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The hemopexin domain of matrix
metalloproteinase-9 attenuates
lipopolysaccharide-induced
interleukin-6 secretion in liver

Yen-Ting Chien'3, Yu-Hsiang Liao%23, Xian Wei Chong?, Meng-Chieh Hsu?, Chih-Hsien Chiu?
& Chien Huang***

Matrix metalloproteinase-9 (MMP-9) has been implicated in modulating hepatic inflammation,

as MMP-9 deficiency exacerbates liver damage and inflammatory responses in sepsis models.
However, the mechanisms underlying its anti-inflammatory properties, particularly in the context

of lipopolysaccharide (LPS) induced liver inflammation, remain poorly understood. Plasma and liver
cytokine levels in MMP-9 catalytic-deficient mice were measured after the administration of 4.5 mg/
kg LPS injections for 4 and 24 h. LPS-induced inflammatory responses were examined in mouse
primary hepatocytes, hepatic, and macrophage cell lines by analyzing the secretion and expression
of interleukin-6 (IL-6) in the gain- and loss-of-function of MMP-9. In vitro models were established by
lentiviral infection, including MMP-9 knockout, Tet-On inducible wild-type MMP-9, and MMP-9 with
catalytic domain mutation or hemopexin (PEX) domain deletion in wild-type parent cells. Following
LPS treatment, MMP-9 catalytic-deficient mice demonstrated a significant increase in IL-6 levels,
along with a notable decrease in MMP-9 protein expression relative to wild-type mice, in both plasma
and liver tissue. Overexpression of MMP-9 significantly attenuated LPS-induced IL-6 secretion in
hepatocytes. Notably, even the overexpression of a catalytically inactive MMP-9 mutant retained this
suppressive effect. In contrast, deletion of the PEX domain abolished the inhibitory effect of MMP-9
on IL-6 secretion, indicating that the PEX domain, rather than its catalytic activity, is essential for this
regulatory function. Moreover, MMP-9 overexpression markedly suppressed IL-6 secretion in response
to LPS stimulation, whereas its genetic deletion significantly enhanced IL-6 secretion in macrophages.
This study demonstrated that MMP-9 could partially protect the liver from LPS-induced damage by
decreasing pro-inflammatory cytokine levels via its PEX domain, indicating the anti-inflammatory
potential of the MMP-9 PEX domain against endotoxin.
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Abbreviations

MMP-9 Matrix metalloproteinase-9
PEX domain ~ Hemopexin domain

LPS Lipopolysaccharide

IL-6 Interleukin 6

TNF « Tumor Necrosis Factor-a
KO Knockout

WT Wild-type

Dox Doxycycline

TO Tet-on

Lipopolysaccharide (LPS),a major component of the outer membrane of gram-negative bacteria, serves as a potent
activator of the innate immune system by triggering Toll-like receptor 4 (TLR4) signaling'. As an endotoxin,
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LPS plays a crucial role in activating the innate immune system by initiating a cascade of pro-inflammatory
responses that are essential for the defense against infections. However, once infection and inflammation become
dysregulated, it can trigger an excessive immune response, which leads to systemic inflammation and potentially
results in septic shock, eventually leading to life-threatening multi-organ failure?. The liver plays a central
role in both innate and adaptive immunity, and serves as a critical site for pathogen clearance and immune
modulation®. Upon infection, pathogens and pro-inflammatory cytokines from peripheral sites enter the liver
via the portal circulation®®. These stimulations lead Kupffer cells to secrete several pro-inflammatory cytokines,
such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a)®. These cytokines activate hepatocytes to
secrete acute-phase proteins, including C-reactive protein (CRP), complement factors, and serum amyloid A
(SAA)’. Kupffer cells, the liver’s resident macrophages, maintain hepatic immune homeostasis®. Kupffer cells
and hepatocytes both express TLR4, allowing them to respond to LPS stimulation and contribute to the hepatic
inflammatory response through IL-6 secretion’!!. Consequently, both cells are integral components of the
hepatic innate immune response, coordinating the inflammatory cascade that is critical for the resolution of
infection but also potentially contributing to pathological outcomes in cases of immune dysregulation!13.

In addition to pro-inflammatory cytokines, LPS upregulates immune-regulatory genes, including matrix
metalloproteinase-9 (MMP-9), a proteolytic enzyme that degrades components of the extracellular matrix
(ECM)!*15. MMP-9 is primarily recognized for its ability to cleave type IV and V collagens'®. Beyond ECM
degradation, MMP-9 plays a crucial role in tissue remodeling processes, including wound healing, angiogenesis,
immune responses, and immune cell migration!'’2!. Its activation is tightly regulated through a cascade of
proteolytic events??, and its enzymatic activity is counterbalanced by endogenous inhibitors such as tissue
inhibitor of metalloproteinases-1 (TIMP-1)*’. Beyond ECM remodeling, MMP-9 also regulates multiple
signaling pathways by cleaving bioactive proteins®*. Functionally, MMP-9 exhibits both catalytic activity and
non-catalytic roles mediated by its hemopexin (PEX) domain. The catalytic domain governs the proteolysis
of ECM components and bioactive substrates’?*. In contrast, the PEX domain mediates protein-protein
interactions and receptor engagement, contributing to cell signaling and migration independent of enzymatic
activity?®?’. These distinct functions show that MMP-9 plays a wide range of roles in both physiological and
pathological processes.

According to single-cell RNA sequencing data from the public liver dataset?®, neutrophils exhibit the highest
levels of Mmp9 expression, but they represent only a relatively small proportion of the liver population. Kupffer
cells, which account for approximately 10-15% of liver cells?®, display moderate to high Mmp9 expression,
underscoring their substantial contribution to the hepatic MMP-9 reservoir. Hepatocytes, although characterized
by comparatively low Mmp9 expression, comprise 60-70% of all liver cells®*!, suggesting that even modest
expression levels in hepatocytes may have a significant functional impact. Collectively, this study supports the
use of hepatocytes and liver-resident macrophages as biologically relevant in vitro models for investigating
MMP-9-mediated processes in hepatic physiology.

Several studies have shown that MMP-9 has an anti-inflammatory potential’>=3°. A previous study reported
that MMP-9 knockout (KO) mice have less tolerance to E. coli-induced peritonitis and greater levels of serum
pro-inflammatory cytokines than wild-type (WT) mice®. A recent study found that MMP-9 knockdown
increased the gene and protein expression of LPS-induced pro-inflammatory cytokines, including interleukin
1-beta (IL-1p) and TNF-a. Moreover, MMP-9 overexpression reduces the expression of IL-13 and TNF-a in
mouse osteoblasts®®. However, the mechanism by which MMP-9 regulates hepatic pro-inflammatory cytokines
remains unclear. Therefore, this study aimed to investigate whether MMP-9 protects the liver against LPS-
induced inflammation and elucidate the underlying mechanisms.

Results

MMP-9 deficiency aggravates LPS-induced systemic inflammation and liver damage in mice
To investigate the role of MMP-9 in hepatic inflammatory responses, MMP-9-deficient (MMP-9 KO) mice were
administered either 4.5 mg/kg LPS or saline for 4 and 24 h, as shown in Fig. 1A. These genetically modified mice
carried a targeted deletion in the MMP-9 gene, in which a portion of exon 2 and the entire intron 2 were replaced
by a neo-PGK cassette, as previously described®. Despite retaining MMP-9 protein expression, MMP-9 KO
mice lacked enzymatic function, whereas other functional domains remained structurally intact.

Serum biochemistry analysis was performed to assess systemic inflammation following LPS administration
(Table 1). Alanine aminotransferase (ALT) levels, a well-established biomarker of hepatocellular damage, were
significantly elevated in the LPS-exposed group compared to the saline-treated controls in MMP-9 KO mice,
indicating hepatic injury. Additionally, aspartate aminotransferase (AST) and lactate dehydrogenase (LDH),
both nonspecific indicators of tissue injury, were markedly increased in the LPS-exposed group compared
to the saline-treated controls in MMP-9 KO mice, suggesting exacerbated systemic inflammation after LPS
exposure due to MMP-9 deficiency. In addition, plasma IL-6 levels were significantly elevated in MMP-9 KO
mice compared with WT mice at 4 and 24 h following LPS injection. In contrast, a significant increase in plasma
TNF-a levels was observed in KO mice relative to WT mice exclusively at 24 h after LPS administration (Fig. 1B,
C), indicating a sustained and enhanced systemic inflammatory response in the absence of MMP-9.

Histological examination of liver sections stained with hematoxylin and eosin revealed preserved
hepatic architecture in the saline-treated controls, whereas LPS-treated mice exhibited marked immune cell
infiltration (Fig. 1D, black arrows), which may reflect underlying inflammatory processes. However, the
immunohistochemistry using F4/80, a macrophage-specific marker, revealed no significant differences in the
F4/80-positive areas in the hepatic sinusoids between LPS-treated WT and KO mice (Fig. 1E), suggesting that
MMP-9 deficiency does not affect macrophage recruitment during the acute phase of inflammation.

The hepatic MMP-9 expression and enzymatic activity were also assessed. Consistent with previous studies,
LPS treatment induced MMP-9 activity in WT mice but not in KO mice (Fig. 1F). In addition, mutated MMP-
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Fig. 1. MMP-9 knockout enhances systemic inflammatory response after LPS administration. (A) Schematic
overview of the in vivo experimental workflow. WT and MMP-9 KO mice received intraperitoneal LPS
injections (4.5 mg/kg) for either 4-24 h. (B, C) Plasma concentrations of IL-6 and TNF-a were measured at
the indicated time points. (D) Representative hematoxylin and eosin (H&E)-stained liver sections from each
group. Central vein (CV) and immune cell infiltration (black arrow) are indicated. Scale bar =100 um. (E)
Immunohistochemical staining of F4/80 in liver tissue. CV denotes the central vein. Quantification of F4/80-
positive area is shown. Scale bar =100 pm. (F) Representative zymography and immunoblotting of MMP-9
enzyme activity and protein expression in total liver lysates. (G) Densitometric analysis of mutated MMP-9
expression normalized to GAPDH. All LPS treatments were performed for 24 h unless otherwise specified.
Data are presented as mean + SEM (n=4-8 per group). Statistical comparisons were performed using unpaired
t-tests. *P<0.05, **P<0.01, ***P<0.001 vs. WT + LPS; ns: not significant.
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LDH (IU/L) | GPT/ALT (IU/L) | GOT/AST (IU/L) | Alb (g/dl)
WT Saline |2,118+429 61.7+42.7 258.0+148.3 2.38+0.15
WTLPS | 2,647+524 139.6+70.6 374.8+62.3 1.90+0.07%
KO Saline | 2,098 +852 57.2+33.8 279.3+124.4 2.4240.19
KO LPS 3,721+3375&%# | 221.0£148.5% 545.9+225.7% 1.89+0.16%

Table 1. Blood biochemistry of WT and MMP-9 KO mice after LPS administration. LDH: Lactic
dehydrogenase, ALT: Alanine aminotransferase, AST: Aspartate aminotransferase, Alb: Albumin. WT and
MMP-9 KO mice were injected with saline or 4.5 mg/kg LPS for 24 h. Data are shown as mean+SD. n=3-7.
Statistical comparisons were conducted using Student’s t-test. & p<0.05, && p <0.01, compared to saline
group; # p<0.05, ## p<0.01, compared to WT group.

9 protein expression was significantly reduced in KO mice following LPS treatment compared to WT controls
(Fig. 1E G), suggesting a feedback mechanism regulating the expression during inflammation. Collectively,
these findings indicated that MMP-9 deficiency exacerbates LPS-induced systemic inflammation and hepatic
injury, whereas macrophage recruitment in the liver remains unaffected.

MMP-9 deficiency aggravates LPS-induced pro-inflammatory cytokines in the liver

LPS stimulation triggers a robust pro-inflammatory cytokine response in both the systemic circulation and liver
tissue®. Consistent with the plasma data, hepatic IL-6 protein expression was significantly higher in MMP-9 KO
mice than in WT mice only at 24 h (Fig. 2A). In contrast, TNF-a protein expression in the liver was comparable
between the two groups (Fig. 2B).

Transcriptional analysis further revealed that MMP-9 deficiency selectively enhanced the hepatic expression
of Il6 mRNA, while Tnf and Il1b gene expression remained unaffected under LPS stimulation (Fig. 2C-E).
Notably, MMP-9 deficiency also led to the upregulation of pattern recognition receptors and co-stimulatory
molecules associated with LPS signaling, including Tlr4 and Cd14 (Fig. 2F, G). Nuclear factor kappa B (NF-kB) is
a central transcription factor downstream of LPS-mediated signaling and an upstream regulator of both IL-6 and
MMP-9 expression®**4*4!. The hepatic protein level of NF-kB was markedly elevated in the LPS-treated groups,
and significantly higher expression was observed in MMP-9 KO mice (Fig. 2H, I). This suggests that the absence
of MMP-9 enhances NF-kB activation, thereby amplifying the pro-inflammatory signaling pathways in the liver.

Overall, these findings demonstrate that MMP-9 deficiency exacerbates LPS-induced hepatic inflammatory
response, primarily through the upregulation of IL-6 and enhanced NF-kB signaling, without uniformly
affecting other cytokine pathways. However, the precise mechanism by which MMP-9 deficiency augments
innate immune activation remains unclear. In the in vivo system, the complexity of physiological conditions
makes it difficult to clarify the underlying molecular mechanisms. Nevertheless, it provides an important insight,
suggesting that the loss of enzymatic activity or the diminished protein expression of MMP-9 (Fig. 1G) may
contribute to this process.

MMP-9 overexpression suppresses the LPS-induced IL-6 secretion in the primary
hepatocytes

Given the strong link between LPS challenge and MMP-9-mediated inflammation observed in vivo, we next
sought to determine whether these effects were directly mediated at the cellular level. Primary hepatocytes were
isolated, and their response to LPS stimulation was assessed. We induced MMP-9 overexpression by transfecting
the cells with the pCMV6-mMMP-9 plasmid (Fig. 3A). LPS stimulated IL-6 secretion, whereas MMP-9
overexpression decreased the LPS-induced IL-6 secretion (Fig. 3B). These findings offer compelling gain-of-
function evidence that reinforces our in vivo observations by using a complementary approach.

MMP-9 overexpression mitigates the LPS-induced IL-6 secretion in Hepal-6 cells

To confirm the protective effects of MMP-9 against hepatic inflammatory responses, a Tet-on (TO) inducible
MMP-9 system was established in mouse hepatoma cells. The pLVX-Tet-On-mMMP-9 construct was integrated
into Hepal-6 cells via lentiviral infection. Wild-type Hepal-6 cells served as the control group because LPS
did not stimulate the gene expression of Mmp9 in Hepal-6 cells (Fig. S1). After 24-hour doxycycline (Dox)
treatment, the enzyme activity MMP-9 in the conditioned medium (Fig. 4A), protein (Fig. 4B), and mRNA
(Fig. 4C) expression of MMP-9 in the cell Iysates were significantly induced. MMP-9 overexpression significantly
reduced IL-6 secretion in hepatocytes after LPS treatment (Fig. 4D). However, MMP-9 overexpression did not
alter the mRNA expression of Il6 and Tnfin Hepal-6 cells following LPS administration (Fig. 4E, F). In summary,
these results further support the protective role of MMP-9 against endotoxin challenge in hepatocytes, which
appears to be mediated through mechanisms independent of local transcription of pro-inflammatory cytokines.

The hemopexin domain is critical for attenuating LPS-induced IL-6 secretion in hepatocytes

Although MMP-9 has been shown to exert protective effects, the mechanism by which it suppresses LPS-induced
IL-6 secretion remains unclear, particularly whether this regulation depends on its enzymatic activity or PEX
domain. To address this, we generated two functionally impaired MMP-9 variants: a catalytically inactive mutant
(E402A) and a hemopexin domain-deletion form (APEX), as illustrated in Fig. 5A. E402A and APEX variants
cloned into doxycycline-inducible pLVX-Tet-On vectors were introduced into Hepal-6 cells via lentiviral
transduction. Zymography was performed using conditioned medium to validate cell line activity. As expected,
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Fig. 2. MMP-9 knockout increases hepatic inflammatory response after LPS administration. (A, B) ELISA
quantified protein levels of IL-6 and TNF-a in liver lysates following LPS injection (4.5 mg/kg) for 4 and 24 h
in WT and MMP-9 KO mice. (C-E) Hepatic mRNA expression of pro-inflammatory cytokines was measured
by quantitative PCR. Rpl19 served as internal control. (F, G) Hepatic mRNA expression of LPS receptors

was assessed by qPCR. Rpl19 served as internal control. (H, I) NF-kB p65 protein levels in liver tissue were
analyzed by immunoblotting and normalized to GAPDH. All LPS treatments were performed for 24 h unless
otherwise indicated. Data are expressed as mean + SEM (n=3-10 per group). Statistical comparisons were
made using unpaired t-tests. *P<0.05, **P<0.01 vs. WT + LPS; ns: not significant.

the enzymatic activity of MMP-9 was induced in the overexpressed APEX groups but not in the overexpressed
E402A groups after 24-hour Dox treatment (Fig. 5B). WT MMP-9 overexpression served as a positive control,
and EGFP overexpression was used as a negative control.

The secretion of IL-6 from TO-E402A and TO-APEX in Hepal-6 cells was analyzed using ELISA. Notably,
similar to the overexpression of WT MMP-9, the overexpression of E402A still reduced LPS-induced IL-6
secretion (Fig. 5C), indicating that the protective effects of MMP-9 were not primarily achieved through its
catalytic function. However, overexpression of APEX did not affect LPS-induced IL-6 secretion (Fig. 5D),
suggesting that the PEX domain plays a major role in MMP-9’s protective effect. Collectively, we demonstrated
that MMP-9 exerts anti-inflammatory effects through its PEX domain to reduce LPS-stimulated IL-6 secretion

in hepatocytes.
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Fig. 3. MMP-9 overexpression decreases IL-6 secretion in primary hepatocytes after LPS induction. Forward
transfection of the pPCMV6-mMMP-9 plasmid was performed into primary hepatocytes for 24 h, following
LPS induction for another 24 h. (A) MMP-9 protein levels in cell lysates were assessed by immunoblotting.
GAPDH was used as an internal control. (B) ELISA analyzed the IL-6 secretion in conditioned medium
samples. Data are presented as mean + SEM. n =8. Different letters represent significant differences determined
by one-way ANOVA following Turkey’s multiple comparison. p <0.05.

MMP-9 overexpression attenuates the secretion of LPS-induced IL-6 in RAW264.7 cells

LPS is a well-established inducer of MMP-9 expression in macrophages®2. In the liver, immune cells, particularly
Kupffer cells, serve as a major source of both pro-inflammatory cytokines and MMP-9>%. Based on this, we
hypothesized that Kupfter cells respond to LPS stimulation and actively mediate inflammatory signaling under
the regulation of MMP-9. Therefore, we used RAW264.7, a mouse macrophage cell line, to study the role of
MMP-9 in the inflammatory response of Kupffer cells. The pLVX-Tet-On-mMMP-9 construct was integrated
into RAW264.7 cells through lentiviral infection. After 24-hour Dox treatment, the enzyme activity of MMP-9
in the conditioned medium (Fig. 6A), protein (Fig. 6B), and mRNA (Fig. 6C) expression of MMP-9 in the cell
lysates were significantly induced, suggesting successful overexpression. MMP-9 overexpression decreased LPS-
induced IL-6 secretion by macrophages (Fig. 6D). However, MMP-9 overexpression did not significantly alter
the mRNA expression of 116 and Tnf in RAW264.7 cells following LPS stimulation, although the expression of
Il6 showed a downward trend (Fig. 6E, F). Similar activation profiles observed in hepatocytes and macrophages
demonstrated that MMP-9 exerts a protective effect against LPS-induced inflammation in both hepatocytes and
macrophages, suggesting a shared mechanism through which MMP-9 contributes to hepatic immune regulation.

MMP-9 knockout increases LPS-induced IL-6 secretion but not gene levels in RAW264.7 cells
Aloss-of-function study was conducted to provide evidence for the role of MMP-9 in LPS-induced inflammation
in macrophages using the lentiviral CRISPR/Cas9 approach to disrupt Mmp9 gene expression. Two guide
RNAs targeting MMP-9 #31,583 and #31,592 were constructed in lentiCRISPRv2 plasmids and integrated into
RAW264.7 cells by lentiviral infection. To validate MMP-9 knockout efficiency, the cells were stimulated with
100 ng/mL LPS for 24 h, and the conditioned medium was collected for gelatin zymography. The enzymatic
activity of MMP-9 was markedly reduced in the cells transduced with gRNA #31,583, whereas this reduction was
minimal in the #31,592 group (Fig. 7A). Therefore, we selected #31,583 cells as the model for further experiments.
Following LPS stimulation, the mRNA levels of 1l6 and Thf remained comparable between the WT and MMP-
9 KO groups, indicating that the transcriptional regulation of these cytokines was not significantly affected by
the loss of MMP-9 (Fig. 7B, C). However, LPS-induced IL-6 secretion into the medium was significantly higher
in MMP-9 KO macrophages than in WT controls (Fig. 7D), suggesting that MMP-9 post-transcriptionally
regulated IL-6 levels.

Discussions

This study identified MMP-9 as a novel regulator of hepatic inflammation, primarily through modulation of IL-6
secretion via its PEX domain. Our in vivo and ex vivo findings confirmed that MMP-9 protein expression is a
key factor in the regulation of hepatic inflammatory response. In addition, in vitro findings demonstrated that
the PEX domain is critical for attenuating IL-6 release in hepatocytes and macrophages under LPS stimulation,
suggesting a domain-specific anti-inflammatory role for MMP-9.
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Fig. 4. Inducible MMP-9 expression reduces LPS-induced IL-6 secretion in Hepal-6 cells without affecting Il6
mRNA levels. Hepal-6 cells were transduced with a doxycycline (Dox)-inducible MMP-9 expression construct
(pLVX-Tet-On-mMMP-9). (A) MMP-9 enzymatic activity in the conditioned medium was assessed by
zymography following Dox treatment (1 pg/mL, 24 h). (B) Intracellular MMP-9 protein levels were evaluated
by immunoblotting. (C-F) Cells were co-treated with 24-hour Dox (1 pg/mL) and 8-hour LPS (100 ng/mL).
The mRNA levels of Mmp9, 116, and Thf were measured by qPCR. Rpl19 was used as a housekeeping gene. (D)
Secreted IL-6 levels in the conditioned medium were measured by ELISA following 24-hour co-treatment with
Dox and LPS stimulation. Data are presented as mean + SEM (1 =3-6 per group). Statistical comparisons were
performed using unpaired t-tests. *P<0.05, **P<0.01 vs. control; ns: not significant. m: marker.

In LPS-challenged mice, MMP-9 deficiency led to a significant increase in IL-6 levels. However, TNF-a
levels remained unchanged after 4 h of LPS treatment, suggesting a differential regulatory mechanism among
pro-inflammatory cytokines, consistent with a previous study demonstrating interactive signaling pathways
governing IL-6 and TNF-a expression, mediated via the p38 MAPK and ERK1/2 activation pathways in neonatal
and adult whole blood at different LPS dosages**. Such divergent responses support the hypothesis in this study
that MMP-9 appears to function as a selective modulator of IL-6 during the acute LPS response. Subsequently,
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Fig. 5. Hemopexin domain deletion of MMP-9 fails to suppress LPS-induced IL-6 secretion in Hepal-6 cells.
Hepal-6 cells were transduced with doxycycline (Dox)-inducible lentiviral constructs encoding APEX, E402A
variants of MMP-9, or EGFP control. (A) Schematic diagram illustrating domain structures of mutant MMP-9
constructs. (B) MMP-9 enzymatic activity in the conditioned medium was assessed by zymography following
Dox treatment (1 ug/mL for 24 h). (C, D) ELISA measured IL-6 secretion in conditioned medium from

APEX and E402A mutant cell lines co-treated with Dox and LPS (100 ng/mL) for 24 h. Data are presented

as mean + SEM (n =3 per group). Statistical comparisons were performed using unpaired t-tests. *P <0.05,
**P<0.01 vs. DMSO control; ns: not significant. m: marker.

it may adopt a broader suppressive role, contributing to the later regulation of other inflammatory cytokines.
Additionally, MMP-9 overexpression in primary hepatocytes significantly decreased IL-6 secretion, confirming
its specific role in the suppression of IL-6.

Although the anti-inflammatory potential of MMP-9 has been previously suggested, the underlying
mechanisms remain undefined®>**. The results of E402A and APEX in hepal-6 cells implicate the PEX
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Fig. 6. Inducible MMP-9 expression reduces LPS-induced IL-6 secretion in RAW264.7 cells without affecting
Il6 mRNA levels. RAW264.7 cells were transduced with a doxycycline (Dox)-inducible MMP-9 expression
vector (pLVX-Tet-On-mMMP-9). (A) MMP-9 enzymatic activity in the conditioned medium was assessed
by zymography following Dox induction (1 ug/mL for 24 h). (B) Intracellular MMP-9 protein levels were
evaluated by immunoblotting. (C-F) Cells were either co-treated with Dox and LPS (100 ng/mL) for 24 h

or pretreated with Dox for 16 h prior to LPS stimulation. Gene expression levels of Mmp9, 1I6, and Tnf

were measured by quantitative PCR using Rpl19 as internal control. (D) ELISA determined IL-6 secretions

in conditioned medium. Data are presented as mean + SEM (1 =3-6 per group). Statistical analyses were
performed using unpaired t-tests. *P <0.05, **P <0.01 vs. control; ns: not significant. m: marker.

domain as a functional interface through which MMP-9 interacts with inflammatory signaling components.
Mechanistically, the PEX domain has been implicated in protein-protein interactions involved in receptor-
mediated internalization and signaling, notably through LRP-1 and TIMP-1 binding*>*. Prior studies have
suggested that this interaction contributes to the downstream modulation of ERK1/2 and Akt phosphorylation,
potentially altering inflammatory cell behavior?”. However, the precise downstream effectors that interact with
the PEX domain in the hepatocytes and macrophages remain unknown. Notably, MMP-9 overexpression reduced
IL-6 protein secretion without affecting Il6 mRNA expression, indicating a post-transcriptional regulatory
effect. This observation aligns with reports demonstrating a temporal dissociation between IL-6 transcription
and protein secretion in LPS-treated monocytes and fibroblasts, suggesting that MMP-9 may regulate IL-6 at
the translational or secretion level’’. Moreover, the findings of gain- and loss-of-function in RAW264.7 suggest
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Fig. 7. MMP-9 deficiency enhances LPS-induced IL-6 secretion in RAW264.7 macrophages. RAW264.7 cells
were transduced with lentiCRISPRv2 vectors encoding MMP-9-targeting guide RNAs to generate MMP-9
knockout cell lines. Cells were treated with LPS (100 ng/mL) for 24 h. (A) MMP-9 enzymatic activity in the
conditioned medium was evaluated by zymography. WT cells treated with PBS served as a negative control;
WT cells treated with LPS served as a positive control. (B, C) mRNA levels of Il6 and Tnf were assessed by
quantitative PCR from cell lysates, using Rpl19 as an internal control. (D) Secreted IL-6 protein levels in

the conditioned medium were quantified by ELISA. Data are expressed as mean + SEM (n=3-4 per group).
Statistical comparisons were made using unpaired t-tests against LPS-treated WT controls. ns: not significant.
m: marker.

that both hepatocytes and macrophages in the liver are responsive to MMP-9 signaling and participate in its
anti-inflammatory effects.

We observed similar protective effects of MMP-9 on IL-6 protein expression in vivo and in vitro. However,
the discrepancy in 116 gene expression likely reflects key physiological differences between whole organisms and
isolated cell cultures. In the liver tissue, Il6 gene levels were markedly upregulated in MMP-9 KO groups, but this
was not observed in hepatocytes or macrophage cell lines, possibly because of the absence of systemic factors
in vitro. Systemic inflammation, which is activated by complex immune and hormonal networks in vivo, has
not been fully reproduced in isolated cultures. Additionally, the absence of MMP-9 may impair LPS clearance,
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as we only observed an increase in the II6 gene in the liver at 24 h post-LPS exposure. In vitro systems lack
the full spectrum of cell-cell interactions and immune components, likely leading to minimal transcriptional
responses. For instance, under LPS stimulation, Kupffer cells and macrophages produce both MMP-9 and pro-
inflammatory cytokines, whereas hepatocytes primarily secrete cytokines with minimal MMP-9 expression'’.
Hepatocytes may be protected by MMP-9 and affected by the cytokines secreted by Kupffer cells. Moreover, while
the protective effect of MMP-9 catalytic activity was not observed in vitro, we cannot exclude the possibility that
its catalytic function contributes to hepatic inflammatory protection in vivo through indirect systemic effects or
cellular communication within the liver.

This study has other limitations and potential directions for future research. First, neutrophils constitute
only a minor population within the liver, while expressing high levels of Mmp9, and can exert both pro- and
anti-inflammatory functions during sepsis-associated hepatic injury*. In this study, we focused on resident
macrophages and hepatocytes, which have less Mmp9 expression but comprise the major cell types in the liver;
nevertheless, the potential role of neutrophils under LPS administration can be further developed. Second, the
exact molecular partners of the PEX domain have not been identified, and functional in vivo validation of PEX-
specific interventions remains to be explored. At the same time, IL-6 suppression was demonstrated; whether
PEX-mediated signaling affects other inflammatory mediators warrants further investigation. Third, our study
focused on acute LPS-induced inflammation; however, the role of MMP-9 in chronic inflammatory conditions
remains unclear. Chronic LPS exposure, as observed in metabolic disorders and liver fibrosis*’, may engage
distinct compensatory mechanisms or alter the balance between MMP-9, MMP-2, and TIMP-1. Investigating
MMP-9’s role in models of prolonged inflammation or liver injury, such as non-alcoholic steatohepatitis (NASH)
or liver fibrosis, could provide a broader understanding of its physiological relevance. Additionally, MMP-9
may play distinct roles at different stages of the inflammatory response. A time-course study of LPS injections
in MMP-9 KO mice could help delineate the temporal dynamics of the involvement of MMP-9 in inflammation
and tissue remodeling.

In conclusion, our findings identify the PEX domain of MMP-9 as a key suppressor of hepatic IL-6 secretion
under inflammatory stress, offering a potential therapeutic target for modulating hepatic inflammation. Although
this study was conducted in mice and mouse cell models, the cellular sources and regulatory mechanisms
of MMP-9 are highly conserved across mammalian species. Clinical studies have reported the liver’s role in
the response to LPS*® and have demonstrated an association between sepsis and the TIMP-1/MMP-9 ratio®'.
Therefore, our findings in mice may provide mechanistic insights relevant to human liver inflammation,
although direct relevance to humans requires further validation. Future studies are needed to characterize the
interacting proteins and downstream pathways responsible for PEX-mediated immunomodulation and to assess
the translational potential of PEX-based anti-inflammatory therapies in acute liver diseases.

Methods

Animals and treatments

C57BL/6 wild-type mice (Laboratory Animal Center of National Taiwan University) and B6.FVB(Cg)-
MMP-9¢m1Tvu/3 (MMP-9~/~, KO) mice (Jackson Laboratory) (10-15 weeks old, 19-27 g) were used in this
study. The experimental animals were raised under a 12-hour light to 12-hour darkness cycle at 25+2 °C and
approximately 50% humidity, with a chow diet and water ad libitum. Nineteen male mice were weighed and
utilized after intraperitoneal injection of saline or 4.5 mg/kg LPS (Sigma) for 24 h, and liver and plasma samples
were collected for ELISA, immunoblotting, and real-time PCR. Euthanasia was conducted using CO, inhalation
as the primary method, delivered from a compressed gas cylinder into a non-stressful chamber at a fill rate of
30-70% displacement of the chamber volume per minute. To ensure complete death, cervical dislocation was
subsequently performed as a secondary physical method, in accordance with the institution’s IACUC-approved
protocol for the Euthanasia of Animals. Animal management followed the “Administrative Regulations for
Laboratory Animal Houses of the National Taiwan University Campus.” The study is reported in accordance
with ARRIVE guidelines.

Blood biochemistry

Blood samples were collected from the orbital sinus using heparinized microhematocrit tubes (80 IU/mL) for
plasma biochemistry analysis. The samples were centrifuged at 7,000 x g for 10 min at room temperature to
separate plasma. Plasma biochemical parameters, including lactate dehydrogenase, alanine aminotransferase,
aspartate aminotransferase, and albumin, were quantified using a Spotchem SP-4410 biochemical analyzer
(Arkray) along with the corresponding reagent test strips.

Histological study

Liver tissues were fixed in 10% neutral-buffered formalin for 16 h, followed by standard paraffin embedding
and dehydrated using graded ethanol, cleared in xylene, and infiltrated with paraffin before being embedded
in molds. Section (5 pm) were cut using a microtome, floated in 42 °C water, and mounted onto glass slides.
For H&E staining, sections were deparaffinized, rehydrated, stained with hematoxylin and eosin, dehydrated,
and mounted. For immunohistochemistry (IHC), antigen retrieval was performed in boiled citrate buffer (10
mM sodium citrate, 0.05% Tween-20, pH 6.0). Endogenous peroxidase activity was blocked with hydrogen
peroxide, followed by blocking with 3% normal goat serum. Slides were incubated with primary antibodies
at 4 °C overnight, and detection was performed using a Rabbit-Specific HRP/DAB Detection Kit (Abcam).
The antibodies used in this study are provided in Supplementary Table 4. Counterstaining was performed
with hematoxylin. The F4/80-positive areas were quantified using the Image] software from at least three non-
overlapping fields per sample and three biological replicates per group.
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ELISA

According to the manufacturer’s instructions, the enzyme-linked immunosorbent assay for the quantitative
detection of mouse cytokines was performed using the IL-6 Mouse ELISA Kit (Invitrogen) and TNF-a Mouse
ELISA Kit (Invitrogen). The concentration of homogenized liver tissue was standardized to 500 mg/mL in
radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo Fisher) with PhosSTOP (Roche) and EDTA-free
Protease Inhibitor Cocktail (Roche). Conditioned medium samples from in vitro studies were harvested and
stored at -80 °C.

RNA extraction and RT-PCR analysis
Total RNA was extracted from tissues and cells using GENEzol reagent (Geneaid). Tissues (40 mg) were
homogenized for 20 min in 0.5 mL GENEzol with beads, then centrifuged at 13,000 x g for 10 min at 4 °C to
collect the supernatant. Cells were lysed in 1 mL GENEzol for 5 min. Each 1 mL sample was mixed with 0.2
mL chloroform, incubated at room temperature for 3 min, and centrifuged at 13,000 x g for 15 min at 4 °C. The
upper aqueous phase (0.5 mL) was mixed with 0.5 mL isopropanol, incubated on ice for 10 min, and centrifuged
at 13,000 x g for 10 min at 4 °C. RNA pellets were washed twice with 75% ethanol, air-dried for 5 min, and
dissolved in DEPC water.

cDNA was synthesized using the PrimeScript™ RT Reagent Kit (Takara), following the manufacturer’s
instructions. QuantStudio 3 Real-Time PCR System (Thermo Fisher) was used for gPCR. Each 10 pL reaction
contained 5 pL PowerUp™ SYBR™ Green Master Mix (Applied Biosystems), 0.4 L primer mix (10 uM each), and
2 uL ¢cDNA. The cycling conditions were: 50 °C for 2 min, 95 °C for 2 min, followed by 40 cycles of 95 °C for 1 s
and 60 °C for 30 s. Data were analyzed using Design and Analysis Software 2.6.0. Primer sequences are listed in
Supplementary Table 5.

Primary hepatocyte

Mouse primary hepatocytes were isolated by a modified two-step collagenase perfusion method. Perfusion
Medium I (PBS added with 10 mM HEPES, 0.5 M Glucose, 0.2 mM EDTA), Perfusion Medium II (PBS added
with 30 mM HEPES, 0.5 M Glucose, 1 mM CaCl,), and Collagenase Solution (collagenase type I, DNase I, and
BSA in Perfusion Medium II) were pre-warmed to 37 °C prior to use. Male C57BL/6 mice (9-10 weeks old)
were anesthetized, and abdominal incisions were made. The portal vein was cannulated with a 27-G butterfly
needle, and the liver was perfused via the portal vein with > 10 mL of perfusion medium I, followed by >10 mL
of Collagenase Solution. The liver was excised after perfusion.

The cell suspension was filtered through a 150 pm mesh and placed on ice. An equal volume of cold culture
DMEM medium (Merck, D5030) with 10% FBS was added, and the suspension was centrifuged at 50 x g for
5min at4 °C. The pellet was washed with Perfusion Medium IT and centrifuged again under identical conditions.
Red blood cells were lysed using RBC lysis buffer (1 min, 50 x g, 4 °C), followed by a final wash with Perfusion
Medium II. The hepatocyte pellet was resuspended in pre-warmed culture medium and passed through a 70 um
strainer, and seeded in 24-well plates. The following day, the cells were refreshed with culture medium and
transfected with the pPCMV6-mMMP9 plasmid. Twenty-four hours post-transfection, the medium was refreshed
again, and the cells were treated with LPS for 24 h, as indicated.

Cell culture and stimulation

RAW264.7, a Mus musculus macrophage cell line (ATCC" TIB-71™), Hepal-6, a Mus musculus hepatocyte
cell line (ATCC" CRL-1830™), and 293T, a Homo sapiens embryonic kidney cell line (ATCC" CRL-3216™),
were cultured in DMEM with high glucose medium (Gibco) supplemented with 10% fetal bovine serum, 1%
Penicillin-Streptomycin, 3.7 mg/L NaHCO,, and 1 mM sodium pyruvate and disinfected with a 0.22 pum filter.
The Cells were maintained at 37 °C, 90% relative humidity, and 5% CO,. Numerous cell lines were artificially
engineered to perform loss- and gain-of-function experiments, as outlined in Supplementary Table 2.

Production of lentivirus and cell infection with selection

The lentivirus was produced in 293T cells using Lipofectamine 3000 Transfection Reagent (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The transfected plasmids included the packaging
plasmids pMD2.G (a gift from Didier Trono; Addgene plasmid # 12259; http://n2t.net/addgene:12259; RRID:
Addgene_12259), psPAX2 (a gift from Didier Trono; Addgene plasmid # 12260; http://n2t.net/addgene:12260;
RRID: Addgene_12260), pAdVAntage (Promega), and the lentiviral expression plasmid at a ratio of 1:1.8:0.6:3.
Lentiviral supernatant was collected 48 h after transfection using a 0.45 um filter and stored at —20 °C. Hepal-6
and RAW264.7 cells were infected with a serial dilution of lentivirus for 24 h, and then replaced with the culture
medium for another 24 h. The infected RAW264.7 cells were selected with 5 pg/mL puromycin and Hepal-6
cells with 15 pg/mL puromycin for 48 h. The 20-30% cell survival groups were maintained.

CRISPR gRNA target design and cloning
CRISPR gRNAs were designed using the Zhang Lab online platform (crispr.mit.edu) to knockout MMP-9 in
RAW264.7 cells®**. Two specific MMP-9 gRNA targets, #31,583 and #31,592, were selected (Supplementary
Table 3). Forward and reverse oligos (100 uM each) were annealed in buffer with 50 mM HEPES and 100 nM
NaCl by gradually reducing the temperature from 94 °C to 37 °C. The lentiCRISPRv2 plasmid (a gift from Feng
Zhang, Addgene plasmid # 52961; http://n2t.net/addgene:52961; RRID: Addgene_52961) was linearized using
BsmBI-BsmBI, and ligated with the annealed gRNAs using T7 DNA ligase (NEB), following the manufacturer’s
instructions.

To generate pLVX-Tet-On-mMMP-9, pLVX-Tet-On-E402A-mMMP-9, and pLVX-Tet-On-APEX-mMMP-9
plasmids, the backbone was constructed using the BamHI-EcoRI-linearized pLVX-TetOne-Puro-hAXL vector (a
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gift from Kenneth Pienta, Addgene plasmid #124797; http://n2t.net/addgene:124797; RRID: Addgene_124797).
The E402A mutant was created by substituting glutamate at position 402 with alanine, abolishing enzymatic
activity, while the APEX variant lacked the entire PEX domain. Full-length MMP-9, APEX, and E402A fragments
were PCR-amplified from the pCMV6-mMMP-9 template using specific primers and Q5 High-Fidelity DNA
Polymerase (NEB). The products were subsequently purified using the HiYield Gel/PCR DNA Fragments
Extraction Kit 2.0 (Biotech). Ligation was performed with the NEB Gibson Assembly Kit at 50 °C for 1 h using
a 1:2 vector-to-insert ratio.

Immunoblot and zymography

Immunoblotting was performed as previously described*’. The ChemiDoc Touch Imaging system was used to
expose the photographs, followed by quantification using Image Lab software. The antibodies used in this study
are provided in Supplementary Table 4.

Zymography was performed to determine gelatinase enzyme activity. The 7.5% homemade polyacrylamide
gel was embedded with 1.7 mg/mL of gelatin. Culture medium was mixed 1:1 with zymogen buffer solution (4%
SDS, 20% glycerol, 0.01% bromophenol blue, and 125 mM Tris-HCI). After electrophoresis, the gel was washed
twice for 30 min with washing buffer (2.5% Triton-X100, 50 mM Tris-HCl, 5 mM CaClz, and 1 uM ZnClZ) and
rinsed with deionized water. Gels were incubated overnight at 37 °C in reaction buffer (1% Triton-X100, 50
mM Tris-HCl, 5 mM CaClZ, and 1 uM ZnClZ). After incubation, gels were stained with SimplyBlue™SafeStain
(Invitrogen) for 1 h, destained with deionized water for 2 h, and imaged using a ChemiDoc system.

Statistical analysis

In this study, statistical analysis was performed using Prism (GraphPad). In vivo data (n=3-10), ex vivo data
(n=8), and in vitro data from at least three independent experiments are presented as mean + standard error of
the mean (SEM). Significant differences (P<0.05) were determined using unpaired t-tests and one-way ANOVA
following Turkey’s multiple comparison.

Data availability
All the data generated or analyzed during this study are included in this published article (and its Supplementary
Information files).
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