverse
Transcription Kit

PureLink RNA Mini Kit
Pierce Rapid Gold BCA Protein Assay Kit

Creative Diagnostics
Abcam
Thermo Fisher Scientific

Ambion
ThermoFisher Scientific

Cat#DEIA-XYZ75
Cat#ab234053
Cat#4368814

Cat#12183025
Cat# A53225, A53226, A53227

Deposited data

Raw and analyzed data This paper GSE335244

Experimental models: Cell Lines

Alpha Mouse Liver: AML12 cells ATCC Cat#CRL-2254; RRID:CVCL_0140
Mouse: L929 cells ATCC Cat#CCL-1; RRID:CVCL_0462
Mouse: RAW264.7 cells ATCC Cat#Tib-71; RRID:CVCL_0493

Experimental models: Organisms/strains

Mouse: C57BL/6J
Mouse: Lysm-Cre
Mouse: MMP14 floxed/floxed 557 /6 mouse

The Jackson Laboratory
The Jackson Laboratory

Dr. Weiss Laboratory at the
University of Michigan

Strain #000664; RRID:IMSR_JAX:000664
Strain #004781; RRID:IMSR_JAX:00478
N/A

Oligonucleotides

Primers: MMP14 (Forward:
TGGATACCCAATGCCCATTG, Reverse:
CTTCGTCAAACACCCAGTGCTT)

Primers: TIr4 (Forward:
ATGGCATGGCTTACACCACC, Reverse:
GAGGCCAATTTTGTCTCCACA)

Primers: Tgfbr1 (Forward:
CGTGTGCCAAATGAAGAGGAT, Reverse:
AAGGTGGTGCCCTCTGAAATG)

Primers: IL-6 (Forward:
ACAACGATGATGCACTT, Reverse:
CTTGGTCCTTAGCCACT)

Primers: IL-1b (Forward:
CAACCAACAAGTGATATTCTCCATG,
Reverse: GATCCACACTCTCCAGCTGCA)

Primers: Tnfa (Forward:
GTGGAACTGGCAGAAGAGGC, Reverse:
AGACAGAAGAGCGTGGTGGC)

Primers: Acc1 (Forward:
CGCTCACCAACAGTAAGGTGG, Reverse:
GCTTGGCAGGGAGTTCCTC)

Primers: Fasn (Forward:
GGAGGTGGTGATAGCCGGTAT, Reverse:
TGGGTAATCCATAGAGCCCAG)

Primer: Scd1 (Forward:
AGATCTCCAGTTCTTACACGACCAC,
Reverse:
GACGGATGTCTTCTTCCAGGTG)

Primers: Srebp1 (Forward:
ACTTCTGGAGACATCGCAAAA, Reverse:
GGTAGACAACAGCCGCATC)

Primers: Srebp2 (Forward:
GCGTTCTGGAGACCATGGA, Reverse:
ACAAAGTTGCTCTGAAAACAAATCA)

Li et al.*?

Li et al.*?

Li et al.*?

|_42

Lieta

Li et al.*?

Liet al.*?

Li et al.®°

Li et al.®°

Li et al.®°

Li et al.?’

Li et al.?®

https://doi.org/10.1128/MCB.00564-19

https://doi.org/10.1128/MCB.00564-19

https://doi.org/10.1128/MCB.00564-19

https://doi.org/10.1128/MCB.00564-19

https://doi.org/10.1128/MCB.00564-19

https://doi.org/10.1128/MCB.00564-19

https://doi.org/10.1128/MCB.00564-19

https://doi.org/10.1016/.jir.2024.100633

https://doi.org/10.1016/j.jir.2024.100633

https://doi.org/10.1016/.jIr.2024.100633

https://doi.org/10.1016/.ir.2024.100633
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Primers: Trem2 (Forward: Zhou et al.®® https://doi.org/10.1016/j.celrep.2025.
GCACCTCCAGGAATCAAGAG, Reverse: 115310
GGGTCCAGTGAGGATCTGAA)

Primers: p-actin (Forward: Li et al.*>%° https://doi.org/10.1128/MCB.00564-19
GGCACCACACCTTCTACAATG, Reverse:

GGGGTGTTGAAGGTCTCAAAC)

Software and algorithms

Flowjo 10 FLOWJO,LLC RRID:SCR_008520

Fiji-imaged NIH RRID:SCR_002285

PRISM 10.0 GraphPad Prism RRID:SCR_002798

Adobe Photoshop Adobe Inc. RRID:SCR_014199

NIS Elements 5.21.00 Nikon RRID:SCR_014329

CFX Maestro Software for Real-Time PCR

Bio-Rad Laboratories

RRID:SCR_018064

Systems

BioRender BioRender RRID:SCR_018361
CalR CalRapp RRID:SCR_015849
Other

Rodent Diet with 60kcal% Fat Research Diets, Inc. D12492i

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All animal experiments were approved by the Animal Welfare Committee of the University of Texas Health Science Center at Houston
(protocol number: AWC-24-0010) and conducted in accordance with NIH guidelines. Mice were housed in a specific pathogen-free
facility under a 12-h light/12-h dark cycle at 22 + 1°C with ad libitum access to food and water.

C57BL/6J mice (Jackson Laboratory, JAX #000664) were used as wild-type controls. Mmp14™°¥1°% mice (originally generated by
Dr. Stephen Weiss's laboratory at University of Michigan) were maintained on a C57BL/6J background and crossed with LysM-Cre
mice to generate myeloid-specific Mmp14 knockout mice (LysM-Cre; Mmp14™1/fo%: referred to as Mmp14 KO). Littermate
Mmp1471°¥1°% mice lacking Cre were used as wild-type (WT) controls.

Male mice were used for all studies. All mice were 8 weeks of age at the start of dietary interventions. For diet-induced obesity, age-
matched WT and KO mice were fed a high-fat diet (HFD; 60% kcal from fat; Research Diet, #D12492i) for 16 weeks.*? Body weight
was recorded weekly. Body composition (fat mass and lean mass) was measured using an EchoMRI-100T system (Echo Medical
Systems) and calculated per guidance.®'%?

METHOD DETAILS

Body composition and indirect calorimetry

Body composition was assessed using an EchoMRI-100 system (Echo Medical Systems, Houston, TX, USA). Energy expenditure
and metabolic parameters were measured by indirect calorimetry using PhenoMaster metabolic chambers (TSE Systems). Data
were collected continuously over a 3-day period. Energy expenditure was calculated using Cal-R software in accordance with
recently published guidelines for the analysis and interpretation of indirect calorimetry data.®’-

Glucose tolerance and insulin tolerance tests

The methods were revised from our previous publications.*® For glucose tolerance tests (GTT), HFD-fed mice were fasted for 6 h and
injected intraperitoneally with D-glucose (2.5 g/kg body weight). For insulin tolerance tests (ITT), mice were fasted for 4 h and injected
intraperitoneally with insulin (0.75 U/kg for lean mice and 1.0 U/kg for HFD-fed mice). Blood glucose levels were measured from tail
vein blood at indicated time points using a handheld glucometer.

Serum biochemistry

The methods were revised from our previous publications.®*** For serum lipid measurements, tail blood was collected into heparin-
coated capillary tubes and centrifuged at 4,000 x g for 6 min. Free fatty acids (FFA; BioAssay Systems, EFFA-100), triglycerides
(TAG; Invitrogen, EEA028), and total cholesterol (Cell Biolabs, STA-384)), IL-1p (Mouse IL-1 beta ELISA Kit, Sigma-Aldrich,
RAB0274), IL-6 (Mouse IL-6 ELISA Kit, Sigma-Aldrich, RAB0308), TNFa (Mouse TNFa High Sensitivity ELISA Kit, Invitrogen,
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BMS607-2HS) and endotrophin (endotrophin ELISA Kit, Creative Diagnostics, DEIA-XYZ75) were quantified using enzymatic assays
according to the manufacturers’ instructions. Lipid concentrations were normalized to protein concentration where applicable.

Tissue processing and histology

The histological methods were published previously.®>=®° Briefly, epididymal white adipose tissue (€WAT), subcutaneous white ad-
ipose tissue (SWAT), and liver were harvested immediately after euthanasia and fixed in 10% neutral-buffered formalin for 48 h at
room temperature. Tissues were paraffin embedded, sectioned at 5 um thickness, and stained with hematoxylin and eosin (H&E)
or Masson’s trichrome using standard protocols. Images were acquired using a brightfield microscope and analyzed in a blinded
manner.

Immunofluorescence staining of tissue sections

The methods were published previously.%-#>-%" Briefly, paraffin sections were deparaffinized, rehydrated, and permeabilized in PBS
containing 0.2% Triton X-100 for 10 min. Antigen retrieval was performed in sodium citrate buffer (pH 6.0) at 95°C for 30 min. Sections
were blocked in PBS containing 5% bovine serum albumin (BSA) and incubated overnight at 4°C with primary antibodies against
Mac2 (Galectin-3; eBioscience, 13-5301-82, clone M3/38, 1:100). After washing, sections were incubated with Alexa Fluor—
conjugated secondary antibodies (Jackson ImmunoResearch, 1:500). APC-F4/80 (BM8) antibody (BioLegend, Cat# 123115) and
FITC- TREM2 Antibody (Novus Biologicals, Cat# FAB17291F) were diluted in 3% BSA in 1 X PBST (1:100) to identify the lipid-asso-
ciated macrophages. Nuclei were counterstained with DAPI, sections were mounted with antifade mounting medium (Vector Labo-
ratories, H-1800), and images were acquired using a Nikon AXR confocal microscope.

eWAT-conditioned medium preparation

The conditions were adapted from a previously published method.®® Specifically, eWAT was harvested from male mice fed either a
standard chow diet (~10% kcal from fat) or a high-fat diet (~60% kcal from fat) for 6 weeks. Tissue was minced into ~2-3 mm frag-
ments and incubated in serum-free DMEM supplemented with 1% fatty acid—free BSA at 37°C for 24 h. Conditioned medium (CM)
was collected, filtered through a 70 pm strainer, centrifuged to remove debris, and diluted 1:4 with complete culture medium before
use (designated CM-L or CM-H).

Cell culture and treatments

All the cell culture conditions have been established by previous publications.®”#%° Raw264.7 macrophages were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. AML12 hepatocytes were cultured in DMEM/F12
supplemented with 10% FBS, insulin (5 pg/mL), transferrin (5 pg/mL), selenium (5 ng/mL), and dexamethasone (40 ng/mL). L929 fi-
broblasts were cultured in DMEM + GlutaMAX (Gibco) to generate macrophage colony stimulating factor (M-CSF)-containing condi-
tioned medium. The MMP14-neutralizing monoclonal antibody 3A2 (1pg/ml) or isotype-matched control IgG was used at indicated
dilutions for in vitro experiments, as we previously reported.*” The concentration for endotrophin to treat the macrophages was 1pg/
ml.%° LPS (100 ng/mL) and IL-4 (50 ng/mL) were added to the culture medium, and macrophages were treated for 24 h before being
harvested for analysis.

Isolation of Brewer Thioglycollate-elicited peritoneal macrophages

To obtain elicited peritoneal macrophages, both Chow-fed and 16-week-HFD-fed mice were given an intraperitoneal injection of 3%
Brewer Thioglycollate medium (Millipore Cat #B2551-500G) solution to promote macrophage accumulation in the peritoneal cavity.
Peritoneal cells were collected 4 days after injection by lavage with cold sterile PBS. The recovered cells were centrifuged, resus-
pended in complete culture medium, and seeded onto culture plates. After allowing macrophages to adhere for 12 h, non-adherent
cells were removed by washing, and the adherent macrophage population was used for subsequent experiments. The isolated cells
were defined as Brewer Thioglycollate-elicited peritoneal macrophages.

eWAT-resident macrophage isolation

The resident macrophages in the HFD-fed WT and Mmp 14 KO mice were isolated from the SVF of e WAT. Briefly, adipose tissue was
minced, digested with collagenase at 37°C, filtered through a cell strainer, and centrifuged to collect the SVF pellet. After red blood
cell lysis and washing, macrophages were enriched from SVF cells using anti-F4/80 magnetic beads. The isolated macrophages
were washed with cold PBS and lysed in protein extraction buffer containing protease and phosphatase inhibitors for subsequent
Western blot analysis.

Bone marrow-derived macrophage (BMDM) differentiation and treatment

The approach has been recently published.®® Briefly, bone marrow was flushed from femurs and tibias of WT and KO mice using
sterile DMEM, filtered through 70 pm strainers, and centrifuged at 400 x g for 5 min. Cells were cultured in DMEM + GlutaMAX sup-
plemented with 10% FBS, 20% L929-conditioned medium, and antibiotics. After 7 days, adherent macrophages were harvested us-
ing Accutase and replated for experiments. MMP14 deletion was confirmed by immunoblotting. LPS (100 ng/mL) and IL-4 (50 ng/mL)
were added to the culture medium, and differentiated macrophages were treated for 24 h before being harvested for analysis.

Cell Reports 45, 117681, July 28, 2026 27




¢? CellPress Cell Reports

OPEN ACCESS

Lipid droplet staining
Cells were incubated with BODIPY 493/503 (2 pM; Invitrogen, D3922) for 20 min at 37°C, washed with PBS, fixed in 4% paraformal-
dehyde, and imaged using a Nikon AXR confocal microscope.®’

Migration assays

Scratch-wound assays were performed on confluent monolayers of Raw264.7 cells or BMDMSs based on our previous method.®®
Cells were serum-starved for 6 h, scratched using a sterile pipette tip, washed, and treated with LPS (100 ng/mL), oleic acid
(3.5 pM), palmitic acid (5 pM), or CM(L)/CM(H) for 40 h. Images were acquired at 0 and 40 h, and migration was quantified using
Imaged.

Phagocytosis assays

Phagocytosis was assessed using green fluorescent zymosan particles, according to a previous publication®® (Abcam, ab234053). In
brief, BMDMs were incubated with particles for 3 h, washed, quenched, and fluorescence was measured at Ex/Em = 490/520 nm
using a plate reader. Data were normalized to controls.

Flow cytometry

Stromal vascular fraction (SVF) cells were isolated from eWAT by collagenase digestion. Cells were blocked with Fc receptor blocker
and stained with antibodies against F4/80 (Thermo Fisher, 48-4801-80), CD11c (BioLegend, 117310), CD206 (BioLegend, 141704),
CD3 (BioLegend, 100236), CD4 (BioLegend, 100408), and CD8a (BioLegend, 100738). To identify lipid-associated macrophages
(LAMs), cells were stained with APC-conjugated anti-F4/80 antibody (clone BM8; BioLegend, Cat# 123115) and FITC-conjugated
anti-TREM2 antibody (Novus Biologicals, Cat# FAB17291F), each used at 0.25 pL per 50 pL of FACS buffer. Unless otherwise spec-
ified, antibodies were diluted 1:50 in cold FACS buffer (1% BSA in PBS) for flow cytometric analysis. Data were acquired on a BD
FACSymphony A1 or Cytek Aurora and analyzed using FlowdJo software (V10).5°

Western blotting

Tissues and cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors. Proteins were separated by
SDS-PAGE, transferred to PVDF membranes, and probed with antibodies against MMP14 (Invitrogen; Abcam ab51074, 1:1000),
ATGL (Santa Cruz sc-36527, 1:1000), ACC/p-ACC (Cell Signaling 4190/3661, 1:2500), HSL/p-HSL (Cell Signaling 4107/4126,
1:2500), PLIN1 (Abcam ab61682, 1:5000), Ces1d (Invitrogen 5-47802, 1:2500), endotrophin (Dr. Philipp Scherer’s lab, 1:2000),
NF-xkB p65 (Cell Signaling 8242, 1:2500), p-NFxB S536 (Cell Signaling 3033, 1:2500), TNFa (Cell Signaling 372, 1:2500), IL-1p
(Cell Signaling 12703, 1:2500), IL-6 (Cell Signaling 12153, 1:2500), and B-actin (BD Biosciences 61256, 1:1000). Signals were de-
tected using IRDye secondary antibodies (LI-COR, 1:10,000) and quantified using Image Studio or Imaged (Version 1.51 23).
Specifically for Arg1 (Cell Signaling 93668, 1:1000), signals were detected by chemiluminescent detection (ECL) using horseradish
peroxidase (HRP) conjugated second antibody (goat anti-rabbit, Santa Cruz Biotechnology, sc-2004). The images were achieved by
a Bio-Rad ChemiDoc Touch Imaging System (Version 2.3.0.07).

RNA sequencing

Raw264.7 cells were treated with LPS (100 ng/mL) + MMP14-neutralizing antibody (3A2) for 24 h. Total RNA was isolated using TRIzol
and subjected to rRNA depletion, strand-specific library preparation, and paired-end 150-bp sequencing on an lllumina NovaSeq X
platform. Library quality was assessed using an Agilent Bioanalyzer, and sequencing was performed at the Cancer Genomics Center,
UTHealth Houston. Differential expression analysis was performed using standard. FASTQ files were aligned to the Genome Refer-
ence Consortium Human Build 38 (GRCh38) using HISAT2, and transcript assembly was performed using the Pluto RNA-seq pipe-
line. Raw count data were converted to normalized counts expressed as counts per million (CPM). Differential expression analysis
was performed using R packages including edgeR, pheatmap, ggplot2, and RColorBrewer. p values were calculated using unpaired,
two-tailed Student’s t test. Pathway enrichment analysis was conducted using Gene Set Enrichment Analysis (GSEA). p values were
calculated using unpaired, two-tailed Student’s t test.

Quantitative PCR
Total RNA was reverse transcribed using RevertAid Reverse Transcriptase (Thermo Fisher). gPCR was performed using SYBR Green
chemistry on a Bio-Rad CFX96 system. Expression levels were normalized to p-actin and calculated using the AACt method.”’

Statistical analysis

Unless otherwise indicated, data are presented as mean + SEM. Statistical analyses were performed as described in the figure leg-
ends. n represents biologically independent animals or independent cell culture experiments. For comparisons between two groups,
two-tailed Student’s t test was used. For comparisons among multiple groups, one-way or two-way ANOVA followed by appropriate
post hoc multiple-comparison testing was used. Statistical significance is indicated as follows: n.s., not significant; *p < 0.05;
**p < 0.01; **p < 0.001; ***p < 0.0001.
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