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“The more we learn about the world, and the deeper our learning, the more conscious,
specific, and articulate will be our knowledge of what we do not know”

- Karl Popper
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Zusammenfassung

Hintergrund: Die lysosomale saure Lipase-Defizienz (LAL-D) ist eine seltene lysosomale
Speicherkrankheit, die durch eine gestdrte Spaltung von Cholesterinestern und Triglyceriden
gekennzeichnet ist und chronische Entziindungen sowie eine Dysfunktion des Immunsystems
verursacht. Studien zeigten eine deutlich erhdhte Expression der Matrix-Metalloproteinase-12
(MMP-12) in LAL-D Mausen (Lal KO), hauptsachlich sekretiert von Makrophagen. Zusatzlich
fuhrte eine Uberexpression von MMP-12 in Zellen einer myeloiden Abstammung zu einer
Lymphozyten-Dysfunktion, einer systemischen Expansion myeloider Zellen (CD11b+Gr-1+)
sowie pathologischen Veranderungen ahnlich denen der Lal KO Mause. Daraus wurde
abgeleitet, dass MMP-12 eine bedeutende Rolle bei der Immunpathologie im Kontext von LAL-

D einnimmt.

Ziele: Diese Arbeit zielte darauf ab, den pathologischen Beitrag von MMP-12 zur
Immunstérung bei LAL-D zu klaren, indem Lal/Mmp12 Doppelknockout-Mause (DKO)
generiert und umfassend charakterisiert wurden. Insbesondere sollte untersucht werden, ob
die genetische Deletion von MMP-12 wesentliche entzindliche und immunologische

Phanotypen der Lal KO Mause verbessern kann.

Ergebnisse: Trotz stark erhdhter Expression von MMP-12 bei Lal KO Mausen zeigten DKO
Mause keine Verbesserungen zentraler pathologischer Merkmale wie Hepatosplenomegalie,
Makrophagenakkumulation sowie dem Verlust des Fettgewebes. Dennoch stellten wir subtile,
aber signifikante Verbesserungen immunologischer Parameter fest. Blutbildanalysen zeigten
teilweise normalisierte Lymphozytenzahlen und eine Abschwachung der lymphoiden zu
myeloiden Verschiebung im peripheren Blut, Knochenmark und der Milz in DKO Mausen.
Zusatzlich waren thymische Atrophie und gestorte thymische Morphologie, charakteristisch fur
Lal KO Mause, bei DKO Mausen deutlich verbessert. Ich konnte jedoch keine Veranderungen
im hamatopoetischen Vorlaufer-Kompartiment oder in der Efferozytose-Kapazitat der
Makrophagen beobachtet. Bemerkenswert war eine moderate Reduktion der
Uberlebensfahigkeit von Neutrophilen und deren Neigung zur Bildung neutrophiler

extrazellularer Fallen (NETs) in DKO Mausen zu beobachten.

Schlussfolgerung: Obwohl die myeloid-spezifische Uberexpression von MMP-12 viele der
inflammatorischen und immunologischen Dysfunktionen von LAL-D reproduzieren konnte,
fuhrte die genetische Deletion von Mmp12 lediglich zu begrenzten Verbesserungen. Diese
Ergebnisse deuten darauf hin, dass MMP-12 zwar zur Immundysregulation bei LAL-D beitragt,
jedoch keinen zentralen Beitrag zur Pathologie leistet und daher kein geeignetes

therapeutisches Ziel darstellt.



Abstract

Background: Lysosomal acid lipase-deficiency (LAL-D) is a rare lysosomal storage disorder
characterized by impaired degradation of cholesteryl esters and triglycerides, resulting in
chronic inflammation and immune system dysfunction. Previous studies have demonstrated
significantly elevated expression of Matrix Metalloproteinase-12 (MMP-12) in LAL-D mice (Lal
KO), predominantly secreted by macrophages, and associated with severe inflammatory
phenotypes. Furthermore, myeloid lineage-specific overexpression of MMP-12 resulted in
lymphocyte dysfunction and systemic expansion of myeloid cells (CD11b+Gr-1+) similar to Lal
KO mice. Therefore, we hypothesized that MMP-12 plays a substantial role in the

immunopathology observed in LAL-D.

Aims: This thesis aimed to clarify the pathological contribution of MMP-12 to the immune
dysfunction in LAL-D by generating and characterizing Lal/Mmp12 double knockout (DKO)
mice. Specifically, the study sought to determine whether genetic ablation of MMP-12 could

ameliorate key inflammatory and immunological phenotypes of Lal KO mice.

Results: Despite significantly elevated MMP-12 expression in Lal KO mice, Lal/Mmp12 DKO
mice exhibited minimal improvements in major pathological features, including
hepatosplenomegaly, hepatic inflammation, macrophage accumulation, and adipose tissue
loss. Nevertheless, we observed subtle yet significant improvements in immune parameters.
Complete blood counts revealed partially restored lymphocyte numbers and an amelioration
of the lymphoid-to-myeloid shift in peripheral blood, bone marrow, and spleen. Additionally,
thymic atrophy and disrupted thymic architecture characteristic of Lal KO mice were noticeably
improved in DKO mice. However, we observed no alterations in hematopoietic progenitor
compartments or in macrophage-mediated efferocytosis capacity. Notably, neutrophil viability
and neutrophil extracellular trap (NET) formation were moderately reduced in the absence of
MMP-12.

Conclusion: Although myeloid-specific overexpression of MMP-12 recapitulated multiple
inflammatory and immune cell dysfunctions associated with LAL-D, genetic deletion of Mmp12
had only limited beneficial effects. These results suggest that while MMP-12 contributes to
immune dysregulation in LAL-D, it is not a central contributor to the disease pathology, and

thus not a viable therapeutic target.
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1. Introduction

1.1.Lysosomal acid lipase
Lysosomal acid lipase (LAL), encoded by the Lipa gene, is the only known lipase active at an
acidic pH. Traditionally, acidic (lysosomal) lipolysis was exclusively considered to degrade
exogenous lipids derived from plasma lipoproteins. Following the endocytosis and delivery of
triacylglyceride (TAG)-rich very low-density lipoprotein (VLDL), cholesteryl ester (CE)-rich low-
density lipoprotein (LDL) and other lipoproteins to the lysosome, LAL hydrolyzes CE, TAG,
diacylglycerols (1, 2) and retinyl esters (3), thereby generating free fatty acids (FFA), free
cholesterol (FC) and retinol, as reviewed in (4). However, LAL was also shown to hydrolyze
neutral lipids within lipid droplets through the lysosome-dependent autophagy of lipid droplets,
known as lipophagy. In addition, acidic lipolysis is also responsible for the degradation of lipids

derived from apoptotic bodies (5).

1.1.1. Molecular characteristics of LAL
In humans, LAL is a 46-kDa glycoprotein encoded by the LIPA gene located on chromosome
10p23.2-9g23.3 (6). Human (h)LAL is synthesized with a signal peptide (7) and pro region
central for correct folding, stability and secretion (8). Similarly, a systematic mutagenesis of the
6 known glycosylation sites demonstrated two individual mutant enzymes (N134Q and N246Q)
without lipolytic activity, attributed to a defective protein secretion (1). The core domain of LAL
belongs to the a/f hydrolase-fold family with its active site composed of the classical catalytic
triad of Ser-153, His-353, and Asp-324 (9). The structure of hLAL is closely related to that of
the human gastric lipase, with both enzymes displaying a 58% sequency identity (10). The
murine and human LAL share a 75% sequence identity and 91% similarity (11). In mice, LAL

was shown to exhibit a significantly lower CE hydrolase activity compared to humans.



Figure 1: Crystal structure of human LAL (PDB ID: 6V7N), obtained from the Protein Data Bank and
originally reported in (9).

1.1.2. Biochemical characteristics of LAL
The enzymatic activity of LAL does not depend on cofactors, unlike the rate-limiting enzyme in
neutral lipolysis, adipose triglyceride lipase, which requires the coactivator CGI-58. Instead,
LAL activity is primarily regulated at the transcriptional level and has been reviewed in detail
in (4). In short, following nutrient starvation the mammalian target of rapamycin (mMTOR) and
AMP-activated protein kinase (AMPK) lead to the nuclear translocation of transcription factors
EB (TFEB), forkhead box O 1(FOXO1), and the peroxisome proliferator-activated receptor y
(PPARY) co-activator 1a (PGC1a)-PPARa complex, and induction of Lipa expression (12-14).
Additionally, in macrophages, LAL activity has been shown to be modulated post-
transcriptionally by changes in lysosomal pH induced by the uptake of oxidized LDL (15, 16).

LAL-derived degradation products serve multiple critical functions: they provide essential
structural components for cell membranes, such as free cholesterol, are a key source of FFAs
for energy production via fatty acid oxidation, and regulate the activity of important nuclear
receptors like PPARa, PPARY (17-19), and LXR (20). For example, PPARy suppresses the
expression of pro-inflammatory cytokines, thereby promoting the polarization of immune cells
towards an anti-inflammatory phenotype (21, 22). In addition, they act as precursors for the
synthesis of important lipid mediators (23), including oxysterols and steroid hormones derived
from cholesterol, as well as eicosanoids (e.g., prostaglandins) and sphingolipids (e.g.,

ceramides) derived from FFAs, reviewed in (24) and (25).



1.2.Lysosomal acid lipase deficiency in humans
Both clinical and animal studies have demonstrated the indispensable role of LAL in lysosomal
lipid degradation. Defective acidic lipolysis results in progressive lysosomal accumulation of
CE and TAG, along with a depletion of essential degradation products. Reduced cytosolic FFA

levels impair fatty acid oxidation, TAG re-esterification, and VLDL secretion (26).

Combined with the gradual loss of white adipose tissue (WAT), these changes trigger systemic
metabolic adaptations that increase glucose utilization (24). The resulting decrease in cytosolic
FC concentration in hepatocytes impairs ABCA1/G1-mediated cholesterol efflux and activates
SREBP2, leading to elevated endogenous cholesterol synthesis and upregulation of the LDL
receptor - further exacerbating hepatic lipid accumulation (26). The liver, spleen, macrophages,

and intestine are among the tissues most affected by ectopic lysosomal lipid accumulation.
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Figure 2: Schematic comparison between acidic lipolysis under physiological conditions and
LAL-deficiency. (Wild type) Endocytosis and transport of low-density lipoprotein to the lysosome,
followed by the hydrolysis of cholesteryl esters (CE) and triacylglycerol (TAG) by LAL, liberating free
cholesterol (FC) and free fatty acids (FFA). Cytosolic free cholesterol inhibits SREBP2 activity,
suppressing LDL receptor expression. LAL-derived degradation products are important signaling
molecules (e.g. activate PPARY). (LAL-D) The absence of LAL causes an accumulation of CE and TAG
in the lysosome. Depleted levels of FC and FFA activate SREBP2, leading to increased LDL receptor

expression. (Created with BioRender.com).



Traditionally, LAL-D has been classified into two distinct pathologies based on differences in
symptom onset and severity (27). With residual LAL activity of ~5-10%, patients develop the
less severe cholesteryl ester storage disease (CESD), characterized by late-onset pathology
and a broad clinical phenotype, including hepatomegaly, premature atherosclerosis,
hyperlipidemia, elevated transaminase levels, and reduced life expectancy. CESD is often
misdiagnosed (28) and typically identified at a more advanced disease stage with more evident
pathological features. In contrast, at <1-5% residual LAL activity, the early-infantile onset of the
Wolman's disease manifests, reducing life expectancy to approximately 6 months. Following
EMA approval of enzyme replacement therapy (ERT) for LAL-D, both forms have been unified

under a single diagnosis (29).

To date, over 100 loss-of-function mutations in the LIPA gene have been predicted to cause
this rare autosomal recessive lysosomal storage disorder. Of those, 98 mutations have been
confirmed, leading to an estimated prevalence ranging from 1 in 40,000 to 1 in 300,000 people
(30, 31) varying by region and ethnicity. The diagnosis of late-onset LAL-D is complicated by
shared pathology with several other cardiovascular, hepatic and metabolic diseases (31) and
is therefore commonly misdiagnosed as heterozygous familial and polygenetic
hypercholesterolemia (32), familial defective ApoB (33), and familial hyperlipidemia (34).
Besides a detailed analysis of the family history to distinguish an autosomal dominant disorder
(e.g. familial hypercholesterolemia) from an autosomal recessive disorder like LAL-D, a
minimally invasive, rapid and cost-effective dried-blood spot test was established as the gold
standard for the diagnosis of LAL-D (35, 36)

Therapeutic approaches for LAL-D vary greatly depending on the disease severity, with early-
onset LAL-D necessitating immediate intervention, since the hepatic pathology already
manifests in LAL-D fetuses (37). The use of lipid-lowering drugs (e.g. statins) were early
attempts at mitigating elevated LDL-cholesterol and were shown to reduce plasma lipid
parameters (38). However, blocking de novo cholesterol synthesis, lead to a reduction in
cytosolic FC levels which in turn stimulated the upregulation of LDLR expression (39)
exacerbating hepatic lipid accumulation (40). Early attempts at bone marrow transplantations
provided mixed outcomes, including increased liver toxicity by chemotherapeutics and graft
rejections. However, some cases demonstrated a complete remission of the systemic
pathology in infants (41, 42). In contrast, greater success was observed for liver transplants in
adult LAL-D patients, yielding immediate improvements of the lipoprotein profile and systemic

phenotype (43, 44). Upon the development of human recombinant LAL, known under the brand



names Sebelipase alfa and Kanuma®, ERT has become a viable strategy for the treatment of
LAL-D (29). In late-onset LAL-D patients, ERT has resulted in markedly reduced liver
transaminase and LDL-cholesterol levels (45, 46). Unfortunately, the response of patients
varied greatly with some cases of ERT worsening hepatic fibrosis and inflammation (47, 48).
Albeit very common, adverse effects of ERT were of only mild to moderate severity and are
most likely arising due to a frequent development of neutralizing antibodies by the patient (47).
Notably, the treatment costs of ERT are exceedingly high, leading to some insurers refusing
coverage. Despite this, ERT was able to greatly increase the survival rate of early-onset LAL-
D patients for up to 10 years (49, 50). In the future, the use of vector-based gene therapy has
been proposed as a viable therapy alternative and is currently being tested on Lal KO mice
(51).

For the study of LAL-D, Lal KO mice remain the most widely used model system. In addition,
pharmacological inhibitors of LAL (Lalistat-1 and 2) have been successfully employed in vitro
(52, 53). However, a recent publication revealed off-target effects of these compounds on key

hydrolases of neutral lipolysis at commonly used concentrations (54).

The first LAL-D mouse model was generated by Du et al. in 1998 (55) on a mixed background
of 129Sv and CDF-1. Surprisingly, a homozygous knockout of the Lipa gene in mice only
caused a phenotype resembling the less severe CESD in humans. Nonetheless, Lal KO mice
displayed a life expectancy reduced to 6-8 months and infertility, necessitating heterozygous
breedings (56). These mice also developed classic LAL-D features, including loss of adipose
tissue, emphysema, and hepatosplenomegaly (56). The same group later demonstrated a
partially rescued Lal KO phenotype by an adenovirus-mediated gene transfer, substantially
reducing splenomegaly and hepatic lipid accumulation (57). This demonstrated the potential

of gene therapy for the treatment of CESD.

1.3.The immune cell dysfunction in LAL deficiency
A major hallmark of the LAL-D phenotype is the progressive accumulation of lipid-laden
macrophages across the liver, small intestine, spleen, and bone marrow (56, 58). Histological
examinations demonstrated massive granuloma-like aggregates of macrophages filled with
CE and TAG. The extent of hepatomegaly is directly connected to the extent of macrophage
accumulation, exemplified by these aggregates accounting for more than 50% of the area of a

liver section from a 30-week-old Lal KO mouse.



The central importance of LAL for the homeostasis of the entire immune system is exemplified
by a progressive expansion of CD11b+Gr1+ myeloid cells across the immune cell
compartments of the bone marrow, spleen, and peripheral blood (59). The analysis of the bone
marrow progenitor cell compartment revealed an increase in Lin-Sca-1+c-Kit+ (LSK) cells and
granulocyte-macrophage-progenitor cells (GMPs), skewing bone marrow hematopoiesis
towards the myeloid lineage. A series of bone marrow transplantations between WT and Lal
KO mice demonstrated that the myeloid expansion mainly originated from a cell autonomous
defect in myeloid progenitor cells and to a lesser extent from the bone marrow

microenvironment itself (60).
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Figure 3: Overview of hematopoietic lineage differentiation in the bone marrow. Hematopoietic
stem cells (HSCs) identified as Lin" Sca-1+ c-Kit+ (LSK) cells, give rise to lineage-committed progenitors.
Common myeloid progenitors (CMPs) further differentiate into granulocyte-macrophage progenitors
(GMPs) and megakaryocyte-erythrocyte  progenitors  (MEPs), which give rise to
monocytes/macrophages, granulocytes, erythrocytes, and megakaryocytes, respectively. Common

lymphoid progenitors (CLPs) differentiate into B-cells and T-cells. (Created with BioRender.com)



Complementing the defects in myelopoiesis, Lal KO mice also display severely impaired
lymphopoiesis. Upon the differentiation of common lymphoid progenitors (CLP) to early T-cell
progenitors, they migrate via the bloodstream to the most important organ in T-cell maturation,
the thymus (61). As a primary lymphoid organ, the thymus exclusively facilitates the
development of T-lymphocytes. LAL was shown to be indispensable for the development and
function of T lymphocytes (60, 62) and leads to an abnormal morphology of the thymus. The
authors observed a strong decrease in peripheral blood lymphocytes, originating from both

decreased proliferation and increased apoptosis in the thymus (60, 62).

The substantial decline in lymphocyte counts in Lal KO mice originated from
immunosuppressive properties of myeloid cells (59). A co-culture experiment between WT
lymphocytes and Lal KO CD11b+/Gr-1+ cells demonstrated a strong decrease in T-cell
proliferation (59). In addition, their lymphokine production was significantly reduced,

suggesting a functional impairment of Lal KO T-lymphocytes (59, 62).

Several rescue strategies have demonstrated the critical role of LAL in maintaining immune
and hematopoietic homeostasis. A macrophage-specific reconstitution of LAL activity was
sufficient to significantly reduce lipid accumulation, neutrophil infiltration, and tissue
inflammation in multiple organs, including the liver, intestine, and lung (63). Moreover, the
expression of several pro-inflammatory cytokines, chemokines, and MMPs were normalized,
and the lung emphysema phenotype was markedly improved. However, the correction was
limited to macrophage-driven pathology, as lipid accumulation in hepatocytes and infertility
remained unaffected, emphasizing the importance of LAL activity in non-myeloid cells for full
phenotypic rescue. Similarly, defective myelopoiesis and lymphopoiesis of Lal KO mice were
successfully rescued by myeloid-specific expression of human LAL. This intervention led to a
reduced systemic expansion of CD11b+Gr-1+ cells, originating from a bone marrow progenitor
compartment that more closely resembled that of WT mice (64). Additionally, the thymic
architecture was partially restored, accompanied by improved T-lymphocyte proliferation and
function, underscoring the essential role of LAL in hematopoietic development and immune

competence.



1.4. Myeloid-derived suppressor cells

Chronic unresolved inflammation is known to result in the development of immunosuppressive
CD11b+/Gr-1+ cells, known as myeloid-derived suppressor cells (MDSCs). MDSCs are
phenotypically indistinguishable from other myeloid cells like neutrophils and monocytes (65).
To date, no MDSC-specific cell surface markers have been discovered. MDSCs may only be
identified by their unique gene expression profile and immunosuppressive properties, which
have been extensively reviewed in (66). In short, MDSCs can be divided into neutrophil-like
MDSCs, termed polymorphonuclear (PMN)-MDSCs, and monocyte-like MDSCs, termed
monocytic (M)-MDSCs. All MDSCs display an immature phenotype and morphology,
comparatively weak phagocytic activity, increased levels of reactive oxygen species (ROS)
and nitric oxide production, higher expression of arginase, PGE-2, and multiple anti-
inflammatory cytokines (e.g. IL-10 (67), and TGF( (65, 68).

Table 1: Functional and molecular properties of neutrophils, monocytes, and myeloid-derived

suppressor cells (MDSCs), as reviewed in (65).

Neutrophils PMN-MDSCs Monocytes M-MDSCs
Surface Phenotype CD11b*Ly6G* CD11b*Ly6G* CD11b*Ly6G" CD11b*Ly6G"
Immune Suppression - + - +
ROS -and + ++ -and + ++
NO - + - +
ARG1 - ++ + ++
PGE2 - ++ - +
Stat3 -and + ++ -and + ++
CEBPg -and + ++ -and + ++

In Lal KO mice, CD11b+/Gr-1+ cells have been demonstrated to exhibit the gene expression
signature of MDSCs (69). An overactivation of the mTOR pathway was shown to drive the
development and function of Lal KO MDSCs (70). mTOR is the catalytic subunit of the
mTORC1 complex and localizes to the lysosomal membrane upon activation. It senses the
availability of cellular nutrients, oxygen, and energy and is instrumental in the regulation of
protein synthesis, cellular metabolism, as well as autophagy and lysosomal biogenesis, as
comprehensively reviewed in (71). The injection of the mTOR inhibitor rapamycin was able to
significantly ameliorate the systemic expansion of CD11b+Ly6G+ cells, reduce their
proliferation and increase apoptosis, as well as ameliorate their immunosuppressive functions

on lymphocytes (70). In addition, several enzymes of glycolysis (hexokinase, glyceraldehyde-



3 phosphate dehydrogenase and pyruvate kinase) and the citric acid cycle (isocitrate
dehydrogenase 1 and succinate dehydrogenase) were markedly upregulated in Lal KO
MDSCs (60, 69). Interestingly, an elevated expression of lactate dehydrogenase A and B was
observed (69), indicating activation of a metabolic pathway typically associated with cancer
cells - the Warburg effect (72). In addition, some enzymes involved in glycogen synthesis and
the pentose pathway exhibited increased expression in Lal KO MDSC (69). Despite impaired
mitochondrial function, Lal KO bone marrow MDSCs exhibited elevated expression of
enzymes involved in the respiratory chain (NADH dehydrogenase, cytochromes and ATPases)
as well as higher ATP levels (69), compared to WT bone marrow cells (69). Unfortunately,
these changes in Lal KO MDSCs were obtained by comparison with WT bone marrow cells.
Therefore, unique characteristics differentiating Lal KO MDSCs from WT MDSCs have not

been elucidated and remain unknown.

1.5.MMP-12 and its connection to LAL-D
The destruction of lung tissue constitutes another major well characterized pathology of Lal
KO mice (73, 74). As a direct consequence to blocking TAG and CE degradation, Lal KO mice
develop a severe lung pathology, including extensive neutrophil infiltration, the accumulation
of lipid-laden macrophages, tumor formation, and emphysema (74, 75). A microarray analysis
of whole lung tissue identified matrix metalloproteinase-12 (MMP-12) as the single most
dysregulated gene in 6-months old Lal KO mice, as compared to age-matched WT littermates
(74). This also translated to a massive increase in MMP-12 protein expression in the
bronchoalveolar lavage and alveolar type Il cells (74). The application of the LAL-degradation
product and PPARY agonist 9-HODE suppressed the mRNA expression of Mmp12, thereby

demonstrating a novel transcriptional regulation of Mmp12.

In humans, MMP-12 belongs to the matrix metalloproteinase family of 23 zinc-containing
endopeptidases. Each family member was shown to process an overlapping array of different
extracellular matrix (ECM) components, e.g. collagens, gelatin, elastins, glycoproteins, and
proteoglycans (76, 77). Furthermore, several different cell types were shown to produce
MMPs, including macrophages, neutrophils, lymphocytes, fibroblasts, osteoblasts, and
endothelial cells. Most MMPs are secreted in an inactive form, called zymogens (pro-MMP),
and require proteolytic cleavage for activation (76). Under physiological conditions, the
expression, secretion, activation and activity of MMPs is tightly regulated. Upon secretion and
activation, endogenous inhibitors called tissue inhibitors of metalloproteinases (TIMPs) provide

an additional spatially dependent layer of regulation(78).



MMP-12 was first described as an extracellular matrix degrading enzyme secreted by
macrophages called macrophage metalloelastase (79). Since then, the broader involvement

of MMP-12 in the following biological functions was demonstrated.

1.6.ECM degradation by MMP-12
Elastin fibers are a central component of the ECM, providing resilience and elasticity to several
tissues such as skin, lung, and blood vessels. These fibers are remarkably resistant to
proteolytic degradation, resulting in extremely low turnover under physiological conditions.
However, in multiple chronic inflammatory conditions, elastin integrity is compromised due to
aberrant expression of proteolytic enzymes such as MMP-12 (80). The exposure of skin to UV
irradiation induces the expression of both MMP-12 and tropoelastin (80). Elevated expression
of MMP-12 is not only able to damage the ECM but also impairs its repair by degrading

tropoelastin, leading to sustained tissue damage.

The degradation of ECM components is known to liberate ECM-derived peptides, termed
matrikines (81). The degradation of elastin by MMP-12 was shown to generate elastin-derived
peptides (EDPs) containing different lengths of the Val-Gly-Val-Ala-Pro-Gly (VGVAPG)
hexapeptide repeats (82). The VGVAPG peptide sequence has high binding affinity to the
elastin-binding protein (EBP) (82), a catalytically inactive splicing variant of the 3-galactosidase
gene GLB1, which, together with cathepsin A and neuraminidase, forms the elastin receptor
complex (83). Matrikines, such as EDPs, were shown to possess chemoattractant properties
that lead to monocyte infiltration (84), mediate inflammation and promote NASH (85), and
affect insulin sensitivity (86). The elastin receptor complex is located on the cell surface of
several types of immune cells (83). The binding of EDPs has been shown to stimulate
proliferation in multiple human cell types, thereby linking elastin degradation not only to ECM
remodeling but also to downstream signaling events with potential implications for

inflammation, tissue remodeling, and disease progression (83).

1.7. Transcription factor properties of MMP-12
Independent of its proteolytic activity, MMP-12 has been shown to exhibit transcription factor-
like properties by translocating to the nucleus of fibroblasts, binding to the promoter of /kBa,
and inducing its expression (19). Loss of MMP-12 impaired IFN-a secretion and led to elevated
viral burden in infected cells, underscoring an essential intracellular function beyond its array
of proteolytic functions. Altered /kBa expression has broad implications due to the complexity

of NF-kB signaling and its regulation of numerous downstream biological processes (87).
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Similarly, in the intestinal epithelium of obese mice fed a high-fat diet, siRNA-mediated
knockdown of MMP-12 reduced lipid transport, bile acid reabsorption, and inflammation.
Mechanistically, MMP-12 was found to bind to the promoter of Fabp4 and induce its expression
via epigenetic modification (88). These nuclear functions occurred independently of MMP-12’s
catalytic domain, further supporting its non-proteolytic role in gene regulation. The authors
concluded that the inhibition of MMP-12 led to marked improvements in high-fat diet-induced

metabolic dysfunction and restoration of intestinal homeostasis.

1.8.The role of MMP-12 in regulating immune cells
Notably, several reports have demonstrated that the substrate specificity of MMP-12 is not
limited to ECM proteins but also includes various cytokines and cell surface receptors (89, 90).
MMP-12 has been shown to cleave multiple chemokines, including CXCL1, -2, -3, -5, and -8,
as well as CCL2, -7, -8, and -13, and the murine IL-8 homologues mCXCL1, -2, and -3 (89).
This proteolytic activity contributes to the regulation of immune cell recruitment, as evidenced
by reduced monocyte and neutrophil infiltration in the bronchoalveolar lavage of Mmp12 KO

mice following lipopolysaccharide injection (89).

In line with this, Mmp12 deficiency was also shown to dampen cigarette smoke—induced
emphysema by reducing neutrophil and monocyte infiltration and limiting granuloma formation
(59). To further investigate the role of MMP-12 in pulmonary pathology, MMP-12 has been
overexpressed in lung epithelial cells, resulting in spontaneous emphysema, inflammatory cell
infiltration, and the development of bronchioalveolar adenocarcinoma (91). Similarly, the
application of an MMP-12 inhibitor worsened post-myocardial infarction by delaying the
resolution of inflammation. Together with other studies linking MMP-12 expression to chronic
obstructive pulmonary disease (COPD) and lung cancer in patients (75, 92), these findings
strongly support the role of MMP-12 as a potent pro-inflammatory factor, likely contributing to

the pulmonary pathology observed in Lal KO mice.

1.9.Platelets and platelet-leukocyte-aggregates
Thrombocytes together with coagulation factors form the basis of blood coagulation (93).
Following a vascular injury or insult, thrombocytes are activated and adhere to extracellular
matrix antigens revealed from beneath the endothelium to form a platelet plug. One notable
epitope resulting in the activation of platelets is collagen and is therefore commonly used in

collage-induced platelet coagulation assays. Changes in platelet activation have implications
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for thrombose formation and atherosclerosis (94), as well as bleeding disorders causing

prolonged bleeding times and excessive blood loss from injuries (95).

The involvement of platelets outside of hemostasis and thrombosis has been increasingly
recognized. Platelets are now well understood to exert a regulatory function on both innate
and adaptive immune cells (96, 97). Under certain pro-inflammatory or pro-thrombotic
conditions, platelets can form platelet-leukocyte aggregates (PLAs), mainly with monocytes
and macrophages, and to a lesser extent with neutrophils and lymphocytes (94, 98). Upon the
formation of PLAs, platelets are capable of both diminishing and enhancing the function of
leukocytes (99) and alter their cytokine secretion profile during an injury or infection (98).
Interestingly, the platelet-leukocyte interaction also has implications for leukocyte
extravasation, tissue infiltration, and differentiation (98). In addition, platelet-neutrophil
aggregates are able to induce ROS production, promote NETosis (100), and delay apoptosis

during sepsis (101).

MMPs are well understood to modulate the function and pathology of thrombocytes. MMP-1
and 13 were shown to activate the thrombin receptor protease activated receptor-1 (PAR-1)
(102) leading to a unique form of thrombocyte signaling distinct from the classical thrombin
induced activation (103). Interestingly, MMP-12 was shown to cleave surface CEACAM-1,
thereby increasing type | collagen induced platelet activation (104). This demonstrated a direct
involvement of MMP-12 in blood coagulation with implications beyond hemostasis, offering a

means by which MMP-12 may alter the function and survival of immune cell.

1.10. Neutrophils
Neutrophils are polymorphonuclear (PMN) leukocytes best known for their essential host
defense role against invading pathogens, in particular bacteria and fungi (105). Upon
inflammation, neutrophils are rapidly mobilized and migrate to the site of injury as first-line
responders (106). In humans, four distinct groups of chemoattractants act on neutrophils, 1)
chemotactic lipids (e.g. leukotriene B4, LTB4) (107), 2) chemokines (CXCL1 to 3 and CXCL 5
to 8) (108), 3) complement anaphylatoxins (C3a and C5a) (109) and 4) formyl peptides (110)
activate dedicated G-protein coupled receptors. All groups have overlapping functions yet
cooperate in a nonredundant manner allowing fine control of neutrophil trafficking (111). Upon
mobilization into the bloodstream by chemokines such as granulocyte colony-stimulating factor
(G-CSF) (112), neutrophils are captured by selectin receptors (e.g., E-selectin and P-selectin)

expressed on activated endothelial cells (113). This interaction initiates a rolling phase along
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the vascular wall, during which neutrophils are further activated by chemokines presented on
the endothelial surface. Subsequently, neutrophil integrins undergo conformational changes
enabling the binding to endothelial integrin receptors. This firm adhesion leads to the arrest of
neutrophil movement, followed by transmigration across the endothelium into the inflamed

tissue (114), where they exert their antimicrobial roles.

Neutrophils can kill pathogens via the release of cytotoxic proteins, peptides, and enzymes
through a process called exocytosis (115). In addition, a membrane-bound NADPH-oxidase
can produce superoxide anions (e.g. Oy"), leading to the formation of antimicrobial hydrogen
peroxides and other reactive oxygen species (116). Both mechanisms can also be used to
neutralize microbes following efferocytosis, upon the fusion of the phagosome with granules
(117). These defensive functions are enhanced by both host-derived factors like G-CSF, GM-
CSF, IFNy, TNF, as well as pathogen-derived products like LPS and specific nucleic acid
sequences (118). All these factors prolong neutrophil survival by doubling their lifespan and
inhibiting apoptosis (118). However, the anti-bacterial properties of neutrophils also contribute
to several inflammatory diseases, ranging from acute lung injury (119), sepsis, COPD to
arthritis (120). Proper activation, migration and survival of neutrophils are essential for their
physiological function and to prevent neutrophil-mediated tissue injury. Mechanisms by which
neutrophils cause tissue damage (121) (e.g. unwarranted degranulation) have been well
documented in other diseases (122-124) but have not yet been investigated in Lal KO mice

and remain unknown.

Under physiological conditions, neutrophils typically survive for h to days. In mice, the half-life
of neutrophils circulating in the peripheral blood was estimated to be between 9-18 h, whereas
in humans, a lifespan of up to several days has been reported (105, 125). Apoptotic and aged
neutrophils are removed by migrating to the bone marrow, liver and spleen, where they are
recognized by macrophages and dendritic cells followed by efferocytosis. Neutrophils can
undergo a specialized form of cell death called NETosis (126), resulting in the formation of
neutrophil extracellular traps (NETs) (127). NETs are traditionally only produced in response
to microbial infections with the intention to trap, neutralize and kill pathogens, including
bacteria, fungi, viruses, and parasites (128-130). In addition, NETs can be artificially induced
by phorbol 12-myristate 13-acetate (PMA) (131) and bacterial toxins like ionomycin (132) and
nigericin (133). Mechanistically, NET formation involves activation of NADPH oxidase and the
generation of ROS, which act as key intracellular signals (134). This is followed by chromatin

decondensation, histone citrullination by PAD4 (135, 136), and rupture of the nuclear and cell
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membrane, releasing a dense extracellular network composed of neutrophil DNA coated with
cytotoxic granule proteins, including neutrophil elastase and myeloperoxidase (127, 137).
While NETs are an important antimicrobial defense mechanism, dysregulated or excessive
NET formation has been observed in the absence of infection and can contribute to collateral

tissue injury and sustained inflammation (138).

1.11. Efferocytosis
Under physiological conditions, apoptotic neutrophils are removed by phagocytes, e.g.
macrophages and dendritic cells, in a process called efferocytosis. This process is essential
for resolving inflammation and mitigating the effect of pro-inflammatory content released from
dead cells. The clearance of apoptotic cells by efferocytosis is considered non-inflammatory

and immunologically silent.

Efferocytosis is a tightly regulated, multi-step process that involves the recognition,
engulfment, and degradation of apoptotic cells (139). They are recognized by recruited
phagocytes (140) based on the externalization of phosphatidylserine, which is only found on
the inner membrane of viable cells. Beyond the simple clearance of dead cell and cell debris,
efferocytosis exerts profound effects on the immune response (141). Engulfment of apoptotic
cells induces an anti-inflammatory transcriptional program in macrophages, promoting the
release of TGF-B and IL-10, and suppressing pro-inflammatory cytokines such as TNF and IL-
1B (139, 141). In this context, efferocytosis is critical for resolving inflammation and preventing
chronic immune activation. Its dysregulation is increasingly recognized in chronic inflammatory
diseases, where uncleared apoptotic cells undergo secondary necrosis, perpetuating tissue
damage. Moreover, defective efferocytosis impairs macrophage reprogramming and skews
immune responses toward a pro-inflammatory phenotype (139). The efferocytosis capacity of
Lal KO mice was shown to be significantly impaired, contributing to the observed immune

dysfunction and failure to resolve inflammation (5).

1.12. Central Hypothesis
Previous studies have identified MMP-12 as one of the most dysregulated genes in the lungs
of Lal KO mice. The overexpression of MMP-12 in myeloid cells was sufficient to induce several
hallmark features of LAL-D, including a skewed hematopoietic progenitor profile, expansion of
immunosuppressive CD11b+Gr-1+ cells, and impaired T-cell function. These striking
similarities led to the hypothesis that MMP-12 may act as a key downstream effector

contributing to the immune dysfunction and chronic inflammation of LAL-D.
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To assess the functional relevance of MMP-12 in the context of LAL-D, we generated and
characterized Lal/Mmp12 double knockout (DKO) mice. This model allowed us to evaluate
whether MMP-12 is merely a marker of inflammation or an active mediator of pathology. The
present study aimed to determine whether MMP-12 deficiency ameliorates the immunological

and inflammatory abnormalities of LAL-D, and to evaluate its potential as a therapeutic target.
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2. Methods

2.1.Animals

Lal KO mice (56) were backcrossed onto the C57BL/6J background and crossed with Mmp12
KO mice (C57BL/6J background) (JAX#004855; The Jackson Laboratory, Bar Harbor, ME,
USA), generating Lal/Mmp12 DKO mice. All animals were kept in a controlled environment
under standard light-dark cycles (12-h/12-h) and provided with a standard chow diet or or
challenged for 6 weeks on a high fat diet (HFD) [34% (w/w) crude fat, 1% (w/w) cholesterol;
Ssniff®, Soest, Germany]. All animal experiments were conducted following EU Directive
2010/63/EU and approved by the Federal Ministry of Science, Research, and Economy,
Vienna, Austria (BMBWF-66.010/0138-V/3b/2019).

2.2.Sample collection
Male mice at approximately 30 weeks of age were euthanized following a 6-h fasting period.
Peripheral blood was collected through cheek puncture into EDTA-coated tubes. Whole blood
was analyzed for a complete blood cell count using a V-sight device (Menarini Diagnostics,
Florence, ltaly), and Giemsa-stained blood smears (Merck, Darm stadt, Germany) were
examined cytologically. Plasma was separated by centrifugation at 6,300 x g for 10 min at 4°C
and stored at -20°C. Organs were excised after post-cervical dislocation, weighed, snap-frozen
in liquid nitrogen, and preserved at -80°C. The femur, tibia, and spine were collected and kept

in ice-cold 1x PBS for further analyses.

2.3.Hematoxylin and eosin (H&E) staining
Adipose tissue, spleen, thymus, and liver specimens were fixed in 10% formalin for 12 h and
stored in PBS until paraffin embedding. Paraffin blocks were sectioned into 5-um slices,
deparaffinized, and subjected to H&E staining. The average adipocyte diameter in tissue

sections was determined using Fiji Software (142) and the Adiposoft (143).

2.4. Immunofluorescence staining
Paraffin-embedded spleen tissue sections were deparaffinized and washed with 1x PBS-T
(0.1% Tween-20). The sections were blocked with PBS-T + 10% goat serum for 30 min.
Primary rabbit anti-Histone H3 (citrulline R2 + R8 + R17) antibody (1:1000; ab5103, abcam,
Cambridge, UK) was diluted in PBS-T containing 10% goat serum and incubate on spleen
sections over night at 4°C. The sections were washed with PBS-T, followed by incubation with
donkey anti-rabbit Alexa Fuor 488 (1:500; A32790; Thermo Fisher Scientific, Waltham, MA,
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USA) for 90 mins at RT. Then the sections were washed with PBS-T, stained with DAPI for 5
min, and mounted in Vectashield Antifade Mounting Medium (H-1000-10; Vector Laboratories,
Newark, CA). The stained spleen sections were imaged with an Olympus BX63 microscope

and analyzed using Qupath® (144).

2.5.Protein isolation and immunoblotting
Frozen spleen tissue (50 mg) was lysed in 100 pl RIPA buffer supplemented with protease and
phosphatase inhibitors (1:1,000; Merck, Darmstadt, Germany). Lysates were centrifuged at
16,000 x g for 30 min at 4°C, and the protein concentration of the supernatant was measured
using the DC Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA). Proteins (100 pg)
were resolved by SDS-PAGE and transferred onto a PVDF membrane. Membranes were
incubated with a rabbit polyclonal anti-calnexin antibody (1:1,000, #2679T, Cell Signaling
Technology, Danvers, MA, USA) and a rabbit monoclonal anti-CD3e antibody (1:1,000,
#78588; Cell Signaling Technology). A secondary HRP-conjugated goat anti-rabbit antibody
(1:2,500, #31460; Thermo Fisher Scientific, Waltham, MA, USA) was used before
chemiluminescent detection with a ChemiDoc MP imaging system (Bio-Rad Laboratories).
CD3e expression was quantified via densitometry (Fiji Software [34]) and normalized to

calnexin as a loading control.

2.6.RNA isolation, reverse transcription, and real-time PCR
RNA from liver and spleen tissue was extracted using TriFast reagent (Peqlab, Erlangen,
Germany) according to the manufacturer’s guidelines. Two micrograms of RNA were reverse
transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Carlsbad, CA). Quantitative real-time PCR (qRT-PCR) was conducted on a Bio-Rad CFX96
system (Bio-Rad Laboratories, Hercules, CA, USA) with GoTaqg® qPCR Mastermix (Promega,
Madison, WI, USA). Samples were analyzed in duplicate and normalized to either cyclophilin

A (Ppia) or hypoxanthine phosphoribosyltransferase (Hprt).

Table 2: List of primers used for real-time PCR:

Gene | Forward Sequence 5°-3° Reverse Sequence 5 -3’

Acat GTGAAGGACAGGCCCCTA ACACATAAGACTTTGAGAGGCCA
Actal | TACCACCGGCATCGTGTTG GCGCACAATCTCACGTTCAG
Acta2 | GGACGTACAACTGGTATTGTGC TCGGCAGTAGTCACGAAGGA
B220 | CCAGTGATGGTGTGTTATCCAC GGGGGTATCAACAGGAAAGGC
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Ccl2

TTAAAAACCTGGATCGGAACCAA

GCATTAGCTTCAGATTTACGGGT

Cclb GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC
Cd3 GGTGCTCCAGGATTTCTCGG GCCTTGGCCTTCCTATTCTTG
Cd36 | GCAGGTCTATCTACGCTGTG GGTTGTCTGGATTCTGGAGG
Cd68 | AACAGGACCTACATCAGAGC TCAAGGTGAACAGCTGGAGA
Col1a1 | TAAGGGTCCCCAATGGTGAGA GGGTCCCTCGACTCCTACAT
Col1a2 | TCGTGCCTAGCAACATGCC TTTGTCAGAATACTGAGCAGCAA
Cox2 | TGAGCAACTATTCCAAACCAGC TTCAACACACTCTATCACTGGC
Cxcl1 | CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
Cxcl2 | AGTGAACTGCGCTGTCAATG GCCCTTGAGAGTGGCTATGA
Cxcl5 | AGCGGTTCCATCTCGCCATTC CTCCGTTGCGGCTATGACTG
Cxcr1 | TCTGGACTAATCCTGAGGGTG GCCTGTTGGTTATTGGAACTCTC
Cxcr2 | ATGCCCTCTATTCTGCCAGAT GTGCTCCGGTTGTATAAGATGAC
Cxcr4 | GACTGGCATAGTCGGCAATG AGAAGGGGAGTGTGATGACAAA
Elane | CAGGAACTTCGTCATGTCAGC AGCAGTTGTGATGGGTCAAAG
Eln TGTCCCACTGGGTTATCCCAT CAGCTACTCCATAGGGCAATTTC
Emr CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG
Fasn GAAGCCGAACACCTCTGTGCAGT GCTCCTTGCTGCCATCTGTATTG
Hort GTTGGGCTTACCTCACTGCT TAATCACGACGCTGGGACTG
Ifng CTCAAGTGGCATAGATGTGG GCTGTTGCTGAAGAAGGTAG
1110 GCTGGACAACATACTGCTAACC ATTTCCGATAAGGCTTGGCAA
11b GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
116 CCAGAGATACAAAGAAATGATGG ACTCCAGAAGACCAGAGGAAAT
111 ATGCCAATCACTCGAATGCG TTGTATCGGCCTGTGTGAATG
Junb TCACGACGACTCTTACGCAG CCTTGAGACCCCGATAGGGA
Ly6g TGCCCCTTCTCTGATGGATT TGCTCTTGACTTTGCTTCTGTGA
Mmp1a CCTTGATGAGACGTGGACCAA ATGTGGTGTTGTTGCACCTGT
Mmp2 ACCTGAACACTTTCTATGGCTG CTTCCGCATGGTCTCGATG
Mmp3 ACATGGAGACTTTGTCCCTTTTG TTGGCTGAGTGGTAGAGTCCC
Mmp7 CTTACCTCGGATCGTAGTGGA CCCCAACTAACCCTCTTGAAGT

Mmp8

TGGTGATTTCTTGCTAACCCC

TACACTCCAGACGTGAAAAGC
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Mmp9 GGACCCGAAGCGGACATTG CGTCGTCGAAATGGGCATCT
Mmp10 CCCAGCTAACTTCCACCTTTC AATTCAGGCTCGGGATTCCAA
Mmp11 CCACTCACTTTCACTGAGGTG CGTCAAACGGCAAGTTGTCAC
Mmp12 CTGCTCCCATGAATGACAGTG AGTTGCTTCTAGCCCAAAGAAC
Mmp12 CTGCTCCCATGAATGACAGTG AGTTGCTTCTAGCCCAAAGAAC
Mmp13 CTTCTTCTTGTTGAGCTGGACTC CTGTGGAGGTCACTGTAGACT
Mmp14 CAGTATGGCTACCTACCTCCAG GCCTTGCCTGTCACTTGTAAA
Mmp15 ATGAAGAGACGAAAACGTGGATG TGGAAGACCAATGGTGTGACC
Mmp16 TTACTCGCATTCAGCTCTGGA CCGCAGACTGTAGCACATAAAA
Mmp17 ACTGTCCAAAGCGATTACTGC GGGAGCATCGAGGGGTTTTC
Mmp19 CCTGGTCCCATGCCAAACC CCCTTGAAAGCATAAGTCTTCCC
Mmp23 AGGGCAGCTCAGGGAAATGTA GTATGTGAGGTTGAAGTGGTCC
Mmp24 GCATCTGCGTTGCATTCTGG CACTCGATTGTTGTCTGATCCA
Mmp25 CTCCTGCCCGTCTCTACTACC GACCTTCGCATCGGGATTCTG
Mmp27 AAGGTCACTCCACTGACGTTT CACCACCTAGACCCAGACCA
Mmp28 AACCAGAGGTCCTAAATACTGCC GGACGAGGCTCTACAGTGATG
Pgcla CCCTGCCATTGTTAAGACC TGCTGCTGTTCCTGTTTTC
Ppara TTCACAAGTGCCTGTCTGTC GGCCTTGACCTTGTTCATGT
Ppia GAGCTGTTTGCAGACAAAGTTC CCCTGGCACATGAATCCTGG
Srebp CACTCAGCAGCCACCATCTAGCCT GCTGATGCCTGCAGTCTTCACG
Timp1 TCCTCTTGTTGCTATCACTGATAGCTT | CGCTGGTATAAGGTGGTCTCGTT
Timp?2 CTCGCTGTCCCATGATCCC GCCCATTGATGCTCTTCTCTGT
Timp3 CTTCTGCAACTCCGACATCGT GGGGCATCTTACTGAAGCCTC

2.7.ALT, AST, and SAA measurements
Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were
assessed using GOT/AST-PIII Fuji Dri-Chem slides (#3150) and GPT/ALT-PIII Fuji Dri-Chem
slides (#3250) with a Fuji Dri-chem NX500 analyzer (Fujifilm, Tokyo, Japan). Serum amyloid A

(SAA) concentrations were measured using ELISA, following the manufacturer's protocol
(DY2948-05; Bio-Techne, Minneapolis, MN, USA). Plasma sEDP concentration were
quantified using the Mouse Soluble Elastin Fragments ELISAKit (MBS3806004, MyBioSource,

San Diego, CA, USA) according to the manufacturer’s protocol.
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2.8.Platelet aggregation assay
Whole blood was collected from the retrobulbar plexus using a heparinized glass capillary and
anticoagulated with 25 U/mL heparin/TBS. Aggregation was measured on a Multiplate®
analyzer (Multiplate Services GmbH, Munich, Germany). Samples were transferred to
measurement wells containing 0.9% NaCl, and aggregation was induced by the addition of

collagen (final concentration 3.2 ug/mL, Hyphen Biomed, Neuville-sur-Oise, France).

2.9.Efferocytosis assay

Bone marrow-derived macrophages were generated as previously described (145). BMDMs
were harvested using an enzyme-free cell dissociation buffer (Cat#13151014; Gibco™,
ThermoFisher) and seeded at 80% confluency in 6-well cell culture plates and incubated at
37°C and 5% CO: overnight. Jurkat cells were collected via centrifugation and transfered into
1x PBS. Apoptosis was initiated by treating cells for 10 mins in a UV-cross linker [Amerscham
Life Science; Amsterdam Netherlands]. pHrodo (iFL Red STP ester, amine reactive dye;
P36010; Thermo Fisher Scientific) was diluted 1:100 in 1x PBS and added to cells. The Cells
were incubated for 2 h at 37°C and 5% CO.. Apoptotic Jurkat cells were added in a 1:1 ratio
to BMDMs and incubate for 2 h at 37°C and 5% CO.. Unattached apoptotic cells were gently
washed away by 1x PBS. BMDMs were detached using an enzyme free cell dissociation buffer.
Cells were stained with CD11b (Clone:M1/70; Cat#17-0112-82, Invitrogen, ThermoFisher) and
F4/80 (Clone:BM8; Cat#11-4801-82; Invitrogen, ThermoFisher). Analysis was conducted on a
Cytoflex LX using CytExpert (Beckman Coulter, Brea, CA, USA) and FlowJo software (Treestar
Inc., San Carlos, CA, USA).

2.10. Tissue lipid extraction and quantification
Liver tissue (50 mg) was sonicated in 100 pl lysis buffer (100 mM potassium phosphate, 250
mM sucrose, 1 mM EDTA, pH 7) onice (2 x 15 s). After centrifugation at 16,000 x g for 30 min
at 4°C, protein concentrations were determined at 650 nm (DC Protein Assay, Bio-Rad
Laboratories). Lipids were extracted using the Folch method from samples corresponding to 1
mg of protein. Free cholesterol (#1132300F, Greiner, Kremsmluinster, Austria), total cholesterol
(#113009910023; DiaSys Diagnostic Systems, Holzheim, Germany), triglycerides
(#157600010023, DiaSys Diagnostic Systems), and free fatty acids (Wako Chemicals,
Richmond, VA, USA) were measured spectrophotometrically at 490 nm. Cholesteryl ester

levels were derived by subtracting free cholesterol from total cholesterol values.
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2.11. Flow cytometry

Bone marrow was obtained by crushing femurs, tibiae, and spinal cords with a mortar and
pestle and passing the material through a 70-pum cell strainer with 1x PBS containing 10% fetal
calf serum. Fifty ul of peripheral blood was processed, ~30 mg of spleen tissue was dissociated
through a 70-um cell strainer, and bones were ground using a mortar and pestle. All samples
were treated with ammonium-chloride-potassium buffer (150 mM NH4CI, 10 mM KHCO3, 1 mM
EDTA, pH 7.3) or red blood cell lysis and washed with HEPES-buffered saline containing 10%
fetal calf serum. From bone marrow and spleen, 2 x 10”6 cells were aliquoted. Samples were
stained with CD115-PE , CD11b-eF450, CD45-FITC, Ly6G-PE-Cy7, CD49b-APC-Cy7, B220-
APC-Cy7, CD117-APC, and CD3e-APC-Cy7 (Table 3) for 45 min on ice in the dark. Dead cells
were identified using a 1:200 dilution of 7-AAD (BD Biosciences). Analysis was conducted on
a Cytoflex LX using CytExpert (Beckman Coulter, Brea, CA, USA) and FlowJo software
(Treestar Inc., San Carlos, CA, USA).

Table 3: Antibody panel for the analysis of the immune cell compartment in the peripheral blood, bone

marrow and spleen.

Antibody Dilution Source Identifier
CD115 - PE 1:160 eBioscience #12-1152-82
CD11b - eF450 1:160 eBioscience #48-0112-82
GR-1 - PE-Cy7 1:160 eBioscience #25-5931-82
CD117 (cKit) - APC 1:53 BD Pharmingen #553356
B220 - APC-Cy7 1:160 BD Pharmingen #552094
CD3e - APC-Cy7 1:20 BD Pharmingen #557596
CD49b — APC-Cy7 1:20 Invitrogen #47-5971-82
212. Characterization of bone marrow stem and progenitor cells

Lineage depletion (Mouse Hematopoietic Progenitor Cell Enrichment Set, #558451; BD
Biosciences, Franklin Lakes, NJ, USA) was performed according to the manufacturer’s
protocol. In brief, bone marrow cells were stained with the Biotin Mouse Lineage Depletion
Cocktail (#559971, BD Pharmingen), followed by magnetic labeling with Streptavidin Particles
Plus. Lineage-positive cells were separated on a magnet with the negative fraction remaining
in suspension. The lineage-negative cells were then stained with streptavidin-APC-Cy7 (BD
Biosciences) for 15 min, split into two aliquots, and stained for hematopoietic stem cells (CD48-
FITC, CD150-BV421, Sca1-PE-Cy7 and CD117-APC) or hematopoietic progenitor cells
(CD16/32-eF450, Sca1-Pe-Cy7, CD34-PE and CD117-APC) (Table 4) for >45 min on ice.
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Dead cells were stained with 1 pl 7-AAD (BD Biosciences) per 200 pl suspension. Samples

were analyzed by flow cytometry as described above.

Table 4: Antibody panel for the analysis of bone marrow stem and progenitor cells

Antibody Dilution Source Identifier
CD48 - FITC 1:40 BD Pharmingen #103403
CD150 - Bv421 1:10 BD Pharmingen #115925
Ly6A/E (Sca1) - PE-Cy7 1:20 eBioscience #25-5981-82
CD34 - PE 1:10 BD Pharmingen #551387
CD117 (cKit) — APC 1:160 BD Pharmingen #553356
CD16/32 - eF450 1:80 eBioscience #48-0161-82

2.13. Statistical analysis
Data analysis was performed using GraphPad Prism 10 (GraphPad Software Inc., San Diego,
CA, USA). Statistical significance was determined via two-tailed Student’s t-tests for three
independent comparisons: 1) WT vs Mmp12 KO (Tp < 0.05, fp < 0.01, Tp < 0.001), 2) WT vs
Lal KO (*p < 0.05, **p < 0.01, ***p < 0.001), and 3) Lal KO vs Lal/Mmp12 DKO #p < 0.05, #p

<0.01, ¥ < 0.001). Results are presented as mean + SD.
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3. Results

3.1.Characterizing 15-week-old chow diet-fed Lal/Mmp12 DKO mice

To investigate the extent to which MMP-12 contributes to the pathology of LAL-D, a new mouse
model lacking both Lal and MMP-12 was generated. These Lal/Mmp12 DKO mice were
characterized to analyze possible reductions in the severity of LAL-D.

At 15 weeks of age, female Lal KO and Lal/Mmp12 DKO mice were phenotypically
indistinguishable. Both genotypes had similar brain (Figure 4A) and body weights (Figure 4A).
LAL-D is known to cause hepatomegaly, whose extent was unchanged based on comparable
liver weights between Lal KO and Lal/Mmp12 DKO mice (Figure 4C). Similarly, the weights of
subcutaneous white adipose tissue (sWAT), epididymal white adipose tissue (eWAT), and
brown adipose tissue (BAT) were comparable in Lal KO andLal/Mmp12 DKO (Figure 4D),

suggesting that the weight decline of adipose tissue was not affected by the deletion of Mmp12.
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Figure 4: Unchanged body and tissue weights of Lal/Mmp12 DKO mice. 15-week-old mice were
sacrificed after 6 h of fasting. (A) Brain weight, and (B) body weight, normalized to brain weight. (C)
Liver weight normalized to brain weight. (D) Weight of subcutaneous white adipose tissue (sWAT),
epididymal white adipose tissue (€WAT) and brown adipose tissue (BAT), normalized to brain weight.

Data are shown as means (n = 6-7) + SD.
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We proceeded to examine the plasma parameters of Lal/Mmp12 DKO mice in greater detail.
The plasma concentrations of alanine aminotransferase (ALT) and aspartate aminotransferase
(AST), common clinical markers for hepatic injury, were not significantly changed following the
deletion of Mmp12 (Figure 5A). Similarly, plasma lipid parameters (Figure 5B) and hepatic lipid
accumulation (Figure 5C) were identical in Lal KO and Lal/Mmp12 DKO mice after 12 h of
fasting, indicating that MMP-12 does unlikely contribute to hepatic lipid accumulation in Lal KO

mice.
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Figure 5: Unchanged plasma ALT, AST, and lipid parameters, and hepatic lipid accumulation in
Lal/Mmp12 DKO mice. 15-week-old mice were sacrificed after 6 h of fasting. Plasma concentrations of
(A) alanine aminotransferase (ALT) and aspartate aminotransferase (AST). (B) Plasma and (C) hepatic
lipid parameters (Total cholesterol (TC), free cholesterol (FC), cholesteryl ester (CE) and triacylglycerol

(TAG). Data are shown as means (n = 3-7) + SD.

In mice, LAL-D caused substantial adaptations in lipid metabolism, reflected by expression
changes of key enzymes in cholesterol biosynthesis, fatty acid oxidation, triglyceride synthesis,
and lipoprotein assembly (17). However, the deletion of Mmp12 had no effect on the hepatic
expression of Fasn, Cd36, Acat, Srebp, Ppara or Pgc1a. Similarly, the analysis of hepatic
ECM-deposition, based on the expression of key ECM components such as collagen, actin,
and elastin, revealed no detectable changes in Lal/Mmp12 DKO mice (Figure 6B). The
expression of pro-inflammatory markers, including Cox2, /16, Ifng, and Tnf, as well as the TNF-

target genes Irf1 and Junb, and the anti-inflammatory marker //70, were comparable between
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Lal KO and Lal/Mmp12 DKO mice, suggesting no significant amelioration to hepatic
inflammation. The chemotaxis markers Cc/2 and Ccl5, as well as the macrophage marker

Emr1 were similarly unaffected by the deletion of Mmp 12 (Figure 6C).
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Figure 6: Gene expression markers for hepatic inflammation and fibrosis were unaffected in
Lal/Mmp12 DKO mice. 15-week-old mice were sacrificed after 6 h of fasting. Hepatic mMRNA expression
of (A) lipogenic markers (Fasn, Cd36, Acat, Srebp, Ppara and Pgc1a), (B) fibrotic markers (Acta, Acta2,
Col1a1, Col1a2 and Eln), (C) pro-inflammatory markers (Cox2, 6, Ifng and Tnf), TNF target genes (Irf1
and Junb), anti-inflammatory marker (//10), chemotaxis markers (Ccl2 and Ccl5), macrophage marker
(Emr1). Data are shown as means (n = 3-7) + SD. #p < 0.05 and ##p < 0.001 for the comparison between
Lal KO and Lal/ Mmp12 DKO mice.

Matrix metalloproteinases can be inhibited by tissue inhibitors of matrix metalloproteinases
(TIMPs), and, thus, we analyzed possible changes in the expression of the four known Timp
genes. We observed identical mRNA expression of Timp1, Timp2, Timp3, and Timp4 in both
genotypes (Figure 7B). Furthermore, we determined the hepatic expression of other members
of the MMP family. First, we verified the deletion of Mmp12 by the absence of its expression
(Figure 7A). The liver of Lal/Mmp12 DKO mice exhibited decreased expressions for Mmp3,
Mmp10, and Mmp13 (Figure 7B). In conclusion, targeting MMP-12 was ineffective in

ameliorating any aspect of the hepatic pathology in 15-week-old Lal KO mice.
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Figure 7: Reduced hepatic expression of Mmp3, Mmp10, and Mmp13 in Lal/Mmp12 DKO mice.
15-week-old mice were sacrificed after 6 h of fasting. (A) Tissue inhibitors of MMPs (TIMPs) (Timp1 —
4), and (B) mouse MMP family members (Mmp1a, Mmp2, Mmp3, Mmp7, Mmp8, Mmp9, Mmp10,
Mmp11, Mmp12, Mmp13, Mmp14, Mmp15 Mmp16 and Mmp23). Data are shown as means (n = 3-7) +
SD. #p < 0.05 and ##p < 0.001 for the comparison between Lal KO and Lal/Mmp12 DKO mice.

The lungs of Lal KO mice display pronounced inflammation and fibrosis. The connection
between LAL-D and Mmp12 overexpression was first demonstrated in the lungs of Lal KO
mice (146). Similarly, the expression of Mmp12 was found to be significantly correlated with
the severity of chronic inflammatory conditions of the lungs, such as smoking-induced COPD
(147). However, targeting MMP-12 in Lal KO mice did not result in reduced expression of pro-
inflammatory markers, TNF target genes, anti-inflammatory markers, chemotaxis or
macrophage markers in Lal/Mmp12 DKO mice (Figure 8). Moreover, the expression of
extracellular matrix proteins, including Actal, Acta2, Col1a1, and Col1a2, was identical
between the two genotypes (Figure 8). Only the expression of elastin (Eln) was reduced by
30% in the lungs of Lal/Mmp12 DKO mice, suggesting a correlation between Mmp12

expression and elastin turnover.
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Figure 8: Only minor changes in pulmonary gene expression in Lal/Mmp12 DKO mice. 15-week-
old mice were sacrificed after 6 h of fasting. Hepatic mMRNA expression of (A) pro-inflammation markers
(Cox2, 116, Ifng, Tnf), TNF target genes (Irf1, Junb), anti-inflammatory marker (1110), chemotaxis marker
(Ccl2 and Ccl5) and the macrophage marker (Emr1), (B) fibrotic markers (Acta1, Acta2, Col1a1, Col1a2
and Eln). Data are shown as means (n = 3-6) + SD. #p < 0.05, and ##p < 0.001 for the comparison
between Lal KO and Lal/Mmp12 DKO mice.

Similar to the hepatic expression of TIMPs, the lungs of Lal/Mmp12 DKO mice showed no
changes in the expression of Timp1, Timp2, Timp3 or Timp4 (Figure 9A). Of the 18 MMP family
members expressed in the lung of Lal KO mice, only Mmp3 showed a marked reduction in
Lal/Mmp12 DKO mice (Figure 9B-C), indicating that MMP-12 may regulate the expression of
Mmp3 in both the liver and lung.
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Figure 9: Only Mmp3 exhibited a reduced pulmonary expression in Lal/Mmp12 DKO mice. 15-
week-old mice were sacrificed after 6 h of fasting. Hepatic mMRNA expression of (A) fissue inhibitors of
MMPs (TIMPs) (Timp1 - 4). (B-C) mouse MMP family members (Mmp1a, Mmp1b, Mmp2, Mmp3, Mmp?7,
Mmp8, Mmp9, Mmp11, Mmp12, Mmp13, Mmp14, Mmp15 Mmp16, Mmp23, Mmp24, Mmp25, Mmp27,
and Mmp28) and, Data are shown as means (n = 3-6) + SD. #p < 0.05, and ##p < 0.001 for the
comparison between Lal KO and Lal/Mmp12 DKO mice.

In summary, the deletion of Mmp12 in 15-week-old mice did not ameliorate the emphysema-
like lung phenotype associated with LAL-D. Neither reduced body and tissue weights, nor
hepatomegaly, hepatic macrophage accumulation, or pulmonary inflammation were affected
in Lal/Mmp12 DKO mice. We propose that with chow diet feeding or at this relatively early
disease stage, Mmp12 expression may be insufficient to significantly contribute to the
pathology of LAL-D.

3.2.Characterizing 15-week-old high-fat diet-fed Lal/Mmp12 DKO mice
To test whether challenging mice might magnify the contribution of MMP-12 to the pathology
of LAL-D, we fed mice from the age of 9 to 15 weeks with a high-fat, high-cholesterol diet
(HFD). Furthermore, wild type (WT) mice were included to better contextualize the pathology
of Lal KO and potential ameliorations in Lal/Mmp12 DKO mice.
After challenging mice with a high fat diet for 6 weeks, Lal KO and Lal/Mmp12 DKO mice still
displayed comparable reductions in body weights (Figure 10A). All three genotypes exhibited
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a similar body weight increase (Figure 10B) and total weight gains (Figure 10C). Similar to
chow diet feeding, 6 weeks of HFD did not alter liver, spleen, sWAT or BAT weights between
Lal KO and Lal/Mmp12 DKO mice compared to WT mice.
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Figure 10: Six weeks of HFD feeding did not alter body or tissue weights of Lal/Mmp12 DKO
mice. 15-week-old female mice were fed a high fat diet (HFD) for 6 weeks, fasted for 6 h, and sacrificed.
(A) Body weights at 9 weeks (Start) and 15 weeks (End) of age, (B) body weight, and (C) body weight
gain. Tissue weight of the (D) liver, (E) spleen, (F) subcutaneous white adipose tissue (sWAT), and
brown adipose tissue (BAT). All tissue weights were normalized to brain weight; WT mice were arbitrarily

set to 1. Data are shown as means (n = 5-7) + SD. ***p < 0.001 for the comparison between Lal KO and
Lal/Mmp12 DKO mice.
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Next, we assessed whether HFD feeding modified the effect of Mmp 12 deletion on plasma and
hepatic lipid parameters. At 9 weeks of age, chow-fed Lal KO mice displayed significantly
elevated TC levels, primarily driven by an increase in the FC fraction, while CE and TAG levels
remained comparable to WT controls (Figure 11A). After 6 weeks of HFD feeding, the increase
in TC and FC was further exacerbated in Lal KO mice and accompanied by elevated CE levels.
Across all measured lipids, no differences were observed between Lal KO and Lal/Mmp12
DKO mice, indicating that Mmp 12 deletion did not affect plasma lipid composition under these
conditions (Figure 11A). Consistent with the plasma, hepatic cholesterol levels were markedly
increased in Lal KO mice, resulting from elevated FC and CE accumulation (Figure 11B). In
contrast, hepatic TG content was comparable across all three genotypes (Figure 11B).

To evaluate hepatocyte injury, plasma AST and ALT concentrations were measured. While
chow-fed WT and Lal KO mice exhibited only modest differences in transaminase levels, HFD
feeding induced a pronounced increase in both AST and ALT concentrations specifically in
Lal/Mmp12 DKO mice. These findings suggest that Mmp12 deletion may sensitize the liver to
HFD-induced stress or injury, potentially through a mechanism independent of lipid

accumulation.
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Figure 11: No changes in lipid paramters and plasma AST & ALT concentrations following the
deletion of Mmp12. 15-week-old female mice were fed a high-fat diet (HFD) for 6 weeks, fasted for 6
h, and sacrificed. (A) Plasma lipid parameters at the start and end of HFD-feeding, (B) hepatic lipid
content, and (C) plasma concentrations of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) at the start and end of HFD-feeding. Data are shown as means (n = 4-7) + SD.
*p <0.05 and ***p <0.001 for the comparison between WT and Lal KO mice; #p < 0.05 for the comparison
between Lal KO and Lal/Mmp12 DKO mice.

The objective of challenging mice for 6 weeks on a HFD was to enhance the expression of
Mmp12, thereby potentially amplifying the hypothesized contribution of MMP-12 to the hepatic
pathology. An ~750-fold elevated Mmp12 expression was observed in Lal KO mice (Figure
12A). However, the Ct value for Lal KO mice remained approximately at 23, regardless of
dietary regimen (data not shown), indicating that HFD feeding was insufficient to further
upregulate the expression of Mmp12. Notably, in Lal/Mmp12 DKO mice, the expression of the

anti-inflammatory marker //10 was restored to levels comparable to those observed in WT mice
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(Figure 12B). However, the pro-inflammatory markers Tnf and //1b remained unchanged by
the deletion of Mmp12 (Figure 12B). Similarly, mRNA expression of Emr1 and Cd68 was
equivalent in Lal KO and Lal/Mmp12 DKO mice (Figure 12C), indicating that, similar to mice
fed a chow diet, HFD feeding did not result in altered hepatic accumulation of lipid-laden
macrophages in Lal/Mmp12 DKO mice. Instead, the expression of Ly6G and Elane, two
neutrophil markers, was found to be 516- and 520-fold elevated in Lal KO mice, but only 216-
and 175-fold in Lal/Mmp12 DKO mice (Figure 12D). Immunofluorescence staining for the
neutrophil marker Ly6G demonstrated the presence and localization of neutrophils surrounding
some individual lipid-loaded macrophage aggregates (Figure 12E). In agreement with the
expression of Ly6g, these neutrophil accumulations appeared less dense on Lal/Mmp12 DKO
section than for Lal KOs. Taken together, these findings suggest that the deletion of Mmp12
had a modest impact on neutrophil accumulation and that a more comprehensive

characterization of immune cell populations in Lal/Mmp12 DKO is warranted.
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Figure 12: Reduced expression of the neutrophil markers Ly6G and Elane in the liver of
Lal/Mmp12 DKO mice. 15-week-old female mice were fed a high fat diet (HFD) for 6 weeks, fasted for
6 h, and sacrificed. Hepatic mMRNA expresion of (A) Mmp12, (B) pro-inflammatory (Tnf and /l/1b) and
anti-inflammatory (/L70) markers, (C) macrophage markers (Emr1 and Cd68), and (D) neutrophil
markers (Ly6G and Elane). (E) Paraffin sections stained by immunofluorescence targeting of CD68
(green) and Ly6G (red). Data are shown as means (n = 4-7) + SD. ***p < 0.001 for the comparison
between WT and Lal KO mice; #p < 0.05 and ##p < 0.001 for the comparison between Lal KO and
Lal/Mmp12 DKO mice.

3.3.Characterizing 30-week-old chow diet-fed Lal/Mmp12 DKO mice

In the next cohort, we increased the age of mice to 30 weeks to both improve comparability to
previously published data on Lal KO mice and to characterize mice in a more advanced stage
of LAL-D. At 30 weeks of age, male Lal KO and Lal/Mmp12 DKO mice displayed comparable
reductions in body weight compared to WT littermates (Figure 13A). Similarly, the extent of
hepatomegaly was identical in Lal KO and Lal/Mmp12 DKO mice (Figure 13B). Next, we
verified the hepatic expression of Mmp72 and observed a significant 275-fold increase in Lal
KO mice and a complete lack of expression in Lal/Mmp12 DKO mice (Figure 13C). The mRNA
expression levels of pro-inflammatory markers (Tnf, //1b) and the macrophage chemotaxis
marker (Ccl2) were comparable between the livers of Lal KO and Lal/Mmp12 DKO mice
(Figure 13D).

The enlargement of the liver (hepatomegaly) seen in Lal KO mice is primarily mediated by the
progressive buildup of CE-loaded macrophages (29). Elevated liver weights are
complemented by 25.8- and 194-fold increased hepatic expression of the macrophage
markers Emr1 and Cd68 (Figure 13E), as well as increased CE accumulation in the liver of Lal
KO mice (Figure 13G). However, both the expression of macrophage markers, and hepatic
lipid accumulation remained comparable in Lal/Mmp12 DKO mice. This is further substantiated
by the absence of discernible differences in hepatic histology between Lal KO and Lal/Mmp12
DKO sections. Both genotypes displayed identical macrophage aggregates, forming
granuloma-like structures (Figure 13F), indicating that MMP-12 does not contribute to
hepatomegaly or hepatic macrophage accumulation.

In conclusion, our data suggest that MMP-12 is unlikely to modulate macrophage accumulation

or their associated dysfunction in the context of LAL-D.
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Figure 13: Unchanged liver weight, macrophage accumulation, and inflammation in Lal/Mmp12
DKO mice. 30-week-old male chow diet-fed mice were sacrificed after 6 h of fasting. (A) Body and (B)
liver weight normalized to brain weight; WT mice were arbitrarily set to 1. Hepatic mMRNA expresion of
(C) Mmp12, (D) pro-inflammatory markers (Tnf, II1b and Ccl2) and (E) macrophage markers (Emr1 and
Cd68). (F) Representative images of liver sections stained with H&E. (G) Hepatic lipid paramters. Data
are shown as means (n = 4-7) + SD. *p < 0.05 and ***p < 0.001 for the comparison between WT and
Lal KO mice; ##p < 0.05 for the comparison between Lal KO and Lal/Mmp12 DKO mice. The use of this
figure obtained from (148) is allowed under the terms described in the appendix.
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LAL-D has been shown to cause a depletion of white and brown AT in Lal KO mice (56). Since
MMP-12 secreted by AT macrophages, was shown to promote insulin resistance while also
reducing HFD-induced AT expansion (149), we examined whether dysregulated MMP-12
expression might contribute to the AT pathology in Lal KO mice. The loss of AT in the Lal KO
mice was evidenced by a strong reduction of sWAT weight and to a lesser extent in BAT (Figure
14A) and was not ameliorated in Lal/Mmp 12 DKO mice. In agreement, the mean area of sSWAT
adipocytes were 2.8-fold and 2.6-fold reduced in Lal KO and Lal/Mmp12 DKO mice,
respectively (Figure 14B). Similarly, the count of adipocytes below 10 um in diameter was
markedly elevated, while diameters between 20 - 30 ym were greatly diminished in both Lal
KO and Lal/Mmp12 DKO mice (Figure 14C). Based on our data, we conclude that MMP-12

does not contribute to adipocyte loss in Lal KO mice.
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Figure 14: Comparable reduction of adipose tissue weights in 30-week old Lal KO and Lal/Mmp12
DKO mice. 30-week old chow diet-fed mice were sacrificed after 6 h of fasting. (A) The weight of
subcutaneous white adipose tissue (sWAT) and brown adipose tissue (BAT) normalized to brain weight;
WT mice were arbitrarily set to 1. (B) Mean area and (C) diameter of adipocytes from sWAT paraffin
sections. Data are shown as means (n = 4-6) + SD. **p < 0.01 and ***p < 0.001 for the comparison
between WT and Lal KO mice. The use of this figure obtained from (148) is allowed under the terms

described in the appendix.
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Next, we assess the effect of MMP-12 loss on different plasma parameters. The plasma
concentrations of AST and ALT are commonly used as a clinical biomarker for liver health. In
Lal KO mice, we observed a 7.3-fold increase in AST and a 5.1-fold increase of ALT (Figure
15A), further emphasizing the severity of the hepatic pathology in LAL-D. However, AST and
ALT levels in Lal/Mmp 12 DKO mice were comparable to those in Lal KO mice. Similarly, serum
amyloid A concentrations (Figure 15B), a hepatocyte-derived acute phase protein, were
comparable across both genotypes, suggesting that the deletion of Mmp12 does not affect
markers of hepatocyte injury or systemic inflammation.

After 6 h of fasting, blood glucose levels were significantly reduced in both Lal KO and
Lal/Mmp12 DKO mice (Figure 15C). However, plasma lipid parameters after 6 h of fasting did
not differ significantly between WT, Lal KO, and Lal/Mmp12 DKO mice (Figure 15D),
suggesting that MMP-12 does not contribute to the metabolic phenotype of LAL-D.
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Figure 15: No changes in plasma parameters in Lal/Mmp12 DKO mice. Blood was collected from
30-week-old chow diet-fed mice after 6 h of fasting. (A) Plasma concentrations of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), and (B) serum amyloid A (SAA). (C) Fasting
glucose and (D) plasma lipid parameters after 6 h of fasting. Data are shown as means (n = 4-8) + SD.
*p £ 0.05 and ***p < 0.001 for the comparison between WT and Lal KO mice. The use of this figure

obtained from (148) is allowed under the terms described in the appendix.
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Before examining possible effects deleting Mmp12 has on the pathology of immune cells, we
performed a preliminary evaluation of whether Mmp72 KO mice display alterations in their
complete blood counts and whether sex specific differences must be accounted for.

To this end, we performed complete blood counts of 15-week-old male and female WT and
Mmp12 KO mice. Interestingly, we observed a 33.7% reduction in total leukocyte counts
(Figure 16A), 40.1% reduction in lymphocytes (Figure 16B), and a 32% reduction of
granulocytes in Mmp12 KO mice (Figure 16C), indicating a cell type-independent effect of
Mmp12 deletion on cell counts.

Taken together, this suggests a physiological role of MMP-12 in the absence of chronic
inflammation and that this effect is sex-independent. We conclude that a proper
characterization of the immune system of Mmp12 KO and Lal/Mmp12 DKO mice is required

and that either sex may be used.
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Figure 16: No sex specific differences in blood cell counts in Mmp12 KO mice. Peripheral blood
was collected from the submandibular vein of 15-week-old chow diet-fed mice. Cell counts for (A) total
leukocytes, (B) lymphocytes, and (C) granulocytes. Data are shown as means (n = 6-12) + SD. fp <

0.05 and tTp < 0.01 for the comparison between WT and Mmp12 KO mice.
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3.4.Characterizing the immune system of Lal/Mmp12 DKO mice

The peripheral blood of Lal KO mice has been shown to be heavily skewed towards the myeloid
lineage. To analyze whether the deletion of Mmp 12 affects the lymphoid-to-myeloid shift in Lal
KO mice, we measured the complete blood counts of 30-week-old chow diet-fed male mice.

We observed a nearly identical reduction in leukocyte, lymphocyte, and granulocyte counts
(26.4%, 26.3%, and 27.1%, respectively) between WT and Mmp12 KO mice (Figure 17A-B).
Accordingly, lymphocytes accounted for ~77% and granulocytes for ~20% of circulating cells
in both WT and Mmp12 KO mice (Figure 17C), indicating that in the absence of an
inflammatory stimulus and under physiological conditions, the deletion of Mmp12 has no effect
on the lymphoid-to-myeloid ratio of peripheral blood immune cells. Consistent with this,
cytological examination of Giemsa-stained blood smears showed that 82.8% and 79.3% of
immune cells were of the myelomonocytic lineage in WT and Mmp12 KO mice, respectively
(Figure 17D). Platelet counts were equally elevated in both Lal KO and Lal/Mmp12 DKO mice
(Figure 17E). These results indicate that the deletion of Mmp12 has a cell type-independent
effect on peripheral blood immune cell counts. Total leukocyte counts in Lal KO mice increased
by 14%, originating from a 43.9% decrease in lymphocytes but a 3.39-fold increase in
granulocyte counts (Figure 17A-B). This shift was reflected by a reduction in lymphocytes to
36.9% and an increase in granulocytes to 58.6% of total circulating immune cells (Figure 17C).
This was further corroborated by cytological examination, with only 41.1% of cells exhibiting a
lymphoid appearance. Regarding other parameters of the complete blood count, Lal KO mice
displayed a 77.6% increase in platelet counts (Figure 17E) and pronounced reductions of the
mean corpuscular volume, hematocrit, hemoglobin, and mean corpuscular hemoglobin (Table
3), indicating that the wide-ranging pathology of LAL-D also significantly affects thrombocytes
and erythrocytes. Compared to WT mice, Mmp12 KO and Lal KO mice, Lal/Mmp12 DKO mice
displayed greater variability in their blood counts. Nevertheless, total leukocyte counts
appeared on average comparable between Lal KO and Lal/Mmp12 DKO mice (Figure 17A).
The highest lymphocyte counts of Lal/Mmp12 DKO mice were comparable to that of an
average WT mouse, while the lowest counts were equal to an average count of a Lal KO mice
(Figure 17B). However, in Lal/Mmp12 DKO mice with the highest lymphocyte counts, we also
observed proportionally elevated granulocyte counts (Figure 17B), resulting in an unchanged
ratio of lymphocytes to granulocytes compared to Lal KO mice. To complement automated
complete blood counts, we performed cytological examination and manually counted the ratio
of myeloid to lymphoid cells, leading to a marginally non-significant increase (p=0.056) in the
lymphoid cells (Figure 17D). Of note, the number of thrombocytes was not affected and

remained elevated in Lal/Mmp12 DKO mice (Figure 17E). However, hemoglobin (HGB) levels
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were markedly reduced from 13.9 g/dl in WT mice to 9 g/dl in Lal KO mice and were partially
ameliorated to 10.4 g/dl in Lal/Mmp12 DKO mice (Figure 17F). This increase in HGB may be
attributed to a complementary rise in erythrocyte (RBC) counts that were comparable in WT,
Mmp12 KO and Lal KO, but increased 17% (p=0.022) in Lal/Mmp12 DKO mice (Table 3). Since
RBC counts were unchanged in Lal KO mice but increased in the DKO mice, they are the most

probable source of the observed rise in HGB levels.
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Figure 17: First indications of ameliorate lymphocyte and granulocyte counts in Lal/Mmp12 DKO
mice. Peripheral blood was collected from the submandibular vein of 30-week-old chow diet-fed mice.
Cell counts for (A) total leukocytes, (B) lymphocytes, and granulocytes. (C) The percentages of
lymphocytes or granulocytes. (D) The freqency of lymphoid and myeliod cells determined by cytological
examinaton of Giemsa-stained blood smears. (E) Total thrombocyte counts and (F) hemoglobin levels.
Data are shown as means (n = 6-12) + SD. Tp < 0.05 for the comparison between WT and Mmp12 KO
mice. *p < 0.05 and ***p < 0.001 for the comparison between WT and Lal KO mice; #p < 0.05 for the
comparison between Lal KO and Lal/Mmp12 DKO mice. The use of this figure obtained from (148) is

allowed under the terms described in the appendix.
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Table 3: Complete blood count (CBC) analysis: Peripheral blood was collected from the

submandibular vein of 30-week-old chow diet-fed male mice. Values are presented as mean *+ SD.

Statistical comparisons were performed between Lal KO and Lal/Mmp12 DKO mice.

Wild Type Mmp12 KO Lal KO Lal/Mmp12 DKO (L;-/tlgcs)tvs
Lal/Mmp12 DKO)

PLT 1077 +/- 337 | 1035 +/- 196 | 1913 +/- 375 | 1861 +/- 460 0.84
MPV 44 +/- 0.58 44 +/- 0.16 42 +/- 0.16 46 +/- 0.30 0.039
PCT 04 +/- 0.1 0.5 +/- 0.09

PDW 16.3 +/- 0.55( 16.2 +/- 0.11 159 +/- 0.19| 16.1 +/- 0.28 0.15
RBC 99 +/- 0.68 96 +/- 0.78 93 +/- 1.06| 11.0 +/- 0.94 0.022
MCV 450 +/- 166 441 +/- 1.02| 309 +/- 3.05( 294 +/- 1.64 0.35
HCT 04 +/- 0.03 04 +/- 0.03 0.3 +/- 0.01 0.3 +/- 0.02 0.0094
HGB 13.9 +/- 153 | 13.8 +/- 042 9.0 +/- 0.37| 104 +/- 1.00 0.017
MCH 14.0 +/- 142 145 +/- 110 96 +/- 0.79 94 +/- 0.62 0.62
MCHC | 326 +/- 151 329 +/- 217 | 315 +/- 1.24| 323 +/- 1.12 0.29
% RDW| 15.9 +/- 0.82| 155 +/- 031 21.6 +/- 225| 224 +/- 142 0.50
WBC 12.5 +/- 1.90 99 +/-156| 145 +/- 1.83| 16.8 +/- 552 0.37
LYM 9.7 +/- 1.62 76 +/- 125 54 +/- 1.37 71  +/- 2.63 0.21
GRA 25 +/- 0.55 20 +/- 0.59 84 +/- 0.88 8.7 +/- 299 0.84
MON 0.3 +/- 0.07 0.3 +/- 0.08 06 +/- 0.21 1.0 +/- 0.39 0.11
%LYN| 0.77 +/- 0.04| 0.77 +/- 0.04| 037 +/- 0.06| 042 +/- 0.05 0.19
% GRA| 0.20 +/- 0.04( 0.20 +/- 0.04| 0.59 +/- 0.06| 0.53 +/- 0.06 0.1
% MON| 0.03 +/- 0.01| 0.03 +/- 0.01| 0.05 +/- 0.01| 0.06 +/- 0.01 0.085
%EOS| 00 +/- 0 00 +/- 0 00 +/- O 00 +- O

Abbreviations: PLT - platelet count; MPV - mean platelet volume; PCT - procalcitonin; PDW - platelet

distribution width; RBC - red blood cell count; MCV - mean corpuscular volume; HCT - hematocrit; HGB

- hemoglobin; MCH - mean corpuscular hemoglobin; MCHC - mean corpuscular hemoglobin

concentration; RDW - red blood cell distribution width; WBC - white blood cell count; LYM - lymphocytes;

GRA - granulocytes; MON - monocytes; % LYN - relative lymphocyte frequency; % GRA - relative

granulocyte frequency; % MON - relative monocyte frequency; % EOS - relative eosinophil frequency.

The use of this table obtained from (148) is allowed under the terms described in the appendix.
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The spleen is an important secondary lymphoid organ responsible for filtering of senescent
blood cells, serving as a reservoir for lymphocytes, and functioning as a central hub of the
mononuclear phagocyte (150). In Lal KO mice, splenomegaly manifests as a 2.3-fold increase
in spleen weight (Figure 18A). Following the deletion of Mmp12, splenomegaly was mildly
ameliorated and only increased by 1.78-fold (p=0.062) compared to WT mice (Figure 18A). In
addition, we observed a distinct amelioration of thymus weights, which were on average 68.6%
reduced in Lal KO mice, but only 43.5% smaller in Lal/Mmp12 DKO mice compared to WT
mice. Histological examination of H&E-stained thymus sections revealed a complete loss of
the medulla, leaving only the darker-staining cortical region intact in the thymus of Lal KO mice.
In contrast, thymus sections of Lal/Mmp12 DKO mice displayed a distinctive improvement in
morphology, showing reduced disorganization and a clearer delineation between medullary
and cortical regions (Figure 18B). Nevertheless, we still observed the accumulation of lipid-

laden macrophages in both Lal KO mice and Lal/Mmp12 DKO mice (Figure 18C).
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Figure 18: Markedly inproved thymus weight and morphology of Lal/Mmp12 DKO mice.
Tissues were collected from 30-week-old male mice fed a chow diet at libidum. (A) Body weight
and the tissue weights of the (B) spleen and (C) thymus; WT mice were arbitrarily set to 1. (D)
Representative images of H&E-stained thymus paraffin sections of WT, Lal KO, and
Lal/Mmp12 DKO mice. Scale bars = 100 ym. Red arrows indicate lipid-laden macrophage
aggregates. Data are shown as means (n = 6-10) + SD. ***p < 0.001 for the comparison
between WT and Lal KO mice; #p < 0.01 for the comparison between Lal KO and Lal/Mmp12
DKO mice. The use of this figure obtained from (148) is allowed under the terms described in
the appendix.

41



Automated hematology analysis has clear limitations and is generally used only as an initial
step to gain a broad overview. To obtain more detailed insights into the consequences of
targeting MMP-12 on the composition of immune cells, we analyzed the immune cell
compartments of the peripheral blood, bone marrow and spleen via multi-color flow cytometry.
The lymphoid-to-myeloid expansion of Lal KO mice was distinctly visible across all three
tissues (Figure 19A). Represented as the % of CD45+ cells, the CD11b+ Ly6G+ fraction
accounted for 87.6% in the peripheral blood, 87.6% in the bone marrow, and 33% in the spleen
of Lal KO mice (Figure 19A). The deletion of Mmp12 had no effect on Mmp12 KO mice, as the
CD11b+ Ly6G+ fractions were identical to WT mice across all three immune cell
compartments. On the other hand, Lal/Mmp12 DKO mice displayed a distinct reduction of the
CD11b+ Ly6G+ fraction from 60.6% to 39.3% in the peripheral blood, from 87.6% to 78.6% in
the bone marrow, and from 33% to 16.9% in the spleen (Figure 19A). This suggests that indeed
the lymphoid-to-myeloid shift of Lal KO mice was partially ameliorated by the deletion of
Mmp12, indicating a contribution of MMP-12 to the immune cell pathology of LAL-D.

The expansion of myeloid cells in Lal KO mice has already been thoroughly characterized (59).
It was shown that the hematopoietic bone marrow progenitor compartment was heavily skewed
towards the myeloid lineage and lead to a systemic expansion of CD11b+ Gr-1+ cells. In
addition, the characterization of a mouse model with a myeloid linage specific overexpressing
of MMP-12 displayed a similar expansion of myeloid cells across the peripheral blood, bone
marrow and spleen, as well as major alterations in the hematopoietic bone marrow progenitor
compartment.

To evaluate whether deleting Mmp12 in Lal KO mice reverses pathological alterations to
hematopoiesis, we characterized the hematopoietic progenitor cell compartmentin Lal/Mmp12
DKO mice. We observed only marginal changes to the hematopoietic stem cell compartment
(Lin- Sca-1+ c-Kit+) across all four genotypes (Figure 19B), but a significant increase in the
progenitor cell compartment (Lin- c-Kit+) from 38.5% in WT mice to 51.5% in Lal KO mice
(Figure 19B). This increase was partially ameliorated by a reduction from 51.5% to 44.0% in
Lal/Mmp12 DKO mice, albeit insignificant with a p-value of 0.07. The composition of the Lin-
c-Kit+ fraction was further separated into individual progenitor fractions, where common
myeloid progenitor cell (CMPs) content appeared comparable across all four genotypes
(Figure 19C). In line with previous reports, the granulocyte macrophage progenitor cell fraction
was 2.59-fold elevated in Lal KO mice and 2.1-fold (p=0.29) in Lal/Mmp12 DKO mice (Figure
19C). Notably, the megakaryocyte erythrocyte progenitors (MEPSs) fraction displayed greater

variations in Mmp12 KO mice yielding to two distinct populations within this group. Considering
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that thrombocyte and erythrocyte counts were equal in WT and Mmp 12 KO mice, this variation
is most likely a measurement error without biological relevance.

Although a myeloid-specific overexpression of MMP-12 caused hematopoietic changes similar
to those seen in Lal KO mice, the absence of improvement in the hematopoietic progenitor cell
compartment of Lal/Mmp12 DKO mice suggests that in the context of LAL deficiency, MMP-12
does not significantly contribute to pathological alterations in hematopoiesis. In conclusion,
reduced CD11b+ Ly6G+ fractions across the bone marrow, peripheral blood and the spleen
were not complemented by alterations in the bone marrow hematopoietic progenitor cell
compartment of Lal/Mmp12 DKO mice. Thus, it is unlikely that changes in the production of

immune cells can account for the observed reduction in CD11b+ Ly6G+ cells.
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Figure 19: Reduced CD11b+Ly6G+ counts across the immune cell compartment of peripheral
blood, bone marrow, and spleen of Lal/Mmp12 DKO mice. Samples were collected from 30-week-
old mice fed a chow diet at libidum. (A) Representative flow cytometry plots depicting the CD11b+Ly6G+
fraction in the immune cell compartment of the peripheral blood, bone marrow, and spleen. The size of
(B) Lin- Sca1+ c-Kit+ (LSK) and Lin- c-Kit+ (LK) fractions, (C) hematopoietic progenitor cells [common
myeloid progenitors (CMPs), granulocyte macrophage progenitors (GMPs), and megakaryocyte
erythrocyte progenitor cells (MEPs)] depicted as % of 7-AAD lineage-negative bone marrow cells. Data
are shown as means (n =5-9) + SD. **p £ 0.01 and ***p < 0.001 for the comparison between WT and
Lal KO mice; #p < 0.05 #p < 0.01 for the comparison between Lal KO and Lal/Mmp12 DKO mice. The

use of this figure obtained from (148) is allowed under the terms described in the appendix.

The immune cell compartment of the spleen displayed the strongest reduction of CD11b+
Ly6G+ cells. To assess whether this reduction had beneficial effects on the spleen pathology
of LAL-D, we characterized the spleen of Lal/Mmp12 DKO mice.

A histological examination of spleen paraffin sections demonstrated the two functionally and
anatomically distinct regions in WT mice (Figure 20A). The darker, more nuclei dense white
pulp, indicated by green arrows, serves as a reservoir of T-lymphocytes and macrophages,
whereas the red pulp, indicated by red arrows, comprises a dense network of venous tissue
that facilitates the phagocytosis of old, damaged, and dead blood cells and antigens (Figure
20A). This separation of morphological features was absent from Lal KO and Lal/Mmp12 DKO
sections, which displayed markedly disorganized and heterogeneous red and white pulp
fragments, interspersed by granuloma-like lipid-laden macrophage aggregates (Figure 20A).
Notably, both the morphological disorganization of the spleen and macrophage aggregates
appeared identical in Lal KO and Lal/Mmp12 DKO spleens (Figure 20A). In agreement, the
mRNA expression of the macrophage marker Cd68 was equally elevated in Lal KO and
Lal/Mmp12 DKO mice (Figure 20B). Surprisingly, the expression of the two neutrophil markers
Ly6g and Elane were not reduced in Lal/Mmp12 DKO compared to Lal KO mice, which was
the case in the liver of Lal/Mmp12 DKO mice (Figure 20C-D). The expression of Mmp12 was
only 12.5-fold elevated in Lal KO mice, whereas at a similar age, the liver exhibited a 275-fold
increase (Figure 20E). We confirmed that Mmp 12 expression was absent in Lal/Mmp12 DKO
mice (Figure 20E).
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Figure 20: Unchanged accumulation of lipid-laden macrophages in spleens of Lal/Mmp12 DKO
mice. Samples were collected from 30-week-old mice fed a chow diet at libidum. (A) Representative
images of H&E-stained spleen paraffin sections from WT, Lal KO, and Lal/Mmp12 DKO spleens. Red
arrows indicate red pulps, green arrows indicate white pulps. Scale bars, 100 um. Gene expression of
(B) the macrophage marker Cd68, the neutrophil markers (C) Ly6G and (D) Elane, and (E) Mmp12.
Data are shown as means (n = 4) + SD. ***p < 0.001 for the comparison between WT and Lal KO mice;
##p < 0.001 for the comparison between Lal KO and Lal/Mmp12 DKO mice. The use of this figure

obtained from (148) is allowed under the terms described in the appendix.

The spleen is an important secondary lymphoid organ acting as a reservoir of lymphocytes
and facilitates antigen presentation and lymphocyte activation (150). Previous studies have
shown that CD11b+Ly6G+ neutrophils in Lal KO mice display expression signatures of
myeloid-derived suppressor cells (MDSCs) exerting immunosuppressive properties on
lymphocyte proliferation and function (69). Based on the observation that neutrophil counts
were reduced following the deletion of Mmp12, we hypothesized that this could alleviate the
impaired lymphocyte function associated with LAL-D. To test this, we analyzed lymphocyte
markers in spleens of Lal/Mmp12 DKO mice. However, the mRNA expression levels of the
lymphocyte markers B220 and Cd3e were identical in Lal KO and Lal/Mmp12 DKO mice
(Figure 21A). Similarly, the protein expression of Cd3e was comparable between the two
genotypes (Figure 21B), suggesting that the reduction of neutrophil-derived
immunosuppression alone is insufficient to restore lymphocyte populations and activation in
the context of LAL-D.
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Figure 21: Markers for lymphocyte pathology were equally diminished in Lal KO and Lal/Mmp12
DKO spleens. Spleen tissue was collected from 30-week-old mice fed a chow diet at libidum. (A) Gene
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mice. (B) Immunoblot analysis of CD3e. Data are shown as means (n =4 - 5) + SD. **p <0.01 and ***p
< 0.001 for the comparison between WT and Lal KO mice. The use of this figure obtained from (148) is

allowed under the terms described in the appendix.

The MMP family shares several functional similarities, most notably in their capacity to degrade
ECM proteins. Among these, at least eight MMPs exhibit specificity for collagen degradation,
and four MMPs are primarily categorized as elastases. Additionally, many MMP family
members display overlapping specificity for cytokines such as IL-18 and TNF. We therefore
considered the possibility that although the pathological contribution of MMP-12 to LAL-D was
successfully targeted, the upregulation of one or more other MMPs might mask the absence
of MMP-12. Consequently, we explored whether the absence of significant improvements to
lymphocyte population and the broader spleen pathology of LAL-D in Lal/Mmp12 DKO mice

could result from a spleen-specific compensatory upregulation of another MMP family member.

Of the 23 known mouse MMPs, only 16 displayed relevant expression levels in the spleen of
WT, Lal KO, and Lal/Mmp12 DKO mice. The expression of Mmp12 was most dysregulated in
Lal KO samples with a 10.8-fold increase (Figure 22). Nevertheless, several other MMPs
(Mmp8, Mmp9, Mmp14, Mmp25, and Mmp27) also exhibited elevated expressions in Lal KO
spleens, whereas the expressions of Mmp15 and Mmp17 were reduced by 50% and 40%

respectively (Figure 22). Importantly, not a single analyzed MMP displayed a compensatory
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upregulation in Lal/Mmp12 DKO spleens compared to Lal KO samples. Instead, the deletion
of Mmp12 resulted in significantly decreased expressions of Mmp3 and Mmp13 by 77% and
64%, respectively (Figure 22). Together, these results suggest that compensatory upregulation
by other MMP family members is unlikely to occur and therefore does not explain the mild

phenotype observed in Lal/Mmp12 DKO mice.
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Figure 22: No compensatory upregulation of other matrix metalloproteinases in spleens
of Lal/Mmp12 DKO mice. Gene expression of matrix metalloproteinase (MMP) family
members in the spleen of 30-week-old chow diet-fed male mice. Data are shown as means (n
=4) +SD. *p £ 0.05, **p < 0.01 and ***p < 0.001 for the comparison between WT and Lal KO
mice; #p < 0.05 and ###p < 0.001 for the comparison between Lal KO and Lal/Mmp12 DKO

mice. The use of this figure obtained from (148) is allowed under the terms described in the

appendix.

3.5.Investigating possible mechanisms of action of MMP-12
The deletion of Mmp12 resulted in limited alleviations of specific pathologies in Lal KO mice.
The phenotype of Lal/Mmp12 DKO mice demonstrated a direct, albeit modest, contribution of
MMP-12 to the pathology of LAL-D. However, the mechanism by which MMP-12 exerts this
contribution remains unknown. Based on the literature of MMP-12 in the context of other

chronic inflammatory conditions, we evaluated several potential mechanisms.
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In vitro, MMP-12 was shown to cleave all three major chemokines (mCXCL1, mCXCL2, and
mCXCL3) involved in the chemotaxis of neutrophils (89). In line, Mmp12 KO mice exhibited
reduced neutrophil infiltration following LPS injection (89). Based on these observations, we
considered the possibility that the deletion of Mmp12 could affect the chemotaxis of
neutrophils. We observed a significantly elevated mRNA expression of Cxcr1 and Cxcr2, two
major receptors for neutrophil activation and chemotaxis in both Lal KO and Lal/Mmp12 DKO
mice (Figure 23 A-B). In contrast, the expression of Cxcr4, a chemokine receptor known to
regulate tissue exfiltration and bone marrow homing in aged neutrophils (151), was unchanged
across all three genotypes (Figure 23C). In mice, CXCR1 and CXCR2 share three ligands
mCXCL1, mCXCL2, mCXCL3), and neither exhibited a significantly altered expression across
WT, Lal KO, and Lal/lMmp12 DKO mice (Figure 23 D-F). Taken together, we suggest that
altered neutrophil chemotaxis is unlikely to account for the observed phenotype of Lal/Mmp12
DKO mice.
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Figure 23: Markers of neutrophil chemotaxis appeared unaffected by the deletion of Mmp12.
Spleen gene expression of (A-C) chemokine receptors (Cxcr1, Cxcr2, Cxcr4) and (D-F) chemokine
ligands (Cxcl1, Cxcl2, Cxcl5). Data are shown as means (n =3 -5) + SD. *p < 0.05 and ***p < 0.001 for
the comparison between WT and Lal KO mice. The use of this figure obtained from (148) is allowed

under the terms described in the appendix.
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As an alternative mechanism to classical chemotaxis of neutrophils, we considered the effect
of chemotactic elastin derived peptides (EDPs), which are known to be liberated by elastases
like MMP-12. The major receptor of EDPs, the Elastin binding protein (EBP) is expressed on
the surface of neutrophils (152). The stimulation of EBP by sEDP treatment was shown to
induce an oxidative burst in neutrophils (153) and to act as a chemoattractant (154). Thus, we
hypothesized that changes in plasma soluble EDP (sEDP) concentrations may explain the
observed reductions of CD11b+ Ly6G+ counts in Lal/Mmp12 DKO mice.

At 15 weeks of age, serum concentrations of elastin fragments were comparable across all
genotypes (Figure 24), suggesting that in early stages of LAL-D, sEDP has at best a negligible
contribution. With a more progressed pathology at 30 weeks of age, sEDP levels increased by
17% (p=0.0059) in Lal KO mice compared to WT (Figure 24). Following the deletion of Mmp12,
we observed an 8% reduction (p=0.0037) (Figure 24), suggesting a small contribution of MMP-
12 to the production of SEDPs. Nevertheless, we suggest that the absence of more pronounced
changes in sEDP concentration between WT and Lal KO mice, as well as following the deletion
of Mmp12, indicates a negligible contribution of elastin fragments to the pathology of LAL-D.
Therefore, alterations in sEDP concentrations are unlikely capable of explaining the phenotype
of Lal/Mmp12 DKO mice.
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Figure 24: Only minor differences in soluble elastin-derived peptide concentrations between Lal
KO and Lal/Mmp12 DKO mice. Quantification of soluble elastin-derived peptide (SEPD) concentrations
by ELISA. Data are shown as means (n =4 - 7) + SD. **p < 0.01 for the comparison between WT and
Lal KO mice; #p < 0.05 for the comparison between Lal KO and Lal/Mmp12 DKO mice.

MMP-12 has been shown to alter platelet function by cleaving CEACAM1, resulting in
significantly increased collagen-induced platelet aggregation (104). In addition, the formation
of platelet leukocyte aggregates (PLAs) has recently gained considerable attention for their
role in modulating both the functions and survival of different immune cells (98). Therefore, we
used Mmp12 KO mice to assess whether changes in platelet function or PLA formation might

explain the observed reductions in CD11b+Ly6G+ counts in DKO mice.
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Complete blood counts of Mmp12 KO mice displayed a small increase in platelet counts
(Figure 25A), suggesting potential changes to hemostatic function. To investigate possible
changes in platelet function, we performed a standard collagen-induced platelet aggregation
assay with WT and Mmp12 KO blood but observed no significant differences (Figure 25B).
This indicated that deletion of Mmp12 had no unintended side effects on hemostatic function.
An evaluation of PLA formation via flow cytometry of peripheral blood samples revealed that
70.9% of CD115+ cells were positively stained by the platelet-specific marker CD41 in WT, but
only 38.3% in Mmp12 KO mice (Figure 25C). Similarly, of all Ly6G+ cells, 91.1% of cells stained
positive for CD41 in WT, but only 40.3% in Mmp12 KO mice. Our data suggest that MMP-12
is involved in the formation of PLAs and may provide a link to the observed reduction in
CD11b+Ly6G+ counts following the deletion of Mmp12. Nevertheless, we decided against

further pursuing PLAs in the context of LAL-D and instead focused on characterizing

neutrophils.
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Figure 25: Reduced formation of platelet-leukocyte aggregates, but unchanged collagen-induced
platelet aggregation of Mmp12 KO blood. (A) Total platelet counts in the peripheral blood. (B)
Averaged collagen-induced platelet aggregation plot and calculated area under the curve. (C) Platelet
leukocyte aggregate formation determined by CD41 staining of monocytes (CD115+) and neutrophils
(Ly6G+). Data are shown as means (n = 5 - 10) + SD. Tp < 0.05 and fp < 0.05 for the comparison
between WT and Mmp12 KO mice.
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Next, we explored the possibility that the phenotype of Lal/lMmp12 DKO mice might be
explained by an altered tendency of neutrophils to undergo a specific form of cell death
resulting in the formation of neutrophil extracellular traps (NETs or NETosis). To this end, we
stained spleen paraffin sections with both DAPI and an antibody against citrullinated histone 3
(H3Cit), to identify H3Cit & DAPI double-positive areas. We observed only residual H3Cit+
staining in the WT control section, which did not co-localize with DAPI staining (Figure 26B).
The absence of H3Cit+/DAPI+ staining indicates that NET formation did not occur in WT
tissues. In contrast, 16.3% of Lal KO spleen sections stained positive for H3Cit, of which the
majority overlapped with DAPI staining, yielding 13.0% of the tissue area as H3Cit+DAPI+
(Figure 26B). This observation marks the first demonstration of unwarranted NET formation in
the spleen of Lal KO mice. Following deletion of Mmp 12, the percentage of tissue area stained
for H3Cit decreased to 8.8% and resulted in a complementary decrease in the H3Cit+DAPI+
area (Figure 26B). Despite this 43.1% reduction in the H3Cit+DAPI+ area in Lal/Mmp12 DKO
mice, pro-inflammatory NET-compounds (such as myeloperoxidase, neutrophil elastase, and
cathepsin G) are still likely to significantly contribute to the pathology of LAL-D. We conclude
that the deletion of Mmp 12 ameliorated the extent of NET formation in LAL-D. However, based
on the absence of differences in the spleen pathology between Lal KO and Lal/Mmp12 DKO
mice, we question the functional relevance of reduced NET formation in the broader context of
LAL-D pathology. Unfortunately, it remains unknown whether this reduction in NETs is a direct
consequence of reduced CD11b+Ly6G+ counts or reflects a reduced intrinsic tendency of
neutrophils to undergo NETosis. Thus, a specific exploration of neutrophil NETosis in

Lal/Mmp12 DKO mice remains unexplored.
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Figure 26: Identification and quantification of neutrophil extracellular traps in spleens of Lal KO
and Lal/Mmp12 DKO mice. (A) Representative immunofluorescence images depicting the negative
control without a primary antibody, WT, Lal KO, and Lal/Mmp12 DKO sections. (B) Quantification of the

tissue area positively stained for H3Cit+ and H3Cit+DAPI+. Data are shown as means (n = 4) + SD.

Under physiological conditions, phagocytes such as macrophages and dendritic cells clear
NETs to prevent excess tissue damage (127). Bone marrow-derived macrophages from Lal
KO mice have been shown to exhibit significantly reduced efferocytosis capacity (5). Thus, we
hypothesized that improvements in the efferocytosis capacity of macrophages could explain
the observed reductions of NETs in the spleens of Lal/Mmp12 DKO mice. After incubating
BMDMs for 2 h with pHrodo-stained apoptotic cells, we observed that 53.9% and 49.9% of Lal
KO and Lal/Mmp12 DKO F4/80+ cells, respectively, were positively stained for pHrodo (Figure
27). Consistent with the absence of changes in macrophage accumulation, macrophage
dysfunction, and efferocytosis capacity, we suggest that the reduction in NETs is most likely a
direct consequence of decreased neutrophil counts. Taken together, our data suggests that
deletion of Mmp 12 had no effect on efferocytosis and hence cannot account for the phenotype

of Lal/Mmp12 DKO mice.
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Figure 27: Unchanged efferocytosis capacity of Lal/Mmp12 DKO BMDMs. Quantification

of the % of BMDMs exhibiting a fluorescence signal originating from pHrodo-stained and

apoptotic Jurkat cells. Data are shown as means (n = 6) + SD.

Considering that neutrophils are the most short-lived immune cell type, with an average half-
life of only several h in the circulation of a healthy mouse, even small alterations in neutrophil
survival can greatly affect neutrophil number. This is especially the case in the context of LAL-
D, with a progressive myeloid expansion and systemic chronic inflammation. To investigate
possible alterations in neutrophil survival or apoptosis following the deletion of Mmp12, we
stained bone marrow with Ly6G, 7-AAD and Annexin-V to analyzed the viability of neutrophils

via flow cytometry.

First, we evaluated whether neutrophil-derived MMP-12 may affect the survival of neutrophils.
To this end, we compared the viability of Ly6G+ cells of WT and Mmp 12 KO bone marrow after
24, 36, and 72 h. We observed an identical cell viability for both WT and Mmp 12 KO neutrophils
(Figure 28), suggesting that the genotype of neutrophils does not affect their survival or life
span. For this reason, we grouped WT and Mmp12 KO bone marrow samples together to

increase the sample size and reduce the number of variables.
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Figure 28: Comparable viability decline of WT and Mmp172 KO neutrophils. Flow cytometry analysis
of cultured bone marrow neutrophils (Ly6G+) by Annexin-V & 7-AAD staining. Decline in viability of
Ly6G+ cells in WT and Mmp12 KO bone marrow cultures after 24, 48, and 72 h. Data are shown as
means (n =5 -9) + SD.
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Next, we treated bone marrow samples with either empty growth media or conditioned media
derived from the supernatant of WT or Mmp12 KO BMDMs. After 24 h of incubation, we
observed a comparable Annexin-V- 7-AAD- fraction across all three culture conditions (Figure
29A). However, after 48 h, the viability of neutrophils cultured in empty growth medium declined
to 1.7%, whereas cultures treated with condition media derived from WT or Mmp12 KO
BMDMs maintained viability at 30.0% and 36.7%, respectively (Figure 29A). This 6.7% (p =
0.001) difference in cell viability increased to 10.4% after 72 h (Figure 29A), demonstrating a
clear increase of neutrophil viability in the absence of Mmp12. In contrast, the Annexin-V+ 7-
AAD- fraction, representing early apoptotic neutrophils, progressively decreased in cultures
treated with Mmp 12 KO conditioned media compared to WT conditioned media (Figure 29B).
The difference in the Annexin-V+ 7-AAD- fraction was 1.7% (p=0.012) after 24 h, 3.8% (0.001)
after 48 h, and 8.29% (p=0.000) after 72 h of incubation (Figure 29B). Interestingly, Annexin-
V+ 7-AAD+ cells were only markedly elevated in empty growth media-treated cultures yet
remained identical between cultures treated with conditioned media derived from WT and
Mmp12 KO BMDMs (Figure 29C). Taken together, this finding suggests that the absence of
MMP-12 has the potential to reduce the survival of neutrophils and thus provides a plausible

explanation for the observed phenotype of Lal/Mmp12 DKO mice.
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Figure 29: Delayed apoptosis in neutrophils treated with Mmp72 KO condition media. Flow
cytometry analysis of bone marrow neutrophils (Ly6G+) by Annexin-V & 7-AAD staining. Comparing the
effects of empty growth media to conditioned media derived from WT and Mmp12 KO BMDMs on the
viability of Ly6G+ bone marrow cells. (A) Annexin-V- & 7-AAD- (Live cells), (B) Annexin-V+ & 7-AAD-
(Early Apoptosis), and (C) Annexin-V+ & 7-AAD+ (Late Apoptosis). Data are shown as means (n =5 -
9) + SD. tp < 0.05, TTp < 0.01 and Tttp < 0.001 for the comparison between Lal KO and Lal/Mmp12 DKO

mice.
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4. Discussion

LAL-D has been shown to cause a massive increase in the expression of MMP-12 in the lungs
and in myeloid lineage cells of Lal KO mice (74, 155). Consistent with a pathogenic contribution
of MMP-12, a myeloid lineage-specific overexpression of MMP-12 established a causal
relationship between increased MMP-12 expression and the occurrence of progressive
lymphocyte dysfunction accompanied by an expansion of CD11b+Ly6G+ cells (155). The
pathology of this transgenic mouse model closely mirrors several key aspects of the clinical
setting of LAL-D (59). The authors concluded that the overexpression of MMP-12 causes an
abnormal development of hematopoietic progenitor cells, favoring the myeloid lineage (155).
However, their investigation did not include experiments designed to rescue or ameliorate the
pathology of Lal KO mice. Thus, it has remained unclear whether or to what extent the
pathology of LAL-D can be ameliorated by targeting MMP-12. Therefore, we generated
Lal/Mmp12 DKO mice to directly assess the actual contribution of MMP-12 to the immune cell
dysfunction in LAL-D and to determine whether MMP-12 represents a viable therapeutic target

for the treatment of this disease.

At 15 weeks of age, Lal/Mmp12 DKO mice were visually indistinguishable from their Lal KO
littermates. Both genotypes exhibited comparable brain and body weights, extent of
hepatomegaly and loss of adipose tissue, suggesting that the deletion of Mmp12 had little to
no effect on the LAL-D phenotype. Similarly, neither plasma and hepatic lipid parameters nor
the pulmonary or hepatic gene expression of lipogenic, fibrotic, and inflammatory markers were
ameliorated in Lal/Mmp12 DKO mice. Following greatly overlapping substrate specificities
among many MMP family members, we explored the possibility that the deletion of MMP-12
was actively compensated for by an upregulation of other MMP family members. To exclude
this possibility, we analyzed both the pulmonary and hepatic expression of all known mouse
MMPs. Among the 24 known MMPs, we detected the expression of 12, 18, and 16 different
MMPs in the lung, liver, and spleen, respectively. Notably, the deletion of Mmp12 did not lead
to a compensatory increase in the expression of any other MMP, suggesting that no other MMP
family member masks the phenotype of KO mice. Instead, we observed a downregulation of
several MMPs in Lal/Mmp12 DKO mice, pointing to a broader regulatory role of MMP-12. Most
strikingly, Mmp3 expression was markedly reduced across all examined tissues, suggesting
that MMP-12 might play a non-tissue-specific role in regulating Mmp3. However, the precise
relationship between MMP-3 and MMP-12 remains unexplored. Given that Mmp3 expression
is known to depend on various growth factors and pro-inflammatory cytokines (156), we

speculate that MMP-12 may cleave or liberate such a factor to indirectly modulate Mmp3
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expression. Additionally, the expression of Mmp10 and Mmp13 were significantly reduced in
the liver of Lal/Mmp12 DKO mice. The MMP family is known for its complexity and interrelated
proteolytic processing (e.g. activation of a zymogen) (157). Importantly, our findings are based
solely on gene expression data, leaving open the possibility that compensatory mechanisms
occured at the post-translational level. Our results indicate that the deletion of MMP-12 leads
to a reduction, rather than compensation, in the expression of several MMPs, substantiating
its potential role as an upstream regulator of multiple other MMPs. Given the limited literature
on the precise interactions between MMP family members, further studies are needed to
unravel the precise molecular mechanisms governing MMP-12-dependent regulation of other
MMPs.

Since LAL-D displays a complex phenotype, manifesting in multiple systemic pathologies, it is
possible that MMP12 contributes to the systemic inflammation of LAL-D but, because it is not
the only mediator, its contribution might be insignificant compared to the broader pathology.
The hypothesized beneficial effects of deleting MMP-12 are most likely directly dependent on
its initial expression level. The more MMP-12 is produced, the greater the effect of its deletion
should be. Therefore, we attempted to amplify the expression of MMP-12 by challenging mice
for 6 weeks with a HFD. However, HFD feeding did not have the intended effect of increasing
Mmp12 expression, with an average Ct value of 23 in HFD-fed Lal KO mice, as compared to
22.6 on age-matched chow diet-fed Lal KO mice. It is therefore not surprising that body weight
gains and tissue weights were not affected by the deletion of Mmp12. In line, the expression
of two pro-inflammatory markers, Tnfand //1b, remained comparable in Lal KO and Lal/Mmp12
DKO mice.

MMP-12 is highly expressed in patients with metabolic dysfunction-associated steatotic liver
disease (MASLD) (158) and targeting of MMP-12 by siRNA ameliorated steatosis in HFD-fed
mice (88). Similarly, MMP-12 generated EDPs were shown to contribute to the development
of metabolic dysfunction-associated steatohepatitis (85). Therefore, we assessed whether the
deletion of Mmp12 ameliorated HFD-induced metabolic adaptations. Despite these reports,
hepatic lipid accumulation remained unaffected in Lal KO and Lal/Mmp12 DKO mice after 6-
weeks of HFD feeding. This suggests that MMP-12 is unlikely involved in HFD-induced
metabolic adaptations. More importantly, MASLD and LAL-D are two fundamentally distinct
pathologies. MASLD is characterized by an ectopic accumulation of TAG in hepatocytes (159),

whereas in LAL-D, macrophages are the main cell type accumulating both CE and TAG (63).
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Consequently, it is not surprising that these differences limit the translation of the beneficial

effects of deleting Mmp 12 on hepatic lipid accumulation.

The relative expression of Mmp12 in the liver of 30-week-old Lal KO mice increased
approximately 275-fold, compared to an 880-fold increase in 15-week-old Lal KO mice. This
difference should be interpreted in the context of a known age-associated rise in Mmp12
expression in WT mice (160). In WT controls, Mmp 12 expression increased from a Ct value of
31.6 at 15 weeks t0 29.4 at 30 weeks of age. In contrast, the housekeeping gene Hprt remained
stable, with Ct values of 25.8 and 25.5, respectively. Consequently, the elevated baseline
expression of Mmp12in older WT mice reduces the calculated fold change, despite a markedly

higher absolute expression of Mmp12 in 30-week-old Lal KO mice.

Even at a more advanced stage of LAL-D, the deletion of Mmp12 was not able to alleviate
diminished body size or weight nor alter tissue weights (e.g., hepatosplenomegaly) of Lal KO
mice. Similarly, gene expression markers for hepatic inflammation (Tnf, l/1b, and Ccl2) and
serum levels of AST, ALT, and SAA were comparable between Lal KO and Lal/Mmp12 DKO
mice, suggesting that an abundant hepatic expression of Mmp12 does not significantly
contribute to hepatomegaly, hepatocyte injury, or systemic inflammation in Lal KO mice. The
hepatic pathology of Lal KO mice is primarily driven by the progressive accumulation of lipid-
laden macrophages (63). The liver weight of a Lal KO mouse can increase by more than 3-
fold and may account for over 20% of total body weight. The deletion of Mmp12 has been
shown to alter monocyte recruitment into the liver following LPS treatment (161), diminish
macrophage infiltration in colitis and irritable bowel syndrome models (162), and reduce
macrophage recruitment during atherosclerotic plaque formation (163). Similarly, the
administration of recombinant human MMP-12 induced alveolar macrophage recruitment
(164). MMP-12 was even shown to cleave and inactivate several monocyte chemotactic
proteins (CCL2, CCL7, CCL8, and CCL13) (89). Therefore, we investigated potential
reductions in macrophage accumulation in the liver of Lal/Mmp12 DKO mice. However, given
the comparable extent of hepatomegaly, hepatic expression of macrophage markers (Emr1
and Cd68), and similar hepatic accumulation of TC and CE in Lal KO and Lal/Mmp12 DKO
mice, we suggest that MMP-12 is unlikely to significantly contribute to hepatic pathology. Taken
together, our data strongly suggest that deletion of Mmp12 was unable to ameliorate hepatic

macrophage accumulation or the overall hepatic pathology of Lal KO mice.
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Macrophages are not the only immune cells greatly expanded in Lal KO mice. Rather, the
entire CD11b+Gr-1+ myeloid cell fraction is systemically expanded across the bone marrow,
spleen, and peripheral blood (59). To test whether neutrophil numbers might be altered in
Lal/Mmp12 DKO mice, we analyzed gene expression of the neutrophil-specific marker Ly6g
and the neutrophil granule enzyme Elane. A significantly decreased hepatic expression of both
Ly6g and Elane indicated that although macrophages secrete the majority of MMP-12, other
immune cells such as neutrophils might be of even greater relevance. We observed several
indicators for reduced immune system pathology in Lal/Mmp12 DKO mice. Most notably, the
size and morphology of the thymus, a primary lymphoid organ essential for the maturation of
T-cells, were markedly improved compared to Lal KO mice. However, unchanged circulating
lymphocytes numbers and unchanged expression of the T- and B-cell markers (Cd3e and
B220) in the spleen suggested that an improved thymic pathology did not influence lymphocyte
numbers in Lal/Mmp12 DKO mice.

It has been well established that persistent, unresolved inflammation causes the development
of CD11b+ Ly6G+ MDSCs (165), and Lal KO mice are no exception (69, 166). MDSCs are
immature neutrophils and monocytes in a pathologically active state, suppressing the immune
response and preventing the elimination of a threat (65, 165). The immune-suppressive
properties of MDSCs were shown to inhibit the proliferation and function of T-cells (60, 62, 66,
155), and MDSCs have been implicated in cancer, infectious diseases, autoimmune disorders
and obesity (65). To date, no unique surface marker signatures have been identified to
discriminate MDSCs from neutrophils and monocytes. Therefore, the investigation of MDSCs
has exclusively relied on more complex functional assays and more costly analysis of gene
expression signatures (167), rendering their investigations and characterization rather
complex. Our data provided no indications that MDSC function was altered in Lal/Mmp12 DKO
mice, however, a reduction in CD11b+ Ly6G+ MDSCs may explain improvements in thymus

weight and morphology in Lal/Mmp12 DKO mice.

In addition to lymphocyte dysfunction, the expansion of myeloid cells significantly contributes
to the lymphoid-to-myeloid shift observed in Lal KO mice (59, 62). A combination of blood
counts, cytological examination of blood smears, and immunophenotyping by flow cytometry
indicated a partial reversal of the systemic lymphoid-to-myeloid shift in Lal/Mmp12 DKO mice.
Observations of reduced myeloid expansion in Lal/Mmp12 DKO mice, contrasted with
increased myeloid expansion following the overexpression of Mmp12, provide evidence for a

direct contribution of MMP-12 to the myeloid expansion in LAL-D. Nevertheless, the modest

58



phenotype of Lal/Mmp12 DKO mice indicates that in relation to the complex inflammatory

phenotype of Lal KO mice, MMP-12 can at best be considered one driving factor among many.

Remarkably, immune system alterations observed in Lal KO and Mmp12-overexpressing mice
share underlying changes in hematopoietic bone marrow progenitor cells (59, 155). However,
comparable progenitor cell populations in Lal KO and Lal/Mmp12 DKO mice suggest that
MMP-12 itself does not directly influence bone marrow hematopoiesis in LAL-D. In agreement,
Mmp 12 mRNA exhibits only a very low expression (Ct value > 33) in the bone marrow of both
WT and Lal KO mice (data not shown), suggesting that the bone marrow is less likely affected
compared to other tissues displaying a very high expression of Mmp12 (e.g. hepatic
expression of Ct<20). Furthermore, the absence of a myeloid cell expansion in lung epithelial
cell-specific Mmp12-overexpressing mice (91) indicates that peripherally secreted MMP-12
does not directly impact bone marrow hematopoiesis. In contrast, the overexpression of
Mmp12 in myeloid lineage cells results in the production of MMP-12 by myeloid cells located

in the bone marrow.

The degradation of ECM-matrix proteins by MMPs is known to generate bioactive peptide
fragments with chemotactic properties. In the case of MMP-12, its degradation of elastin leads
to the liberation of EDPs containing VGVAPG hexapeptide repeats (80). VGVAPG fragments
are recognized by the elastin receptor complex located on the surface of many different cell
types, including monocytes, neutrophils, lymphocytes, and fibroblasts (168), leading to their
recruitment to the site of EDP generation. However, their functions extend beyond chemotaxis,
including inducing monocytes to secrete proteases and generate free radicals, thereby
increasing oxidized LDL formation (169). Neutrophils respond to EDP stimulation by elevated
cytokine and chemokine secretion, promoting further immune cell infiltration (168). We
therefore hypothesized that the deletion of Mmp72 might result in a significant reduction in
circulating sEDP, providing a plausible explanation of the phenotype of Lal/Mmp12 DKO mice.
In plasma samples from 15-week-old mice, sEDP concentrations were comparable between
all three genotypes. Upon an increased age of 30 weeks, we observed a significant increase
of SEDPs levels in Lal KO samples, and a partial reduction in Lal/Mmp12 DKO mice. Although
the changes in plasma EDP concentrations followed the expected trajectory, several concerns
must be noted. First and foremost, sEDP levels slightly decreased between 15 and 30 weeks
of age, directly contradicting a well-documented age-dependent increase in elastase activity
and EDP release (83, 170, 171). Moreover, a modest 17% increase in Lal KO samples,

followed by an 8% decrease in Lal/Mmp12 DKO mice, represent only minor deviations from
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the WT baseline levels. Chronic and unregulated expression of MMP-12 should result in
substantially larger alterations in circulating sEDP concentrations. In comparison, the serum
SEDP concentrations were increased over 2-fold in patients affected by atherosclerosis (172)
and chronic kidney disease (171), two comparatively less severe conditions exhibiting lower
increases in MMP-12 expression. We therefore question the biological relevance of such small
differences in sEDP concentrations and doubt their capacity to explain the observed reductions
in CD11b+Ly6G+ counts in Lal/Mmp12 DKO mice. Unfortunately, circulating EDP
concentrations vary significantly depending on the method of quantification (86). Only a few
reliable quantifications of elastin fragments in mice have been published. Several studies have
used commercially available VGVAPG hexapeptides for in vitro experiments (173-175). One
publication using a colorimetric assay (85) reported plasma EDP concentrations of
approximately 4 ug/ml in mice. Our attempt to reproduce this assay yielded concentrations for
WT mice in the g/dl range, exceeding even the concentration of albumin, the most abundant
plasma protein. As a result, we chose to utilize a commercially available ELISA kit designed
for quantifying murine sEDPs. However, this ELISA kit has not been independently validated,
leaving open the possibility of unreliable or inaccurate results. Taken together, we conclude
that our obtained changes in sEDP concentrations are unlikely to explain the phenotype of
DKO mice.

MMP-12 has been well established as a modulator of neutrophil chemotaxis (89, 147, 164,
176). Injection of recombinant human MMP-12 led to neutrophil infiltration (164), while
inhibition of MMP-12 attenuated neutrophil recruitment into the lungs following smoke
exposure (147). Similarly, the deletion of Mmp12 in a mouse model of myocardial infarction
prolonged inflammation and exacerbated neutrophil influx (176). Despite this well-documented
role of MMP-12 in neutrophil chemotaxis, we did not observe significant differences in the
expression of prominent chemokine receptors or their ligands (106, 108), suggesting that
neutrophil chemotaxis was unlikely affected by the deletion of Mmp72. Consistently,
CD11b+Ly6G+ counts were reduced across multiple immune cell compartments. If alterations
in neutrophil chemotaxis alone were responsible for this phenotype, an opposing increase in
another immune cell compartment would be expected. Therefore, we suggest that other
mechanisms are more likely responsible for the phenotype of Lal/Mmp12 DKO mice. In support
of this notion, the gene expressions of the neutrophil markers Ly6g and Elane remained
unchanged in the Lal/Mmp12 DKO spleen, whereas flow cytometry yielded reductions in
CD11b+ Ly6G+ neutrophil counts across several immune cell compartments. These two

observations are not mutually exclusive, as gPCR quantifies the total abundance of mMRNA in
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a tissue sample, whereas flow cytometry only provides a semi-quantification measure of viable
cells expressing a specific surface marker. We speculate that the deletion of Mmp12 may have
altered neutrophil maturation, activation, or viability (177), resulting in disproportional changes

between viable CD11b+Ly6G+ cells and total Ly6g expression.

Platelets have been shown to form PLAs, resulting in the activation of both platelets and
leukocytes and triggers platelets to release cytokines (94, 98, 178). These platelet-derived
cytokines modulate leukocyte function, altering their response to inflammation, injury, and
infections (98). Additionally, interactions between platelets and neutrophils can boost their
oxidative burst and the formation of NETs (98). Therefore, the alterations in NET formation
could constitute a possible link between changes in platelet function and the reduction of
neutrophil counts in Lal/Mmp12 DKO mice. The incubation of platelets with recombinant MMP-
12 was shown to increase and accelerate collagen-induced platelet activation through
cleavage of the surface receptor CEACAM1 (104). The authors observed changes in platelet
aggregation, adhesion, and a-granule secretion (104), indicating that altered MMP-12
expression could influence platelet function. Compared to WT mice, the deletion of Mmp12
caused a massive drop in the percentage of monocytes (CD115+) and neutrophils (Ly6G+)
positively stained with the platelet-specific marker CD41. This indicated that even physiological
expression levels of MMP-12 significantly influenced PLA formation. However, unchanged
collagen-induced platelet aggregation in Mmp12 KO mice suggests that hemostatic functions
remained unaffected by the deletion of Mmp12. It should be noted that circulating MMP-12
levels in WT mice are very low, which may explain the discrepancies with previous in vitro
studies using recombinant MMP-12 (104). We conclude that PLAs are a plausible mechanism

by which the deletion of Mmp 12 might affect neutrophil counts.

Notably, CEACAM1 expression is not limited to platelets and has been shown to extensively
regulate various immune cell types (179). It inhibits natural killer cell cytotoxicity(180), activates
monocytes during fibrosis (181), and modulates T-cell tolerance (182). Consistent with these
roles, CEACAM1 is abundantly expressed on the surface of naive lymphocytes (183, 184) and
regulates human T-cell function (185). Additionally, CEACAM1 promotes monocyte survival
and differentiation (186) and regulates apoptosis in Jurkat cells by acting as a tumor
suppressor (187), indicating a direct role in immune cell survival. In resting neutrophils,
CEACAM1 is stored in granules (188) and is rapidly transported to the plasma membrane upon
neutrophil activation (189). Deletion of Ceacam? results in defective granulopoiesis and
subsequent neutrophilia (190), and CEACAM1 has also been implicated in modulating
neutrophil susceptibility to NETosis (191). Thus, CEACAM1 provides a plausible mechanistic
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link between MMP-12 and alterations in neutrophil numbers, independent of platelet-derived
factors. Notably, CEACAM1 has 11 isoforms, each containing different numbers of extracellular
immunoglobulin-like domains (192). Whether MMP-12 can process all isoforms remains

unknown and could limit the extent of its regulatory effect.

Alterations in the tendency of neutrophils to form NETs could explain the observed reductions
in CD11b+Ly6G+ counts in Lal/Mmp12 DKO mice. However, NET formation had not previously
been characterized in the context of LAL-D. The gold standard for NETs detection involves a
co-localized DAPI staining with citrullinated Histone 3 (H3Cit) staining in tissue sections (193).
Lal KO spleen sections exhibited an average of 13% of the tissue area as H3Cit+ DAPI+,
demonstrating NET formation in the context of LAL-D. Given the established role of NETs in
exacerbating inflammation and contributing to disease pathology, their presence in Lal KO
mice suggests a potential mechanism through which neutrophils drive inflammation and tissue
damage (128, 194). Notably, deletion of Mmp12 resulted in a significant reduction in NET
formation. However, this reduction was not accompanied by any notable improvements in
overall spleen pathology of Lal/Mmp12 mice, indicating that although abundant, NETs may not
significantly contribute to the pathology of LAL-D. We propose that the observed reduction in
NET formation is most likely a direct consequence of the reduced neutrophil numbers following
the deletion of Mmp12.

Under physiological conditions, apoptotic neutrophils are efficiently cleared via efferocytosis
by phagocytes like macrophages and dendritic cells (141). Given previous reports of
significantly impaired efferocytosis in macrophages from Lal KO mice (5), we hypothesized
that improvements in efferocytosis function associated with Mmp12 loss could explain the
observed reduction in CD11b+Ly6G+ cells and NETs in Lal/Mmp12 DKO spleens. However,
we observed no improvements in efferocytosis capacity in Lal/Mmp 12 DKO macrophages. This
finding suggests that reduced neutrophil numbers and diminished NET formation are not due
to an ameliorated clearance by macrophages. Considering that we observed no changes in
the hematopoietic stem and progenitor cell compartment, we exclude an increased production
of neutrophils. Similarly, altered neutrophil chemotaxis, NET formation, or efferocytosis cannot
explain the observed phenotype. Therefore, altered neutrophil survival or apoptosis is
arguable, the most plausible mechanism by which the deletion of Mmp12 reduced the number

of neutrophils.
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Preliminary experiments comparing the effects of conditioned media derived from Mmp12 KO
BMDMs demonstrated a reproducible increase in the viability of cultured neutrophils after 48
and 72 h of incubation compared to WT conditioned media. This observation, however,
contrasts with previous reports, suggesting that MMP-12 polarizes neutrophils towards an
apoptotic signature (47). Based on existing literature, we hypothesize that this effect may be
partially mediated through altered NF-kB signaling. Notably, MMP-12 has been reported to
bind the promoter and induce the expression of inhibitor of NF-kB alpha (IkBa) (195). Given
that the removal of NF-kB inhibition has been associated with prolonged neutrophil survival
through sustained activation of the p38-MAPK pathway (48), one might predict that MMP-12
deletion would result in decreased IkBa expression, increased NF-kB activity, and,
consequently, reduced neutrophil viability. However, the NF-kB signaling pathway is not a
simple linear cascade but rather a highly intricate network, comprising five transcription factors
that form both homo- and heterodimers, along with seven IkB inhibitors (196). With over 150
physiological and pathological functions attributed to NF-kB (87), its regulation and derived
consequences are inherently complex.

To fully elucidate the role of MMP-12 in neutrophil apoptosis and NF-kB signaling, a
comprehensive, context-specific analysis of its molecular interactions is warranted. Future
studies should aim to dissect the precise mechanisms by which MMP-12 integrates into this
broader signaling landscape, potentially revealing the mechanism by which MMP-12 alters

neutrophil lifespan in LAL-D.

Conclusion

Previous studies have identified MMP-12 as one of the most dysregulated genes in the lungs
of Lal KO mice. Striking similarities between MMP-12 overexpression and the pathophysiology
of LAL-D led to the hypothesis that MMP-12 may act as a key downstream effector contributing
to immune dysfunction and chronic inflammation in LAL-D. Our investigation revealed
significantly improved thymus size and morphology, reduced CD11b+Ly6G+ neutrophil counts
across multiple immune compartments, and a marked reduction of NETs in the spleen of
Lal/Mmp12 DKO mice. However, the deletion of Mmp12 did not ameliorate the overall severity
of LAL-D, suggesting that while MMP-12 is clearly involved in and contributes to the disease
phenotype, it does not play a central role. Therefore, targeting MMP-12 does not constitute a

viable therapeutic strategy for LAL-D in mice.
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