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Abstract 

Macrophages are evolutionarily-conserved immune cells distributed throughout all 

tissues in the body, which rapidly mobilize to defend against a range of insults. In 

executing events ranging from wound healing and host defense functions to regulating 

the tumor microenvironment, macrophages traverse and remodel extracellular matrix 

(ECM) barriers, i.e. the basement membrane and interstitial matrix. To date, the molecular 

mechanisms operative during macrophage migration and remodeling of ECM barriers 

have relied on non-physiologic in vitro constructs whose relevance to the in vivo 

environment remains unclear. As such, we have adopted an ex vivo native tissue model 

as well as a 3-dimensionsal type I collagen hydrogel model that retain structural crosslinks 

integral to the barrier characteristics of the in vivo ECM. Using primary mouse and human 

macrophages in conjunction with high-resolution confocal microscopy, we characterize a 

program wherein macrophages degrade the basement membrane and infiltrate the 

interstitial matrix. We find that of the dozens of proteases that macrophages express in 

response to immune stimuli, only the membrane-anchored metalloprotease, MT1-MMP, 

is absolutely required for basement membrane degradation. Furthermore, we discover a 

unique hybrid ability of macrophages to either degrade the basement membrane in an 

MT1-MMP-dependent fashion or alternatively, mobilize actomyosin-mediated mechanical 

forces to non-proteolytically traverse preformed portals that exist in the basement 

membrane. Though macrophages can transmigrate the basement membrane via either 

mechanism, the transcriptional program of tissue-invasive macrophages is alternatively 

regulated during proteinase-dependent versus independent invasion. Following 

basement membrane transmigration, macrophages then confront a high-density 
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interstitial matrix that is dominated by type I collagen. Under these conditions, 

macrophages must again mobilize MT1-MMP to create passageways through the 

interstitial matrix that permit the transit of the rigid macrophage nucleus. Strikingly, in the 

absence of MT1-MMP activity, the macrophage is incapable of creating matrix tunnels 

that support efficient invasion. Instead, the macrophage traverses the matrix while the 

rigid nucleus remains trapped and distorted above the surface of the collagen matrix. 

These studies, together with preliminary data from mouse models of cancer, establish 

new paradigms for MT1-MMP-dependent macrophage trafficking and remodeling of 

physiologically-relevant ECM barriers. 
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Chapter 1: Introduction 

The importance of diverse macrophage subtypes  

Since the evolution of multicellular animals, phagocytic immune cells have 

emerged as sentinels essential to tissue maintenance and host defense functions 

(Buchmann, 2014; Wynn et al., 2013). In humans, this role is fulfilled, in part, by 

macrophages, which reside in all tissues in the body as well as in the bloodstream as 

circulating or patrolling precursors, i.e. monocytes (Buchmann, 2014; Wynn et al., 2013). 

Resident tissue macrophages have essential tissue maintenance functions specific to 

their organ of residence, i.e. erythrocyte clearance in the spleen, metabolic regulation in 

the liver, or antigen presentation in the lymph node (Gray and Cyster, 2012; Kohyama et 

al., 2009; Mebius and Kraal, 2005; Wynn et al., 2013). However, when tissue damage 

occurs, such as during an infection or as a consequence of carcinogenic processes, 

additional macrophages are recruited, which necessitates their rapid trafficking across 

extracellular matrix (ECM) barriers as they infiltrate affected sites (Fidler et al., 2017; Noy 

and Pollard, 2014; Rowe and Weiss, 2009; Wynn and Vannella, 2016). Upon reaching 

the affected tissue, macrophages can mediate pleiotropic effects that range from 

defending the host from infection and the repair of damaged tissue, to mediating 

pathological remodeling of the ECM in non-resolving, inflammatory environments 

(Duffield et al., 2005; Franklin and Li, 2016; Vannella and Wynn, 2017; Wynn and 
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Vannella, 2016). The potential consequences of dysregulated tissue remodeling are dire: 

fibrosis can grow unchecked to the point of organ failure, compromised tissue barriers 

can allow pathogen invasion, and degraded ECM can free carcinomas to metastasize 

(Noy and Pollard, 2014; Rockey et al., 2015; Wynn and Vannella, 2016). Therefore, it is 

essential to define how macrophages traverse and remodel diverse ECM environments 

to better understand, and perhaps one day modulate, these critical tissue remodeling 

functions.  

The diversity of macrophage functions can be partially explained by their distinct 

origins (Gautier et al., 2012; Gosselin et al., 2014; Lavin et al., 2014). While it has long 

been assumed that all adult macrophages derive from hematopoietic stem cells (HSC) in 

the bone marrow, recent lineage tracing experiments in mice have demonstrated at least 

three distinct origins for adult macrophages that arise early during embryonic 

development (Ginhoux and Guilliams, 2016; Samokhvalov et al., 2007; van Furth et al., 

1972; Yona et al., 2013; Yona and Gordon, 2015). By mouse embryonic day 7.5, yolk-

sac derived macrophages are generated and infiltrate the fetal brain before blood flow 

has been established (Ginhoux et al., 2010; Hoeffel et al., 2015; Palis et al., 1999). Upon 

the formation of the circulatory system, a second wave of macrophages is established in 

the fetal liver, and together with yolk sac macrophages, persist and replicate as the 

resident tissue macrophages that populate most adult tissues, including the brain, liver, 

and lung (Figure 1.1) (Ginhoux and Guilliams, 2016; Hoeffel et al., 2015; Schulz et al., 

2012). Interestingly, some exceptions have been found, e.g., embryonic-derived resident 

tissue macrophages of the heart and dermis are progressively replaced by monocytes 

arising in the adult bone marrow that then differentiate into macrophages after infiltrating 
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the target tissue (Figure 1.1) (Epelman et al., 2014; Ginhoux and Guilliams, 2016; Molawi 

et al., 2014; Tamoutounour et al., 2013). Finally, the “primitive” yolk-sac and fetal liver 

progenitor cells are replaced by a third wave of “definitive” hematopoiesis when fetal liver 

HSCs colonize the bone marrow before birth (Ginhoux and Guilliams, 2016; Orkin and 

Zon, 2008). Bone marrow HSCs continue to renew the circulating monocyte population 

found in blood throughout adulthood and in turn, circulating monocytes infiltrate tissue 

and differentiate into the immune-responding macrophages that remodel ECM during 

infection, wound repair, and carcinogenesis (Figure 1.2) (Murray and Wynn, 2011; Nathan 

and Ding, 2010; Wynn and Vannella, 2016). Independent of origin, affected tissue or 

inflammatory stimuli, macrophages are confronted by two distinct ECM barriers, i.e. a 

dense sheet-like (50-400 nm thick) basement membrane and an expansive 3-dimensional 

(3D) fibrillar interstitial matrix (Candiello et al., 2007; Halfter et al., 2015; Rowe and Weiss, 

2008, 2009). However, how these macrophages interact with these barriers, and the 

mechanism by which they effect remodeling, is not well understood. Herein, we review 

the composition of the ECM barriers that macrophages traverse and remodel, as well as 

the model systems used to study macrophage-ECM interactions. Finally, we examine the 

potential mechanisms of ECM remodeling with a special focus on the in vivo tumor 

contexts in which they may be operative.  

Basement membrane barriers  

Basement membranes arose ~500 million years ago in conjunction with the genesis of 

multicellular organisms (Fidler et al., 2014, 2017). Organized as a thin, dense matrix, the 

basement membrane subtends all epithelial and endothelial cell layers, as well as 

ensheathes muscle, fat, and Schwann cells (Figure 1.3A) (Fidler et al., 2017; Rowe and 
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Weiss, 2008). Originally thought of as a passive structure simply demarcating dynamic 

groups of cells, it is now appreciated as an essential regulator of diverse cellular 

processes (Yurchenco, 2011). In addition to acting as an anchor for cell adhesion, the 

basement membrane transduces mechanical signals that modulate differentiation, 

organizes and polarizes epithelial cells into functional units (Vracko, 1972; Vracko and 

Benditt, 1972), and mediates epithelial-mesenchymal crosstalk (McClugage et al., 1986; 

Toner et al., 1970). While there is some variability in its morphology, the fundamental 

components of the basement membrane are encoded by an evolutionarily conserved 

group of macromolecules that include type IV collagen, laminin, nidogen and perlecan 

(Fidler et al., 2017; Rowe and Weiss, 2008; Yurchenco, 2011). 

Basement membrane assembly and structure 

Construction of the nascent basement membrane begins with the organization of 

large (~400-800 kDa) laminin heterotrimers formed into a cruciform shape of three long 

arms and one short arm that are reinforced with intramolecular disulfide bonds (Rowe 

and Weiss, 2009; Yurchenco, 2011). Upon recruitment by integrin and α-dystroglycan 

adhesion receptors on the cell surface, laminin self-associates to form a polymerized 

network (Li et al., 2005; McKee et al., 2007). In turn, three intracellular type IV collagen 

α-chains assemble into a triple-helical protomer and are secreted (Figure 1.3B) 

(Khoshnoodi et al., 2008). In the extracellular space, the carboxy terminus of two 

protomers associate as a hexameric NC1 domain while the amino terminus of four 

protomers associate as a dodecameric 7S domain (Figure 1.3B) (Cummings et al., 2016). 

In contrast to the disulfide reinforcements between laminin trimers, the intermolecular 

NC1 and 7S domain connections of type IV collagen are covalently crosslinked, and thus, 
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imbue type IV collagen networks with remarkable stability (Figure 1.3B) (Añazco et al., 

2016; Vanacore et al., 2009). Once the polymerized sheets of laminin and type IV 

collagen are formed, they are then non-covalently linked together by nidogens and the 

heparan sulfate proteoglycan, perlecan (Yurchenco, 2011). Deletion or mutation of these 

or other accessory basement membrane macromolecules can cause embryonic lethality, 

terminal skin blistering diseases, and other severe tissue disorganization phenotypes in 

humans (Rozario and DeSimone, 2010).  

Interstitial matrix barriers  

Juxtaposed to the basement membrane, the interstitial matrix is organized into a 

thick 3D meshwork dominated by type I collagen fibers and elastin fibrils that are 

intermixed with dozens, if not hundreds, of additional bioactive macromolecules (Figure 

1.4A) (Hynes and Naba, 2012; Perumal et al., 2008; Sabeh et al., 2009a). Lying parallel 

to the basement membrane, the interstitial matrix is almost ubiquitously distributed 

between cell layers, making type I collagen the most abundant extracellular protein in 

mammals (Kadler et al., 1996; Ricard-Blum, 2011). Embedded within the interstitial matrix 

are fibroblasts, smooth muscle cells and pericytes, as well as macrophages, and other 

related cell types. Beyond physically supporting cells, the interstitial matrix also acts as a 

reservoir of growth factors and chemoattractants whose release during tissue remodeling 

events have wide-ranging growth- and migration- promoting effects on cell behavior 

(Hynes, 2009; Overall and Blobel, 2007; Page-McCaw et al., 2007; Schenk and Quaranta, 

2003).  

Interstitial matrix assembly and structure  
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Type I collagen is formed from the organization of narrow fibrils (10-300nm 

diameter) into thick cords and “tapes” 1-20um wide (Figure 1.4B) (Kadler et al., 1996; 

Ushiki, 2002). Resident stromal fibroblasts synthesize and assemble two type I collagen 

α-1 chains and one α-2 chain into a triple-helical fiber terminating at each end with 

nonhelical telopeptide domains (Kadler et al., 1996; Sabeh et al., 2009a). Upon deposition 

into the extracellular space, lysyl oxidase-driven crosslinking of spontaneously associated 

N-terminal and C-terminal telopeptide domains stabilize type I collagen molecules into a 

3D polymeric network (Orgel et al., 2000). The arrangement of the collagen network can 

imbue tissues with distinct properties e.g. thick parallel bundles of type I collagen lending 

enormous tensile strength to the Achilles tendon, while the distinct orthogonal 

arrangement of type I collagen fibers in the cornea allow for its optical clarity. (Benedek, 

1971; Kadler et al., 1996; Meek and Knupp, 2015; Mouw et al., 2014; Roeder et al., 2002; 

Ushiki, 2002).  

Interwoven with the collagen network, elastin is responsible for providing the 

elastic recoil that distinguishes tissues undergoing repeated expansion-retraction cycles 

(Mansfield et al., 2009; Sherratt, 2009). As such, elastin is found at the highest 

concentrations in arteries, heart, skin and lung tissue, but also at sites where elasticity is 

required for sheathing internal organs, e.g., the peritoneum (Kelleher et al., 2004; Shifren 

and Mecham, 2006; Wagenseil et al., 2009; Wagenseil and Mecham, 2007). Elastin is 

organized as a web or sheet of thin (0.1-0.2 um diameter) fibrils assembled in the 

extracellular space by fibroblasts (Figure 1.4C) (Ushiki, 2002). Before the mature elastin 

fiber can be formed, a pericellular microfibril scaffold, composed mainly of fibrillins, is 

secreted and assembled (Wagenseil and Mecham, 2007). Elastin precursors are then 
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secreted and aggregate with the cell surface-associated fibrillin scaffold where they can 

be processed into macromolecular elastin structures (Wagenseil and Mecham, 2007). In 

a similar fashion to type I collagen assembly, elastin is heavily crosslinked by lysyl oxidase 

family members (i.e. LOX, LOXL1, LOXL2, etc.) to form an elastic web of interlocking 

fibrils (Mouw et al., 2014; Rowe and Weiss, 2009; Wagenseil and Mecham, 2007). The 

coalescence of type I collagen, elastin, and hundreds of additional attendant 

macromolecules forms a complex 3D matrix barrier with diverse in vivo functionali ty 

(Hynes, 2009; Hynes and Naba, 2012). 

Macrophage migration across ECM barriers in vivo  

 While the relative density and composition of the ECM in the body is diverse, the 

core group of proteins, and the inter-molecular crosslinks that reinforce them, are 

conserved across tissues and evolutionary timescales (Fidler et al., 2014, 2017; Zbek et 

al., 2010). Macrophages perform critical homeostatic functions organism-wide, and thus 

are constantly interacting with these core ECM proteins, including associating with 

basement membrane structures in lymph node, intestine, lung, and mammary gland 

(Figure 1.5) (Vannella and Wynn, 2017; Wynn and Vannella, 2016). Macrophages also 

interact with the ECM during migration to sites of tissue damage and inflammation in vivo 

(Duffield et al., 2005; Eming et al., 2017; Vannella and Wynn, 2017). Indeed, large 

numbers of infiltrating bone marrow-derived macrophages (BMDM) are found in a range 

of microenvironments, such as those arising in aortic aneurysms, obesity-affected 

adipose tissue, and bacterial infections (Vannella and Wynn, 2017; Wynn and Vannella, 

2016; Xiong et al., 2009). In an inflammatory model wherein one lobe of the liver is 

cauterized and the opposite lobe left untouched, macrophages from the uninjured lobe 
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are found crossing the intervening basement membrane into the damaged lobe (Suzuki 

et al., 2015). Furthermore, in a mouse model of obesity, macrophage numbers positively 

correlate with growing adipocyte size and total body mass (Weisberg et al., 2003). 

Interestingly, adipose tissue macrophages also tightly associated with the higher density 

of elastin fibrils found in the interstitial matrix of obese mice (Martinez-Santibanez et al., 

2015). Therefore, macrophages appear to readily associate with and traverse both 

basement membrane and interstitial matrix barriers during inflammatory events.  

Macrophage-mediated ECM remodeling and repair   

In addition to increased macrophage infiltration correlating with migration across 

ECM barriers, the advent of powerful tools to effect macrophage depletion has allowed 

for a more definitive examination of the impact of accumulating macrophages on tissue 

remodeling in vivo (Naglich et al., 1992; Saito et al., 2001; van Rooijen and Hendrikx, 

2010). In a seminal study, Duffield and colleagues utilized a reversible model of carbon 

tetrachloride (CCL4)-induced liver fibrosis to evaluate macrophage functions during 

distinct stages of injury and repair (Duffield et al., 2005). Selective macrophage depletion 

was achieved with a CD11b-DTR mouse, wherein the injection of diphtheria toxin 

selectively ablates diphtheria toxin receptor-expressing macrophages (Duffield et al., 

2005; Naglich et al., 1992; Saito et al., 2001). In control mice, CCL4 administration for 12 

weeks induces a fibrotic response marked by increased ECM deposition that is then lost 

over a 7-day recovery period (Iredale et al., 1998; Issa et al., 2004). Selective 

macrophage depletion during peak fibrosis caused a marked reduction in total collagen 

and elastin accumulation (Duffield et al., 2005). Thus, during injury and subsequent 

inflammation, macrophages directly or indirectly promote the deposition of ECM. In 
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contrast to early macrophage depletion, when macrophages were depleted during 

recovery i.e. the week after CCL4 administration was ended, the fibrotic scar remained 

(Duffield et al., 2005). Therefore, during wound healing, macrophages promote the 

degradation and resorption of ECM. Indeed, macrophages infiltrating into a range of 

inflammatory environments mediate similar fibrosis-promoting and wound resolving 

phenotypes (Barreiro et al., 2016; Wynn and Vannella, 2016). Although a recognized 

oversimplification, the opposing pro-inflammatory (I.e., M1) and pro-repair macrophage 

(I.e., M2) phenotypes are a convenient shorthand for describing a continuous spectrum 

of macrophage activity (Figure 1.6) (Murray et al., 2014). However, as an additional layer 

of complexity, depending on the tissue and the disease model, the contribution of resident 

tissue macrophages and BMDM to tissue damage and repair varies significantly (Ghosn 

et al., 2010; Gundra et al., 2014; Lavine et al., 2014; Noy and Pollard, 2014; Wynn and 

Vannella, 2016). 

Macrophage-ECM interactions in the tumor microenvironment  

To progress from carcinoma in situ to a metastatic lesion, invading carcinoma cells 

degrade and transmigrate intervening ECM barriers (Hanahan and Weinberg, 2011; 

Rowe and Weiss, 2008, 2009). While some carcinoma cells eventually acquire the ability 

to degrade the ECM in an autonomous fashion, recent studies have suggested that 

carcinomas are able to recruit a complex mix of stromal cells to aid pre-malignant tumor 

dissemination (Banys et al., 2012; Hüsemann et al., 2008; Linde et al., 2018; Sänger et 

al., 2011; Turajlic and Swanton, 2016). Within the tumor microenvironment, tumor-

associated macrophages (TAMs) are one of the earliest and most numerous tumor-

promoting stromal cell types recruited to neoplastic sites (Franklin et al., 2014; Lin et al., 
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2001; Linde et al., 2018). Indeed, recent clinical studies correlate increasing macrophage 

numbers with poor patient survival in lung, breast, and prostate carcinomas, as well as 

malignant brain tumors (Noy and Pollard, 2014; Ries et al., 2014). Furthermore, in a 

mouse model of breast cancer (MMTV-PyVT), real-time intravital imaging captures 

carcinoma cells migrating towards, and invading into, basement membrane-ensheathed 

tumor vasculature in close association with macrophage ”chaperones” (Harney et al., 

2015; Lewis et al., 2016; Wyckoff et al., 2007). As such, tumor and macrophage migration 

presumably necessitate traversing both interstitial matrix and vascular basement 

membrane barriers.  

The differentiation and chemotaxis of macrophages to tumor sites is mediated by 

secreted growth factors and chemokines i.e. CSF-1 and CCL-2, that are produced by 

carcinoma cells (Figure 1.7) (Qian et al., 2011; Ries et al., 2014). Consistent with 

macrophages acting as pivotal remodelers of ECM barriers in the tumor 

microenvironment, targeted inhibition of CSF-1 or CCL-2, as well as chemical or genetic 

depletion of macrophages, significantly abrogates carcinoma cell dissemination and 

metastasis (Linde et al., 2018; Noy and Pollard, 2014; Ries et al., 2014). Interestingly, 

primary tumor growth is largely unaffected by macrophage depletion, suggesting a 

specific effect on the dissemination of carcinoma cells. Thus, macrophages are 

hypothesized to play a critical role in promoting tumor progression (Franklin and Li, 2016; 

Noy and Pollard, 2014; Ries et al., 2014). However, the question remains: what are the 

mechanisms that support macrophage-mediated ECM remodeling? 

Mechanisms of ECM remodeling 
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The ability of a cell to traverse the ECM is dependent on the properties of both the 

ECM barrier, and the cell itself (Rowe and Weiss, 2009; Sabeh et al., 2009a; Wolf et al., 

2013). The pore size of a matrix, and thus the function of that matrix as a barrier, are 

dictated by the density and crosslinking of its constituents. For example, the pore size of 

a dense (~2 mg/ml) crosslinked type I collagen matrix are less than 2 µm in diameter 

(Sabeh et al., 2009a; Wolf et al., 2013). In turn, the ability of a cell to traverse the pores 

in the ECM depends on the pore size of the matrix relative to the size and rigidity of the 

nucleus (~10 µm diameter), the least deformable organelle in the cell (Dahl, 2004; 

Davidson et al., 2014; Gerlitz and Bustin, 2011; Wolf et al., 2013). Therefore, cells 

traversing dense, crosslinked ECM with pores that are significantly smaller than the 

nucleus are thought to remodel intervening fibers, either by proteolytic degradation or 

non-proteolytic displacement (Rowe and Weiss, 2009; Sabeh et al., 2009a; Wolf et al., 

2013). Similar, if not identical, mechanisms are thought to be mobilized to remodel ECM 

at sites of tissue damage or inflammation (Rowe and Weiss, 2009; Sabeh et al., 2009a). 

Over 600 distinct proteinases belonging to 5 distinct families (aspartate, cysteine, 

metallo, serine, and threonine) are expressed in mouse and human cells alike (Page-

McCaw et al., 2007; Rowe and Weiss, 2008). In vivo transcript arrays suggest 

macrophages basally express dozens, if not hundreds of proteinases, that following 

exposure to immune stimuli, growth factors, or cytokines, are up- or down-regulated (Afik 

et al., 2016; Murray et al., 2013; Ojalvo et al., 2009, 2010; Wynn and Vannella, 2016). By 

extension, in vitro studies have defined a spectrum of macrophage responses to immune 

stimuli by characterizing the distinct patterns of gene and protein expression, including 

proteinases (Beyer et al., 2012; Martinez et al., 2006; Murray et al., 2013). At one end of 
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this spectrum, “classically” activated macrophages, polarized with lipopolysaccharide 

(LPS), model the initial response to injury and inflammation (Murray et al., 2014). At the 

other extreme of macrophage activation states, “alternatively” activated macrophages, 

polarized with the interleukin-4 (IL-4), model a wound healing response (Murray et al., 

2014). Interestingly, dozens of extracellular proteinases, including members of the 

cysteine, serine, and metalloprotease families, correlate with macrophage migration and 

distinct activation states associated with tissue remodeling and repair (Murray et al., 2013; 

Ojalvo et al., 2009, 2010). For example, a recent study demonstrated macrophages 

mobilize cysteine proteinases, i.e., CtsB, CtsX, and CtsS, in order to migrate across an 

in vitro 3D matrix (Jevnikar et al., 2012). In addition, gene expression analysis of mouse 

macrophages reveals at least 7 matrix metalloproteinases (MMPs) are induced by LPS-

stimulation, including MMP-2, MMP-9, and MMP-14, in order to degrade an in vitro 3D 

matrix (Murray et al., 2013). While a remarkable number of proteinases correlate with 

macrophage migration and ECM remodeling, arguably, the most well-established ECM 

remodeling proteases are MMPs (Rowe and Weiss, 2009; Sabeh et al., 2009; Page-

McCaw et al., 2007). 

Macrophage MT1-MMP as an effector of ECM remodeling 

 The matrix metalloproteinase family has been repeatedly implicated in ECM 

remodeling programs of fibroblasts, carcinoma cells, and macrophages (Page-McCaw et 

al., 2007; Rowe et al., 2011; Rowe and Weiss, 2009). The 25-member MMP family is an 

evolutionarily-conserved class of zinc-dependent endopeptidases that can be further 

divided into two subclasses: 18 secreted MMPs and 6 membrane-tethered MMPs (MT-

MMPs) (Page-McCaw et al., 2007). MT-MMPs are associated with the cell membrane 
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either by a hydrophobic transmembrane domain (i.e., MT1-MMP, MT2-MMP, MT3-MMP, 

and MT5-MMP) or a glycosylphosphatidyl inositol (GPI)-anchor (i.e., MT4-MMP and MT6-

MMP) (Page-McCaw et al., 2007). MT-MMPs are synthesized as latent zymogens with 

an auto-inhibitory prodomain that is proteolytically removed by the proprotein convertase, 

furin, as the zymogen traverses the trans-golgi network (Pei and Weiss, 1995). Upon the 

intracellular removal of the inhibitory prodomain, MT-MMPs traffic to the cell surface 

where they are displayed as active enzymes (Pei and Weiss, 1996; Wiesner et al., 2013; 

Yana and Weiss, 2000). While MMP family members are capable of degrading a wide 

array of substrates, e.g. ranging from surface proteins, to growth factors and cytokines as 

well as almost every ECM component, global knockouts of MMPs in transgenic mice 

unexpectedly display only subtle defects, with a single exception (Page-McCaw et al., 

2007). Following knockout, MT1-MMP-deficient mice display progressive cranio-facial 

abnormalities and dwarfism, uniformly expiring by 3-12 weeks after birth, depending on 

the strain (Holmbeck et al., 1999; Zhou et al., 2000). In large part, this phenotype is due 

to a failure of MT1-MMP knockout mice to remodel the ECM, particularly type I collagen 

(Itoh, 2015; Rowe and Weiss, 2009).  

ECM models  

Evidence from patient data and in vivo animal studies support a model wherein 

macrophages respond to diverse physiologic and pathologic microenvironments by 

mobilizing proteases to degrade or repair the ECM (Eming et al., 2017; Murray et al., 

2014). However, the complex milieu of cells in vivo hinder efforts to define the 

mechanisms of macrophage-mediated ECM remodeling. By necessity, investigations of 

the underlying mechanisms of ECM migration and remodeling have adopted a range of 
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in vitro matrix constructs (Murray et al., 2013; Van Goethem et al., 2010; Vérollet et al., 

2011). Not only do in vitro models permit the study of macrophage autonomous functions 

in the presence of distinct immune modulators, but in addition, degradation of these 

constructs can readily be imaged in real-time and at high resolution. Therefore, 

mechanistic studies using in vitro models have significant advantages over in vivo models 

in terms of mechanistic analysis, but often, if not always, these models oversimplify the 

structural and mechanical properties of the native ECM.  

Given the complex structure and relative insolubility of the covalently crosslinked 

basement membrane in vivo, the harvesting of soluble basement membrane extracts from 

mouse Engelbreth-Holm-Swarm sarcoma cells in the 1970’s as a basement membrane 

“mimetic” was a boon to early investigators (Kleinman and Martin, 2005; Orkin et al., 

1977). Commercially sold as Matrigel, this composite contains laminin, type IV collagen, 

nidogen, and perlecan, in short, nearly all the components of in vivo basement membrane 

(Kleinman and Martin, 2005). Extensively used as a 3D scaffold in migration and 

degradation studies even today, an often-overlooked shortcoming of Matrigel is that it is 

mainly comprised of an isoform of laminin rarely found in adult animals and lacks the type 

IV collagen covalent crosslinks that define the basement membrane as a mechanical 

barrier (Halfter et al., 2015; Rowe and Weiss, 2008, 2009; Willis et al., 2013). Given that 

the non-covalently crosslinked components of Matrigel may be traversed by non-

proteolytic displacement of ECM fibers alone, it is unclear whether it should be used as a 

basement membrane surrogate for transmigration studies (Rowe and Weiss, 2009; 

Sodek et al., 2008). Yet, due to its ubiquitous availability as a simple 3D matrix scaffold, 

a bevy of publications have used Matrigel to study the mechanisms of macrophage-
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mediated ECM remodeling (Akkari et al., 2014; Fleetwood et al., 2014; Gui et al., 2014; 

Jevnikar et al., 2012; Murray et al., 2013; Vérollet et al., 2011; Wiesner et al., 2014). 

In contrast to the basement membrane, interstitial matrix mimics are typically 

assembled using purified extracts of relatively homogenous type I collagen instead of a 

complex mix of interstitial matrix proteins (Rowe and Weiss, 2009; Sabeh et al., 2009a). 

However, similar to Matrigel, type I collagen extracts are readily gelled into 3D scaffolds 

in concentrations meant to reflect in vivo ECM (Sabeh et al., 2009a; Wiesner et al., 2014; 

Wolf et al., 2013). Typically isolated from rat tail or bovine skin, the extraction process is 

a critical determinant of the model’s physiologic relevance (Sabeh et al., 2009a). 

Specifically, a commonly used pepsin-extraction process removes the N- and C-terminal 

type I collagen telopeptides, and with them, the site of lysyl oxidase-mediated crosslinking 

that dictates the mechanical integrity of type I collagen hydrogels (Demou et al., 2005; 

Sabeh et al., 2009a). As a consequence of the loss of crosslinking, pepsin-extracted type 

I collagen gels readily permit non-proteolytic invasion, as migrating cells can physically 

displace the non-covalently crosslinked collagen fibrils during transmigration (Demou et 

al., 2005; Sabeh et al., 2009a). In contrast to the pepsin extraction process, acid-extracted 

type I collagen retains the telopeptide domains and allows for the reversible assembly 

and disassembly of lysyl oxidase-mediated aldamine crosslinks (Demou et al., 2005; 

Sabeh et al., 2009a). Consequently, highly crosslinked hydrogels can only be traversed 

coincident with mobilization of a proteolytic remodeling program.  

Given the complexity of protease expression in macrophages and the relative 

dearth of studies utilizing ECM models that recapitulate the critical mechanical properties 

that define the ECM in vivo, the mechanisms macrophages employ to traverse and 
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degrade native basement membrane and interstitial matrix barriers has remained 

undefined.  

Thesis Summary 

Herein, using an ex vivo mesenteric tissue model and an in vitro high-density 

matrix hydrogel, we define the molecular mechanisms of macrophage remodeling and 

trafficking of basement membrane and interstitial matrix barriers. Upon adhering to the 

mesenteric ECM, primary human and mouse macrophages rapidly mobilize a 

microenvironmentally-tunable basement membrane degradation program that is 

dependent on MT1-MMP activity (Chapter 2). While, in turn, macrophages traverse the 

basement membrane-interstitial matrix interface, unexpectedly, neither MT1-MMP, nor 

cysteine or serine proteases, are required (Chapter 2). However, we find that 

macrophages actively traversing high-density interstitial matrix barriers require MT1-MMP 

to degrade passageways through the matrix permissible for cellular trafficking (Chapter 

3). Finally, we consider the in vivo implications of macrophage-mediated ECM 

degradation illustrated by preliminary data from a mouse model of brain cancer (Chapter 

4). Together, these studies define MT1-MMP-dependent and independent mechanisms 

by which macrophages traffic and remodel the extracellular matrix barrier.   
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Figure 1.1 

 

 

Figure 1.1: Origin and dynamics of tissue resident macrophage seeding.  

The earliest embryonic yolk sac macrophages seed and persist in the brain into adulthood 
(Ginhoux and Guilliams, 2016). In contrast to the brain, epidermal macrophages are 

100% yolk sac origin until fetal liver macrophages replace and outnumber them 80% vs 
20% in adulthood. In addition, fetal liver macrophages replace yolk-sac macrophages 
almost completely in adult lung and liver. Interestingly, bone marrow derived 

macrophages dynamically replace the embryonic macrophages of tissues with distinct 
kinetics, slow (heart and pancreas) and fast (gut and dermis).   
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Figure 1.2 

 
 

Figure 1.2: Bone marrow monocyte-derived macrophage activity.  

During homeostasis embryonic progenitor-derived macrophages populate most tissues, 
with some exceptions for monocyte-derived tissue resident macrophages. Most infections 

are dominated by recruited monocyte-derived macrophages while less common parasitic 
helminths induce tissue-resident macrophage proliferation. Tumor progression is marked 

by the early influx and expansion of monocyte-derived macrophages (Franklin and Li, 
2016).  
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Figure 1.3 
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Figure 1.3: Basement membrane structure and organization 
(A) Basement membrane structures underlie epithelial cell layers as well as ensheathe 

Schwann cells and myocytes (Cummings et al., 2016). Type IV collagen α-chains form a 
triple-helical protomer. Protomers are assembled into a network extracellularly, cross-
linking reinforces the NC1 hexamer junctions between protomers. (B) Scanning electron 

microscopy of denuded mesentery tissue reveals the thin, confluent, basement 
membrane layer overlying an interstitial matrix (yellow asterisk) (Hotary et al., 2006). 

Scale bar, 20 um.  
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Figure 1.4 
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Figure 1.4: Interstitial matrix structure and organization.  
(A) Schematic of 2D basement membrane and 3D interstitial matrix. (B) SEM of type I 

collagen fibers (arrowhead), bundles and tapes found in human subcutaneous tissue (left 
panel) and rat aorta (right panel). Scale bar: 5 um. (C) SEM of the elastin reticulation of 

the rat adventitia after formic acid digestion of collagen, including a 4-way junction (left 
panel, arrow). Elastin lamina of the rat aorta in a sheet-like pattern with large fenestrations 
(Ushiki, 2002).  
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Figure 1.5 

 
 

Figure 1.5: Macrophage-basement membrane co-localization in vivo.  

Tissue resident macrophages indelibly labeled red in a Csf1r-Cre-Rosa26R-tdTomato 

mouse model colocalize with basement membrane (green) during homeostasis.  
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Figure 1.6 

 

 
 

 

Figure 1.6: Dynamic macrophage functions during wound repair.  

Macrophages mediate the wound microenvironment at every stage of the repair process. 
Initially, macrophages promote an immune response and upregulate the expression of 

proteolytic MMP enzymes. As the wound is sealed and foreign microbes cleared, 
macrophages dampen the host immune response and promote wound closure and 
fibrosis (Sindrilaru and Scharffetter-Kochanek, 2013).  
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Figure 1.7 

 
 

Figure 1.7: Macrophages promote tumor progression.  

(A) Chronic inflammation or spontaneous mutations can initiate cancer growth. 

Chemoattractants such as CSF-1 and CCL-2 attract macrophages to the growing 

neoplasia where they are thought to promote tumor progression to an early invasive 
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carcinoma by promoting angiogenesis and remodeling basement membrane barriers 
(Qian and Pollard, 2010). Tumor-promoting macrophage activity continues into late-stage 

carcinomas and metastasis as macrophages promote cancer cell intravasation and the 
seeding of distant sites.  
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Chapter 2: Macrophage-Dependent Trafficking and Remodeling of the Basement 

Membrane-Interstitial Matrix Interface 

Abstract

Macrophages dominate inflammatory environments where they modify the extracellular 

matrix by mobilizing complex repertoires of proteolytic enzymes.  Nevertheless, the 

dominant proteinases used by macrophage as they confront physiologic tissue barriers 

remain undefined.  Herein, we have characterized the molecular mechanisms that define 

human macrophage-extracellular matrix interactions ex vivo.  Resting and immune-

polarized macrophages are shown to proteolytically remodel basement membranes while 

infiltrating the underlying interstitial matrix.  In an unbiased screen to identify key 

proteases, we find that the macrophage metalloproteinase, MT1-MMP, is the dominant 

effector of basement membrane degradation and invasion.  Unexpectedly, macrophages 

can alternatively use actomyosin-dependent forces to transmigrate native basement 

membrane pores that provide cells with proteinase-independent access to the interstitial 

matrix.  These studies not only identify MT1-MMP as a key proteolytic effector of 

extracellular matrix remodeling by human macrophages, but also define the invasive 

strategies used by macrophages to traverse native tissue barriers.  
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Introduction 

Macrophages infiltrate and remodel the extracellular matrix (ECM) of native tissues 

under a wide variety of physiologic and pathologic conditions, ranging from post-

parturition mammary gland involution to metastasis (Lewis et al., 2016; Wynn et al., 2013; 

Wynn & Vannella, 2016). In mediating these diverse effects, macrophages assume an 

array of differentially activated or polarized states that allow them to either degrade or 

repair the ECM (Afik et al., 2016; Murray et al., 2014; Talmi-Frank et al., 2016). 

Regardless of their activation state, however, macrophages interact with at least one of 

two distinct ECM compartments, i.e., the basement membrane or the interstitial matrix 

(Rowe & Weiss, 2008, 2009). As a specialized form of ECM, the basement membrane 

subtends all epithelial and endothelial cell layers, but also surrounds adipocytes, 

pericytes, nerves, and vascular smooth muscle cells (Fidler et al., 2017; Rowe & Weiss, 

2008). Despite ranging in thickness from only 50-400 nm, basement membranes are 

mechanically rigid barriers in almost all tissues, largely owing to a covalently cross-linked 

network of tightly intertwined type IV collagen fibers that non-covalently associate with a 

laminin meshwork as well as a complex mix of more than 70 other components (Halfter 

et al., 2015; Randles et al., 2017). In turn, the underlying interstitial matrix is dominated 

by an interwoven composite of fibrillar type I/III collagen, elastin, glycoproteins, 

proteoglycans, and glycosaminoglycans (Rowe & Weiss, 2009).  

In confronting the basement membrane-interstitial matrix continuum in vivo, 

current evidence suggests normal as well as neoplastic cells remodel the ECM interface 

in order to drive tissue-invasive activity (Chang et al., 2017; Kelley et al., 2014; Rowe & 

Weiss, 2008; Sabeh et al., 2009). To date, however, efforts to characterize human 
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macrophage-ECM interactions have largely been confined to the use of artificial matrix 

constructs that lack the critical structural organization and mechanical properties that 

characterize the ECM in vivo (Cougoule et al., 2012; Halfter et al., 2015; Jevnikar et al., 

2012; Madsen et al., 2017; Randles et al., 2017; Rowe & Weiss, 2008, 2009; Starnes et 

al., 2014; Van Goethem et al., 2010; Wiesner et al., 2014). Hence, despite the fact that 

macrophages can mobilize a complex repertoire of proteolytic enzymes belonging to the 

aspartyl-, serine-, cysteine- and metallo- proteinase families, which, if any, of these 

systems participate in tissue remodeling and invasion remains undefined (Akkari et al., 

2014; Nathan & Ding, 2010; Newby, 2016; Sevenich & Joyce, 2014; Vérollet et al., 2011). 

To this end, we now characterize the molecular mechanisms that underlie macrophage-

dependent remodeling of native ECM barriers. Unlike other cell populations characterized 

to date, we find that human macrophages display a unique hybrid ability to penetrate 

native tissues by either mobilizing the membrane-anchored matrix metalloproteinase, 

MT1-MMP, that serves to dissolve intervening matrix barriers or alternatively, generating 

actomyosin-dependent mechanical forces that drive a shape shifting phenotype that 

permits invasion to proceed independently of matrix-degradative activity.
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Results 

Primary human macrophages remodel native basement membrane 

 Following gentle decellularization of native mesenteric sheets, 3-dimensional (3D) 

reconstructions of immunofluorescent and second harmonic generation images allow 

visualization of a reflected basement membrane bilayer that ensheaths an intervening 

interstitial matrix (Figure 2.1A,B and Video 1-2) (Hotary et al., 2006; Witz et al., 2001). At 

higher magnification, en face confocal images of excised tissue incubated with anti -

laminin or anti-type IV collagen antibodies highlight the confluent nature of the basement 

membrane sheets (Figure 2.1C). By imaging through the labeled tissue, orthogonal xz 

and yz reconstructions permit visualization of the apical and basal basement membrane 

layers that are separated by the ~50 μm-thick (unstained) interstitial matrix (Figure 2.1C). 

Given that the mechanical integrity of basement membranes is largely defined by a 

variable number of intermolecular sulfilimine bonds formed between the C-terminal 

domains of opposing type IV collagen trimers (Figure 2.1D) (Fidler et al., 2018), we sought 

to determine the relative frequency of these covalent cross-links in the isolated basement 

membranes. Following digestion with bacterial collagenase, the C-terminal domains of 

type IV collagen molecules (termed NC1 domains) remain associated as either non-

covalently or covalently-associated dimers (Boudko et al., 2018; Fidler et al., 2014). 

However, following SDS-PAGE, only the covalently cross-linked dimers remain intact, 

whereas non-covalently cross-linked dimers dissociate into monomers (Figure 2.1E) 

(Boudko et al., 2018). In the specific case of the peritoneal basement membrane, 

analyses of NC1 dimer structure demonstrate that its type IV collagen network is 
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dominated by covalent cross-links (Figure 2.1E), thereby highlighting the fact that tissue-

invasive cell populations confront a mechanically stable barrier.   

 Given the compositional and structural integrity of our ex vivo tissue construct, we 

next sought to characterize the nature of its interactions with primary human 

macrophages. As such, carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled 

monocyte-derived macrophages were cultured atop basement membranes that were pre-

labeled with fluorescently-tagged anti-laminin antibodies in the presence of Fc receptor 

blocking reagents to prevent direct interactions between the macrophages and the 

antibody-coated surface (Güç et al., 2014; Kilarski et al., 2013). After a 48 h time period, 

the macrophage-tissue constructs were imaged for 160 mins using real-time spinning disc 

confocal microscopy. As shown, macrophages (green) are found adherent to the 

basement membrane in association with the appearance of distinct 5-10 μm diameter 

perforations in the labeled matrix (Figure 2.1F, arrows). While real-time imaging of 

macrophage membrane contours over this timespan demonstrates only small changes in 

lateral cell spreading (Figure 2.1G), cells are observed that are actively traversing the 

apical face of the ex vivo construct with macrophage membrane protrusions found 

breaching the basement membrane surface (Figure 2.1H and Video 3). Indeed, under 

high magnification, real-time imaging of a single basement membrane pore in association 

with an overlying macrophage over this time span demonstrates an increase in 

perforation size from ~11 μm2 to ~17 μm2 in the absence of noticeable changes in the 

fluorescent intensity of the pore edge (Figure 2.1I and Video 4), a finding consistent with 

the active proteolytic remodeling of the cell-matrix interface.  Hence, by 48 h, human 
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macrophages are able to remodel native basement membranes while breaching the 

surface with invasive membrane protrusions.  

Inflammatory stimuli alter the basement membrane remodeling potential of human 

macrophages 

Given that macrophages serve discrete functions during the initiation and 

resolution of inflammatory responses (Wynn & Vannella, 2016), we sought to characterize 

the effect of immune polarizing stimuli on basement membrane remodeling. Consistent 

with recent studies, macrophages stimulated with purified E. coli lipopolysaccharide (LPS) 

upregulate TNFα and downregulate MRC1 transcript levels (Figure 2.2A) (Martinez et al., 

2013; Murray et al., 2014). Conversely, polarizing macrophages with the cytokine, IL-4, 

downregulates TNFα and upregulates MRC1 transcript levels (Figure 2.2A) (Martinez et 

al., 2013; Murray et al., 2014). As such, variably polarized macrophages were cultured 

atop ex vivo tissue constructs before staining with anti-laminin antibodies to assess 

basement membrane integrity. After a 6-day culture period, unstimulated macrophages 

are observed atop the apical basement membrane in association with large numbers of 

~10 μm diameter perforations (Figure 2.2B, arrowheads). Over this timeframe, orthogonal 

reconstructions demonstrate that macrophages not only remodel the basement 

membrane interface, but also proceed to infiltrate the underlying interstitial matrix (Figure 

2.2B, xz and yz images). Of note, a subset of the tissue-invasive macrophages also 

begins to traverse the opposing reflected basement membrane, demonstrating that the 

remodeling program occurs regardless of basement membrane symmetry (Halfter et al., 

2013) (Figure 2.2B arrowheads).  
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In a manner similar to unstimulated macrophages, LPS-polarized cells likewise 

remodel the basement membrane, but the percent surface area degraded increases ~2-

fold as does the average size of the perforations (Figure 2.2C,E). Interestingly, while IL-

4-dependent polarization is commonly linked to a tissue remodeling phenotype (Madsen 

et al., 2013; Mantovani et al., 2013), these macrophages fail to affect remodeling beyond 

that observed with unstimulated macrophages (Figure 2.2D,E).  

Given that LPS-stimulated macrophages mount the most robust remodeling 

program, we used these cells to characterize the dynamic characteristics underlying the 

formation of basement membrane perforations. Macrophages actively engaged in the 

remodeling of adjacent perforations adopt two distinct morphologies, i.e., either encircling 

the border of the perforation without extending obvious protrusions into the cavity or 

sending small cell processes through the perforation into the underlying interstitial matrix 

(Video 5 and 6). Coincident with this activity, macrophages can be observed to ‘tug’ on 

the underlying basement membrane with force sufficient to contort the matrix (Video 6). 

As basement membrane perforations can be generated – or enlarged – as a function of 

reversible mechanical distortions (Kelley et al., 2014), we assessed basement membrane 

structure by SEM following the 6-day culture period. As shown, clearly demarcated 

perforations that are ~10 μm diameter can readily be found in macrophage-exposed, but 

not control, constructs (Figure 2.2F). In tandem with basement membrane denudation, 

type IV collagen is solubilized as assessed by ELISA (Figure 2.2G). 

While recent studies have highlighted the ability of human and mouse 

macrophages to respond to specific inflammatory stimuli in transcriptionally and 

phenotypically distinct fashion (Martinez et al., 2013; Seok et al., 2013), we find that 
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mouse bone marrow-derived macrophages (BMDM) also perforate the basement 

membrane in response to LPS and IL-4 polarization, as well as infiltrate the interstitial 

compartment (Figure 2.3A). Under these conditions, LPS-stimulated BMDM remodel an 

area three times larger than unstimulated or IL-4 stimulated BMDM, and form modestly, 

although not significantly, larger perforations (Figure 2.3C). Interestingly, mouse 

multinucleated giant cells are occasionally formed in response to IL-4 (McNally & 

Anderson, 1995), but they express only minimal basement membrane remodeling activity 

and fail to invade the interstitial matrix (Figure 2.3B). Taken together, these data 

demonstrate that human as well as mouse macrophages proteolytically remodel and 

actively transmigrate native tissue barriers through processes responsive to immune 

polarization. 

Macrophage polarization and basement membrane remodeling correlates with 

protease expression 

As both mouse and human macrophages display similar matrix-remodeling 

phenotypes, we sought to first use mouse BMDM as a genetically-modifiable system to 

identify the underlying mechanisms responsible for basement membrane remodeling. To 

this end, we transcriptionally profiled mouse BMDM after a 24 h culture period under 

either unstimulated, LPS-stimulated or IL-4-stimulated conditions. As expected, the 

upregulation of mouse-specific polarization markers, Nos2 and Arg1 (Gundra et al., 2014; 

Murray et al., 2014), correlated with LPS and IL-4 stimulation, respectively (Figure 2.3D). 

In addition, a large number of proteases belonging to the metalloproteinase, cathepsin 

and serine proteinase family thought to be essential for ECM remodeling are expressed 

under these conditions (Figure 2.3E) (Fleetwood et al., 2014; Jevnikar et al., 2012; 
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Madsen et al., 2013; Murray et al., 2013). Of note, however, only a relatively small number 

of these proteases are differentially expressed in response to LPS or IL-4, with a smaller 

subset of these enzymes altering their transcript levels in a pattern that correlated with 

the matrix-remodeling phenotype, including the metalloproteases, Mt1-mmp and 

Adamts4; serine proteases, Htra4 and Ctrl; and serine protease receptor, Pluar (Figure 

2.3F).  

Matrix metalloproteases are required for basement membrane remodeling  

Cognizant of the fact that correlative changes in transcripts level may – or may not 

– correlate with matrix degradation activity, we next sought to identify effector proteases 

responsible for matrix remodeling by culturing BMDM atop tissue explants in the presence 

of broad spectrum inhibitors directed against cysteine, serine, or metalloprotease family 

members (Fleetwood et al., 2014; Hotary et al., 2006; Pflicke & Sixt, 2009; Van Goethem 

et al., 2010; Wolf et al., 2013). Despite the expression of multiple proteases by LPS-

stimulated BMDMs, the addition of high concentrations of validated cysteine or serine 

protease inhibitors fail to inhibit basement membrane remodeling to a significant degree 

(Figure 2.4A) (Punturieri et al., 2000; Reddy et al., 1995). In contrast, the metalloprotease 

inhibitor, BB-94, that targets MMP, ADAM and ADAM-TS family members (Baker et al., 

2002; Seals & Courtneidge, 2003) significantly blocks basement membrane degradation 

without affecting macrophage-basement membrane adhesion or cell viability (Figure 2.4A 

and data not shown).  To further narrow the number of candidate proteases, we took 

advantage of the fact that endogenous protease inhibitors, known as tissue inhibitor of 

metalloproteinases (TIMPs), can be used to preferentially block the proteolytic activity of 

secreted versus membrane-anchored MMPs (Brew & Nagase, 2010; English et al., 2006; 
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Hotary et al., 2006). In the presence of TIMP-1, a more specific inhibitor of secreted MMPs 

(English et al., 2006; Sabeh et al., 2009), the remodeling program is unaffected (Figure 

4A).  By contrast, TIMP-2, an endogenous inhibitor of both secreted and type I membrane-

anchored MMPs (English et al., 2006; Hotary et al., 2006; Sabeh et al., 2009), abrogates 

basement membrane degradation completely (Figure 2.4A). As BB-94 and TIMP-2 are 

the only inhibitors that effectively block basement membrane degradation, these results 

support the conclusion that a membrane-type MMP (MT-MMP) is likely the sole protease 

required for basement membrane remodeling (Figure 2.4B). 

MT1-MMP is the dominant effector responsible for macrophage-mediated 

remodeling of the basement membrane 

While at least four members of the MT-MMP family are sensitive to TIMP-2 (i.e. 

MT1-MMP, MT2-MMP, MT3-MMP and MT5-MMP) (English et al., 2006; Rowe & Weiss, 

2009), transcriptional profiling of LPS-stimulated macrophages identified MT1-MMP as 

the sole membrane-anchored MMP expressed under these conditions (Figure 2.3E,F). 

Given that the increase in MT1-MMP transcript levels most closely correlated with the 

basement membrane remodeling phenotype, we confirmed by Western blot and qPCR 

that MT1-MMP is significantly upregulated following polarization with LPS (Figure 2.5A).  

As such, to directly define the impact of MT1-MMP on the matrix remodeling program, 

BMDM were prepared from Mt1-mmp-/- mice and cultured atop native explants. 

Underlining an essential requirement for MT1-MMP in basement membrane remodeling, 

Mt1-mmp-/- BMDM fail to display matrix-degradative activity under basal, LPS-, or IL-4- 

stimulated conditions (Figure 2.5B,D), despite maintaining identical expression of non-

targeted cysteine, serine, and metallo-proteases (data not shown). Importantly, following 
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transduction of Mt1-mmp-/- macrophages with an MT1-MMP/mCherry-tagged construct 

(Sakurai-Yageta et al., 2008), basement membrane perforations materialize coincident 

with macrophages extending MT1-MMP/mCherry-positive protrusions into the underlying 

interstitial stroma (Figure 2.5C,D).  

To next determine whether the mouse MT1-MMP-dependent regulation of 

basement membrane remodeling can be extended to human macrophages, we first 

confirmed that primary human macrophages express MT1-MMP and upregulate its 

expression following LPS polarization (Figure 2.6A). However, while LPS increased MT1-

MMP transcript levels, protein expression remains largely unchanged (Figure 2.6A). 

Nevertheless, as assessed by confocal imaging, while endogenous MT1-MMP was found 

to localize in permeabilized cells to the peri-nuclear ER/Golgi region as well as trafficking 

vesicles throughout the cell, under non-permeabilized conditions, the levels of cell 

surface-associated MT1-MMP increase in response to LPS polarization (Figure 2.6B). 

Consistent with these findings, when human macrophages are cultured atop the 

basement membrane in the presence of BB-94 or a monoclonal antibody directed against 

the catalytic domain of MT1-MMP (Ager et al., 2015; Devy et al., 2009), matrix 

degradation is almost completely ablated (Figure 2.6C-F). Hence, MT1-MMP is required 

for both mouse and human macrophage-mediated basement membrane degradation.  

Macrophages can traverse the basement membrane–interstitial matrix interface 

independently of proteolysis 

While multiple normal as well as neoplastic cell populations degrade native tissue 

barriers as a prerequisite for supporting tissue-invasive activity (Hanahan & Weinberg, 

2011; Rowe & Weiss, 2009; Wolf et al., 2013), the mechanisms underlying the ability of 
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macrophages to cross native tissue interfaces remains undefined. Confirming the barrier 

properties of our ex vivo model, the highly invasive human breast cancer cell line, MDA-

MB-231 (Ota et al., 2009; Sabeh et al., 2004; Sabeh et al., 2009), rapidly degrades the 

underlying basement membrane barrier and infiltrates the interstitial space (Figure 

2.7A,E). By contrast, when MDA-MB-231 cells are cultured in the presence of BB-94, 

basement membrane remodeling is curtailed and invasion into the interstitium completely 

blocked (Figure 2.7A,E). To determine whether macrophage invasion is similarly linked 

to basement membrane proteolysis, wild-type and MT1-MMP-targeted mouse or human 

macrophages were cultured atop explants for 6 d and infiltration monitored.  As expected, 

both mouse and human macrophages degrade the subjacent membrane coincident with 

the expression of tissue-invasive activity (Figure 2.7B). Interestingly, macrophages 

accessing the interstitial matrix are found to adhere tightly to elastin fibrils while also 

infiltrating basement membrane sleeves that ensheathed the peritoneal vasculature 

(Figure 2.7C-D). However, in contrast to the protease-dependent invasion program 

deployed by carcinoma cells, when basement membrane remodeling by macrophages is 

blocked by targeting MT1-MMP, macrophages continue to infiltrate the interstitial matrix, 

bind to elastin fibers and invade vascular basement membranes (Figure 2.7B-E). Similar, 

if not identical, results are obtained when macrophages are cultured in the presence of 

protease inhibitors directed against each of the major proteinase classes in tandem, ruling 

out the possibility that alternate proteolytic systems required for invasion are engaged 

following MT1-MMP targeting (Figure 2.7B,E). 

Basement membrane pores provide macrophages with proteinase-independent 

access to the interstitium  
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While carcinoma cells mobilize proteinases to degrade the pericellular ECM in 

order to invade the interstitial matrix, the question remains as to the means by which 

macrophages traverse an identical barrier independently of proteolytic remodeling. 

Interestingly, earlier reports have described basement membrane “pores” that exist in 

almost every tissue where they have been proposed allow for epithelial-mesenchymal or 

mesodermal-stromal contact – and possibly, myeloid cell trafficking (Barreiro et al., 2016; 

Bluemink et al., 1976; Howat et al., 2001; Oakford et al., 2011; Takahashi-Iwanaga et al., 

1999; Takeuchi & Gonda, 2004). As such, we considered the possibility that 

macrophages might gain access to the interstitium through similar structures via a non-

proteolytic process (Howat et al., 2001; McClugage et al., 1986; Oakford et al., 2011; 

Pflicke & Sixt, 2009; Toner et al., 1970).  Indeed, under higher resolution, the peritoneal 

basement membrane can be shown to harbor a series of ~1 μm diameter pores (Figure 

2.8A).  Importantly, these pores are visible in intact tissue prior to decellularization, ruling 

out pore formation as an unintended consequence of tissue processing (Figure 2.S1). 

Hence, basement membranes and primary human macrophages were fluorescently pre-

labeled and transmigration captured by live imaging in the presence of the MT1-MMP-

blocking antibody (Figure 2.8B). Over a 7-hour time-course, macrophages were observed 

moving in a 2-dimenstional orientation towards a group of preformed portals (Figure 2.8B, 

Video 7). Orthogonal reconstructions over this timeframe demonstrate that macrophages 

first move laterally towards these perforations in an MT1-MMP-independent fashion 

before migrating vertically through the basement membrane and into the interstitial matrix 

(Figure 2.8B, Video 8). Hence, macrophages - unlike carcinoma cells - do not require 
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MT1-MMP to penetrate the basement membrane-interstitial interface or invade the 

underlying interstitial matrix.  

In other cell systems, non-proteolytic mechanisms of invasion have been linked to 

the transfer of mechanical forces from the cell body to either the surrounding matrix or 

the perinuclear compartment as a means to shape the rigid nucleus to a size that allows 

small ECM pores to be negotiated (Chang et al., 2017; Harunaga et al., 2014; Hung et 

al., 2013; Paul et al., 2017; Ruprecht et al., 2015). In an effort to define the contribution 

of actomyosin-dependent contractility to macrophage invasion, human macrophage 

infiltration into the interstitial matrix was assessed in the presence of the Rho kinase 

inhibitor, Y27632, or the myosin II inhibitor, blebbistatin (Harunaga et al., 2014; Hung et 

al., 2013; Ruprecht et al., 2015). While human macrophages cultured in the presence of 

BB-94 actively cross the basement membrane and infiltrate the interstitial matrix, the 

addition of either Y27632 or blebbistatin significantly blocks invasion (Figure 2.8C,D), 

highlighting the importance actomyosin-dependent forces in supporting motility 

responses though physiologic tissue barriers. To next determine if proteolysis might 

generate larger pore sizes in the ECM that potentially preclude a requirement for the 

actomyosin network, macrophages were cultured atop the ex vivo construct with either 

Y27632 or blebbistatin; but in the absence of BB-94 (Figure 2.8C,D). Interestingly, neither 

inhibitor affects the ability of macrophages to proteolytically remodel the underlying 

basement membrane (Figure 2.8C,D). Nevertheless, interstitial matrix invasion remains 

inhibited, demonstrating a continued requirement for actomyosin-dependent forces as the 

macrophages traverse the exposed interstitial ECM compartment, presumably as a 

consequence of negotiating restrictive pore sizes in this matrix compartment as well. 
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Hence, these data are consistent with a heretofore undescribed dual ability of 

macrophages to infiltrate interstitial matrix by either proteolytically degrading the 

basement membrane barrier or alternatively, mobilizing actomyosin-dependent pathways 

to non-proteolytically traverse basement membrane portals. 
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Discussion 

In postnatal states, macrophage patrol or infiltrate host tissue where they remodel 

the ECM in order to either exert palliative effects, e.g., during host defense and wound 

repair, or participate in deleterious outcomes, e.g., chronic inflammatory disease states 

and cancer (Nathan & Ding, 2010; Noy & Pollard, 2014; Wynn & Vannella, 2016).  

However, the precise mechanisms that allow macrophages to remodel native tissue 

barriers have remained largely undefined. To date, almost all studies have relied on the 

use of model systems to characterize macrophage interactions with either basement 

membrane or interstitial matrix barriers (Cougoule et al., 2012; Fleetwood et al., 2014; 

Gui et al., 2011, 2012, 2014; Jevnikar et al., 2012;  Murray et al., 2013; Ogura et al., 2017; 

Starnes et al., 2014; Van Goethem et al., 2010; Werb et al., 1980). However, given 

increased appreciation that these constructs cannot recapitulate the more complex 

structure of the ECM in vivo, and that the composition and mechanical properties of the 

ECM can each affect cell function (Liu et al., 2015; Previtera & Sengupta, 2015; Wiesner 

et al., 2014), the utility of these systems for predicting macrophage function in vivo is 

subject to debate. For example, whereas basement membranes in vivo are type IV 

collagen-rich and mechanically rigid as a consequence of lysyl oxidase- and peroxidasin- 

mediated covalent crosslinks, in vitro constructs that rely on EHS carcinoma extracts (i.e., 

Matrigel) are alternatively enriched with laminin, mechanically soft and largely devoid of 

the critical type IV collagen crosslinks that define basement membrane structure (Halfter 

et al., 2015; Rowe & Weiss, 2008, 2009; Willis et al., 2013). Likewise, given the fact that 

the interstitial matrix, though dominated by type I/III collagen, is comprised of hundreds 

of distinct components, attempts to recapitulate its structure with relatively simple 

collagen hydrogels is problematic (Naba et al., 2016; Sabeh et al., 2009; Wolf et al., 
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2013).  While these systems as well as synthetic polyethylene glycol- or alginate- based 

substrates engineered in 2-D, 3-D or microchannel format can nevertheless yield valuable 

insights (Hung et al., 2013; Liu et al., 2015; Paul et al., 2017; Previtera & Sengupta, 2015; 

Thiam et al., 2016), none of these constructs recapitulate the structural complexity or 

architecture of native tissues.  Given these limitations, we selected a matrix explant model 

for characterizing cell-matrix interactions, thereby allowing us to gauge the ability of non-

polarized as well as polarized macrophages to remodel and transmigrate native 

basement membrane barriers while gaining access to an underlying interstitial matrix. 

 In considering the potential proteolytic mechanisms that might be responsible for 

macrophage-dependent basement membrane remodeling, we chose an unbiased 

transcriptional screen as a means to identify candidate proteinases.  Consistent with 

reports implicating cysteine proteinases, serine proteinases as well as secreted MMPs in 

conferring macrophages with the ability to invade Matrigel-based constructs, each of 

these proteolytic systems were expressed by polarized macrophages (Jevnikar et al., 

2012; Murray et al., 2013).  However, when macrophage interactions with native 

basement membranes were examined, targeting these proteinases with class-specific 

inhibitors failed to block matrix remodeling.  Instead, both human and mouse 

macrophages deployed the membrane-anchored MMP, MT1-MMP, as the dominant 

effector of basement membrane remodeling.  Interestingly, in a manner similar to that 

observed during podosome-mediated proteolysis (Wiesner et al., 2013; Wiesner et al., 

2014), MT1-MMP actively trafficked to invasive membrane protrusions as the 

macrophages penetrated the basement membrane. While we have not examined this 

exocytotic process in detail, MT1-MMP trafficking most likely involves the RabGTPase-
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microtubule system previously detailed by Linder and colleagues (Wiesner et al., 2013; 

Wiesner et al., 2010). 

 Following MT1-MMP deletion or inhibition, we anticipated that macrophages would 

be unable to cross the basement membrane or infiltrate the interstitial matrix. While cells 

can potentially use cytoskeletal-generated forces to displace non-covalently cross-linked 

ECM fibers (Gjorevski et al., 2015; Pflicke & Sixt, 2009; Sabeh et al., 2009), the basement 

membrane used here is heavily cross-linked by sulfilimine bonds that would be predicted 

to render the type IV collagen backbone resistant to mechanical displacement (McCall et 

al., 2014).  Further, while migrating cells can negotiate fixed pores whose size exceeds 

10% of the nuclear cross-sectional area, the type IV collagen network has been estimated 

to limit interfibrillar pore size to ~50 nm in diameter, dimensions that would effectively 

preclude cellular transmigration (Fidler et al., 2017; Hallmann et al., 2015; Kelley et al., 

2014; Wolf et al., 2013).  Indeed, while human breast carcinoma cells were able to 

degrade and penetrate the basement membrane, invasion was, as expected (Hanahan 

& Weinberg, 2011; Hotary et al., 2006; Ota et al., 2009; Paul et al., 2017; Rowe & Weiss, 

2008), inhibited completely when MMP activity was blocked.  Though recent reports have 

emphasized the ability of human carcinoma cells, including MDA-MB-231 cells, to 

alternatively adopt an amoeboid phenotype to negotiate ECM barriers via non-proteolytic 

mechanisms, these studies consistently rely on artificial matrix models whose relevance 

to native tissue barriers remains to be determined (Aung et al., 2014; Haeger et al., 2015; 

He & Wirtz, 2014; Liu et al., 2015).  Using tissue explants, carcinoma cells were, by 

contrast, wholly dependent on MMP-dependent proteolysis. Nevertheless, in the absence 

of MT1-MMP activity, both human and mouse macrophages retained the ability to cross 
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the basement membrane-interstitial matrix interface via a process that is dependent on 

actomyosin-generated forces. In our efforts to visualize the sites permissive for 

proteinase-independent transmigration, our attention focused on discrete ~3 µm2 pores 

that decorate the basement membrane surface (Figure 2.8A, arrowheads; Figure 2.S1).  

Importantly, micrometer-sized basement pores have been identified in lung, skin, blood 

vessel and colon tissues, raising the distinct possibility that these structures are 

purposefully generated during embryogenesis not only to allow epithelial/mesodermal-

stromal crosstalk, but also to serve as permissive passageways for cell movement (Howat 

et al., 2001; McClugage et al., 1986; Oakford et al., 2011; Pflicke & Sixt, 2009; Toner et 

al., 1970).  Given their relatively small pore size - at least relative the nuclear dimensions 

of most cell populations - the engagement of the macrophage actomyosin network is 

consistent with recent studies demonstrating similar requirements as cells negotiate 

space-restrictive environments (Hung et al., 2013; Paul et al., 2017; Thiam et al., 2016). 

Interestingly, although the basement membrane surrounding lymphatic vessels are less 

well-organized than those found subtending epithelial cells or the vascular endothelium, 

Sixt and colleagues recently demonstrated that basement membrane portals similar to 

those described here are permissive for non-proteolytic dendritic cell trafficking (Pflicke & 

Sixt, 2009).  It should be stressed however, that basement membrane pores do not 

provide proteinase-independent access to all cell populations, as exemplified by the 

inability of MDA-MB-231 cells to usurp these passageways in their efforts to access the 

interstitial compartment. Furthermore, the trafficking mechanisms outlined here for 

macrophages cannot be extended to all myeloid population as we have found that human 

neutrophils are unable to cross the peritoneal basement membrane – either in the 
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absence or presence of chemotactic gradients (unpublished observation). While Glentis 

et al have recently proposed that cancer-associated fibroblasts can induce cancer cell 

invasion through the peritoneal basement membrane by a metalloproteinase-

independent process (Glentis et al., 2017), SEM images of their constructs appear to be 

devoid of an intact basement membrane and only show the fibrillar matrix of interstitial 

collagen (i.e., the diameter of type IV collagen fibrils is only on the order of 2 nm and 

requires high resolution metal shadow casting for visualization) (Yurchenco & Ruben, 

1987). As the ability of cell-generated mechanical forces to guide carcinoma cells through 

stromal collagen hydrogels has been described (Aung et al., 2014), their model is most 

consistent with the ability of cancer-associated fibroblasts to accelerate cancer cell 

invasion through a porous collagen network. These issues notwithstanding, macrophages 

may well represent a unique cell population that can traverse basement membranes in a 

cell autonomous fashion by alternatively mobilizing MT1-MMP-dependent or proteinase-

independent mechanisms. In this regard, we note that recent live imaging studies of 

macrophage migration within zebrafish larvae describe a dual requirement for proteinases 

and ROCK-dependent traction forces (Barros-Becker et al., 2017). However, as a cocktail 

of proteinase inhibitors was used in this study, the identity of the targeted proteinases 

remains to be determined.  

 Having gained access to the interstitial matrix, we noted that macrophages were 

not randomly arrayed within the stroma, but instead were closely associated with the 

underlying network of elastin fibrils.  Interestingly, inflammatory macrophage infiltrating 

adipose tissues in vivo were recently reported to be similarly positioned, raising the 

possibility that elastin networks may provide a 1-dimensional ‘highway’ for macrophage 
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trafficking through stromal tissues (Martinez-Santibanez et al., 2015). Of note, we also 

observed that macrophage-associated elastin fibrils were frequently fragmented (Figure 

2.7C). As elastin networks were disrupted in the absence or presence of MT1-MMP, 

alternate proteolytic systems must be in play here. Indeed, we have previously described 

the ability of human macrophages to degrade insoluble elastin fibers by mobilizing the 

cysteine proteinases, cathepsin L and S, and the role of these proteinases in this more 

physiologic model of elastinolytic activity remains to be determined (Filippov et al., 2003; 

Punturieri et al., 2000; Reddy et al., 1995).  Finally, we also note that macrophages, 

having gained access to the interstitial matrix, establish contact with the stromal face of 

both vascular basement membranes and the inner face of the reflected basement 

membrane. Recent studies demonstrate that basement membranes are not 

homogenous, but instead are asymmetrically organized with marked differences in rigidity 

and matrix composition on the epithelial versus stromal sides, raising the possibility that 

macrophage-basement membrane trafficking might be unidirectionally favored (Halfter et 

al., 2013). However, we find that macrophages are able to transmigrate basement 

membranes in either direction, a finding consistent with recent reports demonstrating the 

ability of macrophages to remodel vascular basement membranes during carcinoma cell 

intravasation or the alveolar basement membrane following lung injury (Harney et al., 

2015; Misharin et al., 2017; Wyckoff et al., 2007). 

In sum, we find that human as well as mouse macrophages mobilize MT1-MMP 

as the dominant effector of basement membrane remodeling.  While MT1-MMP confers 

non-polarized as well as polarized macrophages with the ability to resorb native tissues 

during tissue trafficking, these cells can also adopt an alternate phenotype that allows 
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them to traffic through tissue barriers in a proteinase-independent mode that is not 

conserved in carcinoma cells.  As such, we posit that macrophages, unlike other normal 

or neoplastic cell populations, have the ability to infiltrate tissues wherein the ECM is 

purposefully left unscathed during reparative states or irreversibly remodeled in 

association with tissue-destructive events.  
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Materials and Methods 

Isolation of primary macrophages  

Bone marrow macrophages were isolated as previously described from 2-8 week old wild-

type (Mt1-mmp+/+) or MT1-MMP-null (Mt1-mmp-/-) Swiss Black mice (Holmbeck et al 

1999; Sakamoto and Seiki 2009). Briefly, long bones were flushed with PBS, red cells 

were lysed with ACK buffer (ThermoFisher) and the remaining cells were cultured in 

alpha-MEM with 10% heat-inactivated fetal bovine serum (HI-FBS), 1% penicillin-

streptomycin solution (ThermoFisher), and 10 ng/mL M-CSF (R&D Systems) overnight 

on tissue culture dishes. Nonadherent cells were plated onto non-tissue culture-treated 

dishes in media with M-CSF for an additional 5-7 days; media was replaced every 48 

hours. 

Human peripheral blood monocytes were isolated from whole blood of volunteers in 

accordance with institutional review board (IRB) approval and the patient’s informed 

consent. PBMCs were separated by Lymphocyte Separation Medium (Corning) by 

density centrifugation, purified by CD14 selection (Miltenyi Biotec) and cultured at 2 x 106 

in 6-well plates containing RPMI 1640 without serum. After 2 h, media was replaced with 

RPMI 1640 with 1% penicillin-streptomycin solution and 20% autologous serum for 5-7 

days. Autologous serum was prepared by incubating non-heparinized whole blood at 37 

°C for 1 h followed by centrifugation at 2,850 g for 15 minutes, and sterile filtration of the 

serum fraction.   
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Ex vivo mesentery ECM preparation  

Mesentery tissue were prepared as previously described (Witz et al., 2001; Hotary et al., 

2006). Briefly, rat mesentery was mounted on 6.5 or 12-mm diameter Transwells (Sigma) 

with sterile surgical thread and decellularized with 0.1 N ammonium hydroxide. 1-2 x 105 

mouse or human macrophages were cultured atop the tissue for six days with media 

changes every 48 hours. All experiments were performed in complete medium in the 

absence or presence of the following inhibitors 100 µM E-64d, 100 µg/mL aprotinin, 100 

µg/mL soybean trypsin inhibitor (SBTI), 20 µM Y-27632, 20 µM Blebbistatin (Sigma), 5 

µM BB-94 (Tocris Bioscience), 12.5 µg/mL TIMP-1, 5 µg/mL TIMP-2 (Peprotech). 

Protease inhibitor mix contained 100 µM E-64d, 100 µg/mL aprotinin, 100 µg/mL SBTI, 5 

µM BB-94, 2 µM leupeptin, 10 µM pepstatin A. Human macrophages were also cultured 

with 75 µg/mL human isotype control IgG antibody or anti-MT1-MMP antibody DX-2400 

(Ager et al., 2015) in medium with 20% heat-inactivated autologous human serum and 

1% penicillin-streptomycin in the presence of 5 µL Fc-receptor blocking antibody TruStain 

FcX (Biolegend). DX-2400 was provided by the Kadmon Corporation. Macrophages were 

polarized with 1 µg/mL LPS from Escherichia coli O111:B4 (Sigma) or 20 ng/mL 

recombinant mouse or human IL-4 (Peprotech). After six days of culture, tissue constructs 

were washed with PBS, fixed with 4% PFA, and stained as described.  

Lentiviral gene transfer 

A mCherry-tagged MT1-MMP construct (Sakurai-Yageta 2008) was cloned into pLenti lox 

IRES EGFP vector and subsequently transfected into 293T cells using Lipofectamine 

2000 (ThermoFisher) to generate lentiviral particles. BMDM at 5 days post-isolation were 

incubated with the lentivirus-containing supernatant in the presence of 8 µg/mL polybrene 
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for 6 h before media was replaced. 48 h later transduced macrophages were cultured 

atop the tissue construct as described.  

Tumor cell culture  

MDA-MB-231 were cultured in DMEM supplemented with 10% heat-inactivated fetal 

bovine serum (HI-FBS) and a 1% penicillin-streptomycin solution. Cells were cultured on 

the basement membrane construct for 48 hours before processing.  

Confocal fluorescence microscopy and analysis  

PFA-fixed constructs were incubated with polyclonal antibodies targeting laminin (Sigma, 

cat #: L9393), type IV collagen (Abcam, cat #: ab19808), and elastin (EMD Millipore cat 

#: 2039), at 1:150 dilution in a blocking solution of 1% bovine serum albumin-PBS for 1 h 

room temperature. Constructs were then incubated with secondary fluorescent antibodies 

at 1:250 dilution while cells were labeled with Alexa Fluor 488 phalloidin and DAPI 

(Sigma) for 1 h in blocking solution. Image acquisition was performed using a spinning 

disc confocal CSU-WI (Yokogawa) on a Nikon Eclipse TI inverted microscope with a 60x 

oil-immersion objective and the Micro-Manager software (Open Imaging). Fluorescent 

images were processed with ImageJ (National Institutes of Health) with 3D viewer plugin 

for orthogonal and 3D reconstructions. Confocal imaging of the collagen I matrix was 

captured by second harmonic generation on a Leica SP5 inverted confocal microscope 

with a 60x oil-immersion objective.  

For immunofluorescence of endogenous MT1-MMP, fixed primary human macrophages 

were incubated on glass coverslips with 1:50 rabbit monoclonal anti-MT1-MMP (Abcam) 
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overnight at 4°C in 3% BSA-PBS with or without 0.1% Triton X-100 to permeabilize the 

cells, followed by incubation with 1:200 Alexa Fluor-488 secondary antibody for 1 h 37°C. 

Live image microscopy 

Live imaging was performed on unfixed tissue constructs pre-labeled with fluorescent 

antibodies as above. Macrophages were incubated with 5 µM CFSE (Life Technologies) 

in PBS for 20 minutes at 37°C, quenched with a 5x volume of medium with 1% HI-

autologous serum, resuspended in PBS-Fc receptor block for 5 minutes at room 

temperature, and plated on the pre-labeled tissue construct. Z-stacks or single slices were 

captured in a 37°C 5% CO2 humidified chamber (Livecell Pathology Devices) as 

described. Cell outlines were generated and overlaid using the binary and outline 

functions of ImageJ.  

Electron microscopy 

Tissue constructs were processed for SEM as follows, fix in 2% glutaraldehyde/1.5% 

paraformaldehyde in 0.1 M cacodylate buffer, post-fix in 1% osmium tetroxide, and 

dehydrated through a graded ethanol series as described (Hotary et al. 2003). Image 

acquisition was performed using an AMRAY 1910 field emission scanning electron 

microscope at 5.0 kV.  

ELISA 

Anti-Rat COL4A1 ELISA kits were purchased from LSBio. Tissue constructs were 

cultured for 72 hours in the presence of media alone or with LPS-stimulated human 

macrophages and LPS before cell-free media was analyzed according to the 

manufacturer’s instructions.  
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qPCR and transcriptional profiling  

RNA was isolated from macrophages using the NucleoSpin RNA kit (Macherey Nagel) as 

instructed. Day 5-7 macrophages were polarized for 24 hours as described. cDNA 

synthesis was performed with Superscript III enzyme (Invitrogen). qPCR reactions were 

performed in triplicate with SYBR green PCR master mix on a 7900HT fast Real-Time 

PCR machine (Applied Biosystems). Data were analyzed using the comparative threshold 

cycle method with mRNA levels normalized to GAPDH.  

For transcriptional profiling, total mRNA was isolated as above, and labeled and 

hybridized to Mouse Gene ST 2.1 strips (Affymetrix). Three replicates of each sample 

were analyzed by the University of Michigan Microarray Core. BMDM proteases with 

expression values greater than 24 in any condition were tabulated and further analyzed 

for relative fold differences across conditions.  

Western Blot  

Western blots were performed as described with antibodies targeting MT1-MMP 

(Epitomics), alpha 2 (IV) NC1, Clone H22 (Chondrex), and β-actin (Cell Signaling). 

Primary antibodies were labeled with horseradish peroxidase-conjugated species-

specific secondary antibodies (Santa Cruz) and detected by the SuperSignal West Pico 

system (Pierce). For type IV collagen dimer-monomer content analysis, isolated tissue 

was first digested with bacterial collagenase type IV (Worthington Biochemical 

Corporation) overnight at 37 °C with occasional vortexing. Samples were pelleted at 

15,000 g for 20 minutes and analyzed by SDS-PAGE without heat-denaturation.  

Statistical Analysis 
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The area of basement membrane degraded as well as basement membrane perforation 

size were calculated using ImageJ as follows; image intensity was enhanced and 

background subtracted using default settings, the images converted to black and white 

via binary function, inverted, and particles larger than a 1 µm2 minimum cut off analyzed. 

For percent invasion, cells were considered traversed if the cell body including nucleus 

were located between the two basement membrane layers. Results are expressed as 

mean ± SEM and comparisons were made with one-way ANOVA.  
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Figure 2.1 
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Figure 2.1. Human macrophage interactions with native basement membrane.  
(A) Schematic illustration of the mesentery extracellular matrix. (B) 3D confocal 

reconstructions of laminin (red, left panel) and elastin (blue, right panel), with second 
harmonic generation of type I collagen (yellow, right panel) in rat mesentery constructs. 
(C) En face and orthogonal immunofluorescence of laminin and type IV collagen. (D) 

Schematic of type IV collagen dimer-monomer content analysis. After collagenase 
digestion of type IV collagen, the hexameric NC1 domain remains intact. The hexamer 

can be dissociated via non-reducing SDS-PAGE into sulfilimine-crosslinked dimers and 
non-crosslinked monomers. (E) Type IV collagen dimer-monomer content analysis as 

determined by Western blotting. (F) 3D confocal reconstruction of human macrophages 

(green) atop the apical face of a basement membrane (red) with adjacent perforations 
(arrow) after 48 h. (G) Overlay of macrophage outlines captured every 10 minutes for 160 

minutes. (H) 3D reconstruction from (F) rotated 180° showing the apical basement 
membrane surface (top panel) and the reflected basal face (bottom panel). (I) 

Immunofluorescence of the apical basement membrane layer and macrophages (left 
panel) with a macrophage actively expanding a perforation in the basement membrane 
(small panels, arrows) from an area of 11.2 µm2 to 17.1 µm2 over 160 minutes. Bars: 20 

µm (B, F, H); 10 µm (C, G, I left panel); 5 µm (I right panel).  
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Figure 2.2 
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Figure 2.2. Polarized human macrophage-dependent remodeling of the basement 
membrane.  

(A) Transcript expression of immune response genes was analyzed by qPCR in human 

macrophages polarized with LPS (1 µg/mL) or recombinant human IL-4 (20 ng/mL). 
Results are expressed as mean ± SEM, n = 3, fold-change relative to control. (B) 

Immunofluorescence of unstimulated macrophages cultured for 6 days on the basement 
membrane surface. Orthogonal reconstructions reveal cells that infiltrated the interstitial 
matrix and perforated the basal basement membrane (arrows). (C) Immunofluorescence 
of macrophages polarized with LPS (1 µg/mL) or (D) recombinant human IL-4 (20 ng/mL). 

Images shown in (B-D) are representative of three replicates. (E) Quantification of the 

area of basement membrane degraded and basement membrane perforation size as 
analyzed by ImageJ pixel analysis of each condition from (B-D). Results are expressed 
as mean ± SEM; (**) P < .001; ns, not significant; n = 3. (F) Scanning electron micrograph 

of basement membrane stripped of cells either after culture with medium alone or with 
LPS-polarized macrophages for 6 days. (G) Quantification of soluble type IV collagen 

detected in cell-free media on day 3 of (F); results are expressed as mean ± SEM, n = 4. 
Bars: (B-D, F) 10 µm. 
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Figure 2.3 
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Figure 2.3. Polarized mouse macrophages express a suite of proteases.  
(A) Immunofluorescence of mouse BMDM cultured for 6 days on basement membrane 

constructs in the presence of media alone, LPS (1 µg/mL), or recombinant mouse IL-4 
(20 ng/mL) . Images shown are representative of three replicates. (B) 3D, en face, and 

orthogonal images of a multinucleated giant cell formed in response to IL-4. (C) 

Quantification of the area of basement membrane degraded and basement membrane 
perforation size as analyzed by ImageJ pixel analysis of each condition from (A). Results 
are expressed as mean ± SEM; (***) P < .0001, (*) P < .01; ns, not significant; n = 3. (D) 

Microarray data for two biological replicates of mouse BMDM left unstimulated, polarized 

with LPS (1 µg/mL), or polarized with recombinant mouse IL-4 (20 ng/mL) for 24 h. 
Relative expression levels of mouse-specific immune response genes (D), proteases with 
an absolute gene expression value of at least 24 (E), and the relative expression of those 

proteases in response to LPS and IL-4 (F) are presented. (D, F) are on a log2 scale. 
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Figure 2.4 
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Figure 2.4. Mouse macrophages require matrix metalloproteinases for basement 
membrane remodeling.  

(A) Macrophages were cultured atop basement membrane constructs for 6 days with LPS 

(1 µg/mL) in the absence or presence of inhibitors directed against cysteine proteinases 

(100 µM E-64d), serine proteinases (100 µg/mL aprotinin; 100 µg/mL soybean trypsin 
inhibitor, SBTI), matrix metalloproteinases (5 µM BB-94), 12.5 µg/mL TIMP-1, or 5 µg/mL 
TIMP-2. Images are representative of three replicates. Bars: 10 µm. (B) Quantification of 

the area of basement membrane degraded as analyzed by ImageJ pixel analysis under  
each set of conditions. Results are expressed as mean ± SEM; (*) P < .01; ns, not 

significant; n = 3. 
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Figure 2.5 

 

 

Figure 2.5. MT1-MMP-dependent mouse BMDM-mediated basement membrane 
remodeling.  

(A) Relative MT1-MMP expression in mouse BMDM left unstimulated or polarized with 

LPS (1 µg/mL), or recombinant mouse IL-4 (20 ng/mL), as determined by qPCR (top 
panel) or Western blot (bottom panel). (B) Immunofluorescence basement membranes 

exposed to either LPS-polarized MT1-MMP+/+ mouse BMDM or unstimulated, LPS-, and 
IL-4-polarized MT1-MMP-/- mouse BMDM. (C) Immunofluorescence of MT1-MMP-/- 
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mouse BMDM transduced with a lentiviral MT1-MMP-mCherry vector (pseudo-colored 
green) for 48 h before culture on the basement membrane construct (pseudo-colored 

red). MT1-MMP-mCherry-positive protrusions are localized to basement membrane 
perforations (arrowheads). Images shown in (B-C) are representative of three replicates. 
Bars: (B; C, left panels) 10 µm, (C, right panels) 5 µm. (D) Quantification of the area of 

basement membrane degraded as analyzed by ImageJ pixel analysis under each set of 
conditions from (B-C). Results are expressed as mean ± SEM; (***) P < .0001, (**) P < 

.001; ns, not significant; n = 3. 
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Figure 2.6 
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Figure 2.6. Human macrophages require MT1-MMP to degrade the basement 
membrane.  

(A) Relative MT1-MMP expression in human macrophages left unstimulated, polarized 

with LPS (1 µg/mL), or recombinant human IL-4 (20 ng/mL) as determined by qPCR (top 
panel) or Western blot (bottom panel). (B) High-magnification confocal images of 

endogenous MT1-MMP immunofluorescence in permeabilized (top 3 panels) or non-
permeabilized (bottom 3 panels) human macrophages. (C) Immunofluorescence of 

macrophages on basement membrane constructs in the presence of LPS (1 µg/mL) 
without or with 5 µm BB-94, (D) 75 µg/mL IgG control antibody or 75 µg/mL of MT1-MMP 

blocking antibody, DX-2400. (E) Scanning electron micrograph of mesentery basement 

membrane after culture with macrophages in the presence of LPS (1 µg/mL) and either 
75 µg/mL IgG or 75 µg/mL DX-2400 for 6 days. Images shown in (B-D) are representative 
of three replicates. Bars: (B-E) 10 µm. (F) Quantification of the area of basement 

membrane degraded as analyzed by ImageJ pixel analysis of each condition from (C-D). 

Results are expressed as mean ± SEM; (****) P < .00001, (***) P < .0001; n = 3.  
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Figure 2.7 
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Figure 2.7. Macrophages can mobilize a proteinase-independent tissue invasion 

program.  
(A) En face and orthogonal immunofluorescence of basement membranes cultured with 
human MDA-MB-231 breast carcinoma cells for 48 h without or with 5 µm BB-94. (B) 

Orthogonal view reconstructions of LPS (1 µg/mL) -polarized MT1-MMP+/+ or MT1-MMP-

/- mouse BMDM in the absence or presence of 5 µm BB-94 (top 3 panels), and LPS (1 

µg/mL) -polarized human macrophages in the presence or absence of 75 µg/mL IgG, 5 
µm BB-94, 75 µg/mL DX-2400, or a protease inhibitor mix (100 µm E-64d, 100 µg/ml 
aprotinin, 10 µm pepstatin A, 100 µg/ml SBTI, 5 µm BB-94, 2 µm leupeptin) (bottom 4 
panels). Images shown are representative of three replicates. (C) Immunofluorescence 

of human macrophages polarized with LPS (1 µg/mL) adhering to the interstitial elastin 

network in the presence or absence of 75 µg/mL IgG or 75 µg/mL DX-2400 for 6 days. 
(D) En face and orthogonal immunofluorescence of human macrophages infiltrating 

laminin-stained vascular basement membranes in the presence or absence of 75 µg/mL 
IgG or 75 µg/mL DX-2400 for 6 days. (E) Quantification of cell bodies (including nuclei) 

of MDA-MB-231 (left panel) or macrophages (right panel), located between the two 

basement membrane layers from (A-B) as a percentage of the total number of cells. Bars: 
(A, C-D) 10 µm. 
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Figure 2.8 
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Figure 2.8. Macrophages traverse preformed portals in the basement membrane in 
an actomyosin-dependent fashion.  

(A) Magnified confocal immunofluorescence of pores (arrowheads) in laminin- and type 

IV collagen-labeled basement membranes (B) Time-lapse series of CFSE-labeled human 

macrophages (green) and laminin-prelabeled basement membrane (red) captured every 
hour for 7 h immediately after plating. A macrophage moves towards preformed portals 
and distorts its shape (top two rows) while traversing the basement membrane en route 
to the interstitial matrix (bottom two rows). (B) En face and orthogonal 

immunofluorescence of basement membranes cultured with human macrophages 

polarized with LPS (1 µg/mL) in the absence or presence of Y-27632 (20 µM) and BB-94 
(5 µm) (left panels), or Blebbistatin (20 µM) and BB-94 (5 µm) (right panels). Images 
shown are representative of three replicates. (C) Quantification of cell bodies (including 

nuclei) of macrophages, located between the two basement membrane layers (from 
Figure 7B and Figure 8B) as a percentage of the total number of cells. Bars: (A, B) 5 µm, 

(C) 10 µm. Results are expressed as mean ± SEM; (**) P < .001, (*) P < .01; n = 3. 
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Figure 2.S1 

 

 

Figure 2.S1. Preformed portals in basement membrane prior to decellularization.  
(A) En face and orthogonal immunofluorescence of mesentery fixed in 4% PFA prior to 

decellularization. (B) Magnification of boxed region in (A) showing a grouping of 

preformed portals in the basement membrane. Bars: (A, B) 10 µm. 
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Video 1 

Video 1. 3D rotation of rat mesentery basement membrane.  

Laminin-stained (red) apical and reflected basal basement membrane surfaces in a 360° 

rotation. Depicted as a 3D-rendered confocal z-stack. Bar 20 µm. Refers to Figure 2.1B. 
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Video 2 

Video 2. 3D rotation of rat mesentery interstitial matrix.  

Elastin (blue) with second harmonic generation of type I collagen (yellow) in a 360° 

rotation. Depicted as a 3D-rendered confocal z-stack. Bar 20 µm. Refers to Figure 2.1B. 
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Video 3 

Video 3. Human macrophages dynamically protrude through the basement 
membrane.  

3D confocal time-lapse view of the interstitium-facing side of the apical basement 
membrane (red) as human macrophages (green) actively protrude through it. Time of 
observation: 160 minutes, captured every 10 minutes. Playback: 6 frames/s. Bar 20 µm. 

Refers to Figure 2.1H.  
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Video 4 

Video 4. Human macrophages expand basement membrane perforations.  

Enlarged max intensity projection confocal time-lapse of human macrophages (green) 

atop the apical basement membrane face (red) in the presence of LPS (1 µg/mL) actively 
expanding a perforation (arrowhead) in the basement membrane. Time of observation: 
160 minutes, captured every 10 minutes. Playback: 6 frames/s. Bar 10 µm. Refers to 

Figure 2.1I.  
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Video 5 

Video 5. Human macrophages encircle expanding basement membrane 

perforations.  

Max intensity projection and orthogonal reconstruction confocal time-lapse of human 
macrophages (green) atop the apical basement membrane face (red) in the presence of 

LPS (1 µg/mL) actively expanding a perforation in the basement membrane (arrowhead). 
Time of observation: 11 h, captured every 1 h. Playback: 6 frames/s. Bar 10 µm. Refers 

to Figure 2.2. 






88 

Video 6 

Video 6. Human macrophages protrude through expanding basement membrane 
perforations.  

Max intensity projection confocal time-lapse combined with static confocal orthogonal 
reconstructions of human macrophages (green) atop the apical basement membrane 
face (red) in the presence of LPS (1 µg/mL) actively expanding a perforation in the 

basement membrane (arrowhead). Time of observation: 90 minutes, captured every 3 
minutes. Playback: 10 frames/s. Bar 10 µm. Refers to Figure 2.2. 
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Video 7 

Video 7. Human macrophages engage with preformed basement membrane 

portals.  

Enlarged max intensity projection confocal time-lapse of human macrophages (green) 
atop the apical basement membrane face (red) in the presence of LPS (1 µg/mL) and 75 

µg/mL DX-2400. Time of observation: 460 minutes, captured every 20 minutes. Playback: 
6 frames/s. Bar 5µm. Refers to Figure 2.8A. 
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Video 8 

Video 8. Human macrophages traverse preformed basement membrane portals. 

Enlarged orthogonal reconstruction confocal time-lapse of human macrophages (green) 

atop the apical basement membrane face (red) in the presence of LPS (1 µg/mL) and 

75 µg/mL DX-2400. Time of observation: 520 minutes, captured every 20 minutes. 

Playback: 8 frames/s. Refers to Figure 2.8A. 
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Chapter 3: MT1-MMP-Dependent Human Macrophage Transmigration Across 

Interstitial Matrix Barriers 

Abstract

Macrophage migration across interstitial matrix barriers is an essential early step of the 

human immune response. Migration along and through 3-dimensional interstitial matrices 

is governed by matrix pore dimensions that are either large enough to traverse non-

proteolytically, or alternatively, sufficiently small that the matrix must be remodeled to 

permit the passage of the cell’s rigid nucleus. However, to date, interactions between 

stimulated macrophages and interstitial matrix barriers, and the proteolytic requirements 

engaged therein, have not been defined. Here, we characterize macrophage cell body 

and nuclear morphology during migration across acellular mesenteric tissue and type I 

collagen gels. We observe that independent of MMP catalytic activity, macrophages 

infiltrate the low-density mesenteric interstitial matrix and tightly associate with, and 

degrade, the elastin network. In a similar fashion, macrophages traverse and displace 

low-density type I collagen gels in the absence of MMP activity. In contrast, when 

confronting high-density type I collagen gels, macrophages mobilize MT1-MMP to 

proteolytically remodel restrictive collagen pores to generate “passageways” that are 

permissive for transiting the rigid nuclear body. By contrast, in the absence of MT1-MMP, 

macrophages mount a futile invasive program wherein the cell body, but not the nucleus, 
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traverse the collagen barrier. These data not only define human macrophage interactions 

with physiologically relevant interstitial matrix barriers, but also reveal a requirement of 

MT1-MMP for successful nuclear body migration across restrictive type I collagen 

matrices.  
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Introduction 

 In mediating host-wide immune responses, macrophages mobilize an array of 

proteolytic enzymes to remodel and traverse tissues that display a diverse composition 

of interstitial matrix macromolecules (Eming et al., 2017; Lin et al., 2001; Murray et al., 

2013; Ojalvo et al., 2009; Wynn and Vannella, 2016). Although the interstitial matrix is 

commonly dominated by networks of interwoven elastin and type I collagen, as well as 

dozens of glycoproteins, proteoglycans, and glycosaminoglycans, the relative proportion 

of these components can vary greatly between tissues, e.g. the dense matrix of type I 

collagen in the cornea, as opposed to the elastin-rich aorta and the disorganized matrix 

surrounding carcinomas (Benedek, 1971; Hynes, 2009; Meek and Knupp, 2015; Mouw 

et al., 2014; Overall and Blobel, 2007; Perumal et al., 2008). Regardless of tissue 

composition, cell transit is restricted by matrix pore size relative to the size and rigidity of 

the nucleus, the least deformable organelle in the cell body (Dahl, 2004; Davidson et al., 

2014; Gerlitz and Bustin, 2011; Wolf et al., 2013). As such, in order to traverse matrix 

pores whose dimensions are smaller than that of the nucleus, cells must mobilize 

proteolytic enzymes and exert mechanical force to create physically negotiable 

passageways (Rowe and Weiss, 2008, 2009; Sabeh et al., 2009a; Wolf et al., 2013). By 

contrast, when the pore size exceeds that of the nucleus, proteolysis is no longer 

necessary to transmigrate tissue barriers (Sabeh et al., 2009a; Wolf et al., 2013). 

Although various macrophage-extracellular matrix interactions have been described, the 

impact of interstitial matrix remodeling on macrophage nuclear and cellular shape as well 

as invasion has not been previously characterized. 
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Efforts to characterize macrophage-interstitial matrix interactions have been 

largely restricted to substrates lacking the covalent cross-links that distinguish native 

ECM barriers in vivo (Demou et al., 2005; Sabeh et al., 2009a; Wiesner et al., 2014). 

Hence, despite the fact that stimulated macrophages can upregulate MT1-MMP 

expression, the contribution of the proteinase to type I collagen invasive activity and 

associated changes in nuclear shape remain undefined. To this end, we have 

characterized the nuclear and cytoskeletal organization of primary human macrophages 

as they traverse native mesenteric tissue as well as type I collagen gels of varying 

densities that retain their in vivo crosslinks. Here, we define a key role for macrophage 

MT1-MMP in supporting matrix transmigration across size-restrictive collagen barriers by 

generating ECM “tunnels” whose diameter can accommodate the rigid cell nucleus.  
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Results 

Human macrophage morphology in the 3D interstitial matrix 

The acellular mesenteric interstitial matrix is characterized by a ~50 µm thick 3-

dimensional (3D) web-like network of ECM macromolecules (Figure 3.1A). Merged 

confocal image stacks through the entire interstitium reveal gaps between intertwining 

elastin and collagen I fibers upwards of 20 µm in diameter (Figure 3.1B). Earlier reports 

have demonstrated that fibroblasts or tumor cells embedded in dense 3D matrices in the 

presence of MMP inhibitors display a compacted, “rounded” morphology as a 

consequence of an inability to remodel the pericellular ECM and spread (Sabeh et al., 

2009a; Wolf et al., 2013). However, 3D reconstructions of primary human macrophages 

that have crossed into the interstitium reveal no defects in overall cell morphology or 

nuclear shape in the presence of the pan-MMP inhibitor, BB-94 (Figure 3.1C-D), a finding 

consistent with the fact that cells infiltrating a large pore matrix whose diameter exceeds 

that of the nucleus need not proteolyze the surrounding matrix to establish an optimal cell 

shape (Wolf et al., 2013).   

Human macrophage-elastin interactions 

 Upon infiltrating the mesentery, human macrophages are found in association with 

elastin fibrils (Figure 2.7C). Confocal immunofluorescence images reveal a highly 

fragmented elastin network (Figure 3.2A), wherein the ends of broken elastin fibers are 

found in association with adherent macrophages (Figure 3.2B). By reconstructing 

confocal images through the tissue, orthogonal views demonstrate that these broken 

elastin ends are engulfed by macrophage protrusions, consistent with proteolytic 
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remodeling (Figure 3.2C, arrowheads). While earlier studies have suggested that MMPs 

can participate in elastin remodeling, macrophages cultured in the presence of the 

blocking MT1-MMP antibody, DX-2400, continue to fragment the underlying elastin fiber 

network (Mecham et al., 1997; Xiong et al., 2009). (Figure 3.2D-F). Alternatively, 

members of the cysteine proteinase family, particularly cathepsins L and S, have been 

implicated in macrophage-mediated degradation of isolated elastin fibers (Punturieri et 

al., 2000; Reddy et al., 1995), but further work is required to verify their activity in our 

more physiologic tissue model.  

Macrophages traverse increasingly dense type I collagen gels  

 While the ex vivo mesentery is characterized by a low-density type I collagen 

network, type I collagen in other tissues can reach significantly higher densities that 

potentially necessitate the mobilization of macrophage MT1-MMP (Wolf et al., 2013). In 

order to begin characterizing the effects of collagen density on macrophage infiltration, 

an easily manipulatable in vitro type I collagen model was adopted wherein 3D type I 

collagen hydrogels of varying density are assembled that contain physiologic levels of 

Schiff base covalent crosslinks (Sabeh et al., 2009b). To first test the barrier function of 

collagen gels that resemble low-density interstitial matrix, type I collagen gels (1.1 mg/ml) 

were fluorescently-labeled (red) and cultured in the presence of LPS-polarized human 

macrophages (green) for 6 days (Figure 3.3). At the end of this culture period, low-

magnification confocal images of the collagen gels reveal that macrophages have 

displaced large areas of collagen that appear as dark “holes”, a finding that is usually 

defined as collagen “degradation” given the apparent disappearance of labelled collagen 

(Cougoule et al., 2012; Van Goethem et al., 2010) (Figure 3.3A). However, as shown by 



106 
 

high magnification, maximum intensity projections and orthogonal reconstructions, LPS-

polarized macrophages transmigrate the thin collagen gel and adhere to the underlying 

glass surface (Figure 3.3B). Interestingly, however, macrophages that have adhered to 

the glass surface are not surrounded by areas of degraded collagen, but instead remain 

“draped” by the collagen gel, a finding consistent with collagen displacement rather than 

matrix degradation. Indeed, similar, if not identical, results are seen in the presence of 

BB-94 (Figure 3.3C-D). In a fashion similar to that observed when macrophages invade 

the mesenteric interstitium, equivalent cell morphology and nuclear shape suggest that 

proteolytic activity is not required during macrophage invasion across low density 

collagen I barriers.  

In vivo tissues are often modeled with higher density collagen gels with matrix pore 

sizes (1-2 µm diameter) that restrict cell transit (Wolf et al., 2013). As such, LPS-

stimulated macrophages were next cultured for 6 days atop collagen gels whose density 

was increased 2-fold (i.e. from 1.1 to 2.2 mg/ml with a pore size of ~2 µm). At the end of 

the 6-day culture period, confocal images reveal the surface of the collagen gel is 

decorated with macrophages in proximity to, but not adjoining, small ~4.5 µm diameter 

pores (Figure 3.4A arrowheads). Remarkably, with orthogonal reconstruction, we observe 

pores that have widened into large, ~40 µm diameter “caverns” enveloping macrophages 

that potentially formed the pore as a conduit to traverse the collagen gel (Figure 3.4A). 

To next determine the relative contribution of collagen proteolysis to this process, LPS-

polarized macrophages were cultured in the presence of BB-94. In contrast to control 

macrophages, however, high magnification images of the surface of the collagen gel 

reveal that MMP-inhibited macrophages generate significantly smaller pores at the gel 



107 
 

surface (~1.5 µm diameter) despite retaining the ability to displace large zones of 

collagen, ~40 µm in diameter, from the glass surface (Figure 3.4C, arrowheads). 

Strikingly, following DAPI imaging, we find that the nuclei of MMP-inhibited macrophages 

are unable to follow the cell body and its associated cytoplasm to the glass interface, and 

are instead trapped at the surface of the collagen gel juxtaposed above the smaller pores 

generated within the underlying collagen gel (Figure 3.4C, orthogonal view). Furthermore, 

in the presence of BB-94, nuclei juxtaposing smaller pores are markedly deformed (Figure 

3.4C).  

MT1-MMP is required for nuclei to traverse dense collagen gels 

Given that MT1-MMP is highly expressed in LPS-stimulated macrophages (Figure 

2.6) and is a powerful type I collagenase (Rowe and Weiss, 2009; Sabeh et al., 2009a), 

macrophages were next cultured atop the high-density collagen gels in the presence of 

the MT1-MMP blocking antibody, DX-2400. As shown, in a fashion similar to that 

observed with macrophages cultured in the presence of BB-94, high-magnification 

confocal images of MT1-MMP-inhibited macrophages reveal nuclei trapped at the 

collagen surface in association with ~1.5 µm diameter pores (Figure 3.5A). Indeed, 

quantification of pore diameter in the presence of BB-94 or MT1-MMP blocking antibody 

reveal a significant decrease in average pore size relative to control (3.2 ± 0.4 µm vs 1.5 

± 0.14 µm) (Figure 3.5B). In addition, the presence of MMP inhibitors increased the 

number of nuclei unable to accompany the cell body across high-density type I collagen 

gels to the glass interface from 0% to ~20% (Figure 3.5C). Remarkably, on rare occasion, 

MMP-inhibited macrophages with obstructed nuclei were observed transiting type I 

collagen pores by markedly distorting the nuclear body (Figure 3.6A,B). 3D 
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reconstructions reveal dumbbell-shape nuclear distortions that appear as the nucleus is 

forced through the narrow collagen pore, illustrating the limited ability of macrophages to 

traverse size-restrictive matrix (Figure 3.6B,D). Together, these data demonstrate that 

MT1-MMP is required for successful macrophage transmigration of pore size-restrictive 

type I collagen barriers. 
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Discussion 

Macrophages infiltrate a wide range of interstitial matrix barriers to mount effective 

immune responses (Mouw et al., 2014; Noy and Pollard, 2014; Wynn and Vannella, 

2016). While movement through host tissues by other cell types is affected by matrix 

porosity relative to the deformability of the nucleus and protease expression (Wolf et al., 

2013), the importance of these factors in regulating macrophage invasion have not been 

previously defined. Evidence from in vitro studies support a model wherein macrophages 

degrade and invade collagen-rich barriers by mobilizing the membrane anchored matrix 

metalloprotease, MT1-MMP (Matías-Román et al., 2005; Wiesner et al., 2014). However, 

insights into macrophage-interstitial matrix interactions have been limited by reliance on 

non-physiologic ECM models that largely rely on the use of tissue barriers with limited 

physiological relevance (Cougoule et al., 2012; Jevnikar et al., 2012; Van Goethem et al., 

2011). For example, 3D models of invasion frequently employ Matrigel, a mouse 

carcinoma basement membrane extract largely composed of a non-covalently cross-

linked composite of type IV collagen and laminin that neither recapitulates the mechanical 

properties of authentic basement membranes nor models the structural characteristics of 

the interstitial matrix (Halfter et al., 2013; Kleinman and Martin, 2005; Rowe and Weiss, 

2009; Sodek et al., 2008).  Alternative substrates, such as purified type I collagen, can be 

readily engineered to form low- and high-density gels as a simple model of the interstitial 

matrix variances encountered in vivo (Sabeh et al., 2009a; Wolf et al., 2013). However, 

this model has its own pitfalls, as only hydrogels constructed from acid-extracted collagen 

can re-assemble the covalent Schiff base crosslinks that define type I collagen-rich 

tissues (Demou et al., 2005; Sabeh et al., 2009a). By contrast, pepsin-extracted type I 
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collagen, a commonly used commercial product, forms non-covalent crosslinked 

hydrogels whose mechanical properties are distinct from native type I collagen barriers 

(Demou et al., 2005; Sabeh et al., 2009a). Given these limitations, we adopted both a 

native mesentery tissue model and covalently crosslinked low- and high-density acid-

extracted collagen gels to evaluate macrophage-interstitial matrix interactions. 

 Current evidence suggests that fibroblast and cancer cell populations alter overall 

cell body and nuclear shape in response to changes in the architecture and pore size of 

the ECM (Rowe and Weiss, 2009; Sabeh et al., 2009a; Wolf et al., 2013). When 

confronted with pore sizes that exceed the dimensions of the nucleus, migrating cells 

traverse interstitial tissues by “simply” altering cell shape (Hung et al., 2013; Wolf et al., 

2013). However, if the pore size of the matrix is significantly less than that of nuclear 

dimensions, migrating cells must either deform their nuclear shape or mobilize proteolytic 

enzymes to enlarge matrix pores (Thiam et al., 2016; Wolf et al., 2013). Consequently, in 

the absence of proteolytic activity, most cell types will display marked changes in nuclear 

shape as they confront diminishing pore sizes until such time that motile responses come 

to a halt when nuclear deformation reaches a limit that undermines nuclear integrity. In 

delineating the tissue-invasive potential of macrophages, we find that these cells do not 

require proteases, including MT1-MMP, to traverse the peritoneal interstitial matrix. 

Presumably, the loose weave existing between the elastin and collagen networks allows 

macrophages to negotiate this tissue without mobilizing proteolytic activity or perturbing 

nuclear shape to a significant degree. Interestingly, this tissue afforded us a remarkably 

high-resolution model of native elastin networks where we find that macrophages were 

not randomly arrayed within the interstitium, but instead were closely associated with the 
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underlying network of elastin fibrils.  Of note, macrophages infiltrating inflamed adipose 

tissues were recently reported to similarly adhere to the elastin network, suggesting 

macrophage-elastin interactions may be a general paradigm of macrophage trafficking 

through interstitial tissues (Martinez-Santibanez et al., 2015). To our surprise, we also 

observed that macrophage-associated elastin fibrils were frequently fragmented within 

macrophage protrusions (Figure 3.2). As elastin networks were disrupted in the absence 

or presence of MT1-MMP, alternate proteolytic systems, such as cysteine proteinases 

(Punturieri et al., 2000; Reddy et al., 1995), are likely at play in the mesentery. The identity 

of these MMP-independent proteolytic systems remains to be determined as well as their 

potential role in supporting tissue invasion.  

 The ability of macrophages to negotiate low-density mesenteric interstitial matrix 

independent of MT1-MMP and without affecting cell or nuclear shape was similarly 

observed with human macrophages cultured on low-density type I collagen gels. Indeed, 

at this density, macrophages likewise displayed no MMP requirement in order to traverse 

the gel and undermine large areas of collagen from the glass surface. Interestingly, rather 

than mediate the bulk degradation of the collagen gel in fashion similar to fibroblasts and 

cancer cells (Hotary et al., 2000; Sabeh et al., 2004), macrophages penetrated the matrix 

and displaced the surrounding matrix upward, leaving the cell enveloped in a collagen 

“blanket”. Similarly, macrophages traversed high-density gels and form “cleared” collagen 

zones as they displaced the surrounding collagen hydrogel upwards. However, under 

these conditions, macrophages generate distinct “tunnels” in the collagen matrix as they 

transmigrate the gel. In the presence of MMP inhibitors or an MT1-MMP-specific blocking 

antibody, collagen was again “cleared” or “lifted” from the glass surface, while the 



112 
 

diameter of the collagen tunnels decreased three-fold. Under these conditions, the 

macrophage nucleus was unable to track with the advancing cell body. Taken together, 

these data indicate that macrophages require MT1-MMP to enlarge collagen 

passageways to a degree that accommodates the cell nucleus, in stark contrast to bulk 

ECM degradation mediated by fibroblasts or cancer cells (Hotary et al., 2000; Sabeh et 

al., 2004). In the absence of MT1-MMP activity, the macrophage nucleus is trapped above 

the restrictive collagen pore, where the trailing nucleus likely encounters significant 

cytoskeletal forces that distort, and potentially rupture, the nuclear body (Denais et al., 

2016; Raab et al., 2016). Indeed, in our MT1-MMP inhibited macrophage cultures, nuclear 

distortions ranged from a single bleb to an elongated “dumbbell” shape.  

 We find that while macrophages traverse low-density tissue in the absence of 

proteolytic activity, in order to traverse the restrictive pore size of high-density type I 

collagen, macrophages must mobilize MT1-MMP. However, in contrast to tumor cells that 

mount a bulk ECM remodeling program as they invade, macrophages only generate 

passageways through the collagen gel that are a fraction of the size of a single cell. 

Instead, and in accordance with recent investigations of cell migration across restrictive 

barriers (Wolf et al., 2013), the nominal expansion of collagen pores by macrophage-

MT1-MMP appears to be the minimum necessary for macrophage-nuclear transit. 

Together, these data demonstrate that macrophages mobilize MT1-MMP to generate 

traversable passageways through the pore size-restrictive type I collagen barriers that 

they confront during macrophage immune responses. 
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Materials and Methods 

Isolation of primary macrophages  

Human peripheral blood monocytes (PBMCs) were isolated from whole blood of 

volunteers in accordance with institutional review board (IRB) approval and the patient’s 

informed consent. PBMCs were separated in Lymphocyte Separation Medium (Corning) 

by density centrifugation, purified by CD14 selection (Miltenyi Biotec), and cultured at 2 x 

106 in 6-well plates containing RPMI 1640 without serum. After 2 h, media was replaced 

with RPMI 1640 with 1% penicillin-streptomycin solution and 20% autologous serum for 

5-7 days. Autologous serum was prepared by incubating non-heparinized whole blood at 

37 °C for 1 h followed by centrifugation at 2,850 x g for 15 minutes, and sterile filtration of 

the serum fraction. 

Ex vivo mesentery ECM preparation  

Mesentery tissue were prepared as previously described (Witz et al., 2001; Hotary et al., 

2006). Briefly, rat mesentery was mounted on 6.5-mm diameter Transwells (Sigma) with 

sterile surgical thread and decellularized with 0.1 N ammonium hydroxide. 1 x 105 human 

macrophages were cultured atop the tissue for six days with media changes every 48 

hours. All experiments were performed in complete medium supplemented with 1 µg/mL 

LPS from Escherichia coli O111:B4 (Sigma) and in the absence or presence of 5 µM BB-

94 (Tocris Bioscience). Human macrophages were also cultured with 75 µg/mL human 

isotype control IgG antibody or anti-MT1-MMP antibody DX-2400 (Ager et al., 2015) in 

medium with 20% heat-inactivated autologous human serum and 1% penicillin-

streptomycin in the presence of 5 µL Fc-receptor blocking antibody TruStain FcX 
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(Biolegend). DX-2400 was provided by the Kadmon Corporation. After six days of culture, 

tissue constructs were washed with PBS, fixed with 4% PFA, and stained as described. 

Collagen gel culture conditions 

Neutralized solutions of acid-extracted rat-tail type I collagen were labeled with Alexa 

Fluor-594 (Invitrogen, Carlsbad, CA) and deposited on 4-well Lab-Tek II chambered glass 

slides (Thermo Fisher) at 1.1 or 2.2 mg/ml final concentration for low- or high-density gels, 

respectively. Mature macrophages were cultured atop labeled gels for 6 days in the 

presence of LPS and in the absence or presence of BB-94 or DX-2400 before PFA fixation 

and counter-staining as described. 

Confocal fluorescence microscopy and analysis  

PFA-fixed mesentery tissues were incubated with polyclonal antibodies targeting elastin 

(EMD Millipore cat #: 2039), at 1:150 dilution in a blocking solution of 1% bovine serum 

albumin-PBS for 1 h at room temperature then incubated with secondary fluorescent 

antibodies at 1:250 dilution. Macrophages cultured with mesentery or purified collagen 

were labeled with Alexa Fluor 488 phalloidin and DAPI (Sigma) for 1 h in blocking solution. 

Image acquisition was performed using a spinning disc confocal CSU-WI (Yokogawa) on 

a Nikon Eclipse TI inverted microscope with a 60x oil-immersion objective and the Micro-

Manager software (Open Imaging). Fluorescent images were processed with ImageJ 

(National Institutes of Health) with 3D viewer plugin for orthogonal and 3D 

reconstructions. Confocal imaging of the mesenteric collagen I network was captured by 

second harmonic generation on a Leica SP5 inverted confocal microscope with a 60x oil-

immersion objective.  
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Statistical Analysis 

The area of collagen clearing from glass surfaces was calculated using ImageJ as follows; 

image intensity was enhanced and background subtracted using default settings, the 

images converted to black and white via binary function, inverted, and particles larger 

than a 1 µm2 minimum cut off analyzed. The diameter of collagen surface pores was 

calculated with the line tool and ROI manager and graphed with GraphPad Prism. Nuclei 

were categorized based on localizing to the collagen surface or glass surface. Nuclei 

localized to the collagen surface but with the cytoskeleton spread on the glass surface 

were additionally counted as “Glass w/out nucleus” and graphed accordingly. Pore 

diameters are expressed as a box-and-whisker plot with mean ± SEM and comparisons 

were made with one-way ANOVA.  



116 
 

Notes 

A version of Chapter 3 is under preparation for submission as a manuscript titled “MT1-

MMP-Dependent Human Macrophage Transmigration Across Interstitial Matrix Barriers” 

by the following authors: Julian C. Bahr, Xiao-Yan Li, and Stephen J. Weiss. 
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Figure 3.1 

 

Figure 3.1 Polarized human macrophage morphology in native interstitial matrix 

(A) Schematic illustration of the mesentery extracellular matrix. (B) 3D confocal 

reconstructions of elastin (blue, left panel), second harmonic generation of type I collagen 
(yellow, middle panel), and both in combination (right panel) in rat mesentery constructs. 
(C) Maximum intensity projection of human macrophages polarized with LPS (1 µg/mL) 

and in the absence or presence of a pan-matrix metalloproteinase inhibitor (5 µM BB-94). 
(D) 3D confocal reconstructions of interstitium-localized nuclei from human macrophages 

polarized with LPS (1 µg/mL) and in the absence or presence of a pan-matrix 
metalloproteinase inhibitor (5 µM BB-94). Images shown in (B-D) are representative of 

three replicates. Scale bars: 20 µm (B,); 10 µm (D). 
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Figure 3.2 

 

Figure 3.2 Polarized human macrophage remodeling of native elastin matrix 

(A, D) Confocal immunofluorescence of human macrophages polarized with LPS (1 

µg/mL) and in the absence or presence of the MT1-MMP blocking antibody DX-2400 (75 
µg/mL), interacting with the native mesentery elastin network. (B, E) Magnified area 

(Boxes from panel A and D, respectively) of macrophage extensions overlapping with 
disrupted elastin strands (arrowheads). (C, F) xz and yz orthogonal reconstructions of 

panel (A, D) revealing that macrophages completely engulf broken elastin strands 
(arrowheads).  Images shown are representative of three replicates. Scale bars: 10 µm. 
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Figure 3.3 
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Figure 3.3 MMPs are dispensable for macrophage infiltration of low-density 
collagen gels  

(A, C) Low-magnification confocal immunofluorescence of human macrophages 

polarized with LPS (1 µg/mL) and in the absence or presence of a pan-matrix 

metalloproteinase inhibitor (5 µM BB-94) at the collagen surface (left panels) or at the 
glass surface (right panels) of 1.1 mg/mL type I collagen gels. (B, D) High-magnification 

maximum intensity projections, orthogonal views, and 3D nuclear reconstructions of 

human macrophages polarized with LPS (1 µg/mL) and in the absence or presence of a 
pan-matrix metalloproteinase inhibitor (5 µM BB-94). Images shown are representative of 

three replicates. Scale bars: (A, C) 20 µm, (B, D) 10 µm. 
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Figure 3.4 

 

Figure 3.4 Human macrophage infiltration of high-density collagen gels  

(A, B) High-magnification confocal immunofluorescence of human macrophages 

polarized with LPS (1 µg/mL) and in the absence or presence of a pan-matrix 

metalloproteinase inhibitor (5 µM BB-94) at the collagen surface (left panels) or at the 
glass surface (right panels) of 2.2 mg/mL type I collagen gels. Pores in the surface are 
marked with arrowheads. Confocal stacks of the nuclei were isolated and reconstructed 
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in 3D (lower panels). Images shown are representative of three replicates. Scale bars: 
(A, B) 10 µm. 
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Figure 3.5 

 

Figure 3.5 MT1-MMP-dependent transit of macrophage nuclei across high-density 

collagen gels  
(A) High-magnification confocal immunofluorescence of human macrophages polarized 

with LPS (1 µg/mL) and in the presence of 75 µg/mL of MT1-MMP blocking antibody, DX-

2400, at the collagen surface (left panels) or at the glass surface (right panels) of 2.2 
mg/mL type I collagen gels. Pores in the surface are marked with arrowheads. (B) 

Quantification of collagen pore diameters in each condition (from Figure 3.4, 3.5) as 
analyzed by the ImageJ line tool and ROI manager. Results are expressed as box-and-
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whisker plots with every measurement shown. (C) Quantification of the number of cell 

bodies localizing to the collagen surface, glass surface, and glass surface with nucleus 

trapped atop the collagen surface. (**) P < .001; ns, not significant; n = 3 biological 
replicates, >10 random fields/replicate.  Images shown in (A) are representative of three 

replicates. Scale bars: (A)10 µm. 
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Figure 3.6 

 

Figure 3.6 Nuclear deformation in high-density collagen gels  

(A, B) En face, orthogonal, and 3D reconstructed high-magnification confocal 

immunofluorescence of human macrophages polarized with LPS (1 µg/mL) and in the 

presence of a pan-matrix metalloproteinase inhibitor (5 µM BB-94) or 75 µg/mL of MT1-
MMP blocking antibody, DX-2400, on 2.2 mg/mL type I collagen gels. Images shown (A, 
B) are representative of three replicates. Scale bars: (A, B) 10 µm. 
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Chapter 4: Discussion

Macrophages infiltrate and remodel the ECM that serve as cellular scaffolding 

templates in all multicellular animals with ramifications that range from the beneficial 

(wound repair) to the injurious (chronic inflammation and metastasis) (Lewis et al., 2016; 

Wynn et al., 2013; Wynn and Vannella, 2016). Despite the ~500-million-year co-existence 

of ECM and phagocytic immune cells, efforts to gain mechanistic insights into 

macrophage-ECM interactions have only been made possible with the recent advent of 

more sophisticated in vitro, ex vivo, and in vivo model systems (Buchmann, 2014; Fidler 

et al., 2017; Kadler et al., 1996; Wolf et al., 2013). Confounding efforts to define these 

molecular mechanisms is a growing appreciation for macrophage heterogeneity, 

illustrated by recent studies describing the gamut of macrophage ontogeny and 

subsequent responses to microenvironmental cues that determine macrophage-ECM 

interactions (Ginhoux and Guilliams, 2016; Murray et al., 2014; Wynn et al., 2013). 

Potential mechanisms gleaned from unbiased macrophage gene expression arrays 

reveal the potential for dozens of distinct proteolytic and non-proteolytic responses to 

stimuli (Afik et al., 2016; Murray et al., 2013; Ojalvo et al., 2009; Wiesner et al., 2014). 

Therefore, it has been necessary to adopt in vitro and ex vivo systems to model the 

spectrum of macrophage-ECM interactions that permit mechanistic analysis of tissue 

remodeling or transmigration programs. Nevertheless, studies using ECM constructs 
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have, often in contradiction with each other, proposed distinct requirements for multiple 

proteases in macrophage trafficking and remodeling of the ECM (Cougoule et al., 2012; 

Jevnikar et al., 2012; Starnes et al., 2014; Van Goethem et al., 2010; Wiesner et al., 

2014). However, to date, the model systems employed in these studies largely fail to 

recapitulate the fundamental structural or mechanical properties of native ECM barriers 

(Halfter et al., 2015; Randles et al., 2017; Rowe and Weiss, 2008, 2009). Thus, 

macrophage-ECM interactions during homeostasis or disease have remained almost 

completely undefined.  

Herein, we have characterized macrophage-ECM interactions with an ex vivo 

model of the basement membrane/interstitial matrix interface. With these physiologic 

constructs in hand, we provide the first demonstration of macrophage-dependent 

proteolytic remodeling of the basement membrane. Furthermore, we have extended 

these observations by defining the MT1-MMP-dependent and independent mechanisms 

that allow macrophages to transmigrate basement membrane barriers. Further 

characterization of macrophage migration across 3D type I collagen matrices 

demonstrate that macrophages are able to traverse low- and high-density constructs in a 

quantitatively equivalent fashion. However, upon blockade of MT1-MMP catalytic activity, 

macrophages are unable to expand conduits through high-density collagen matrix to a 

size that is permissive for transiting the rigid nuclear body. As such, the macrophage cell 

body, but not the nucleus, transmigrate the collagen barrier. Together, these data provide 

novel insights into the molecular mechanisms by which macrophages traffic and remodel 

basement membrane and interstitial matrix barriers.  
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Based on macrophage cultures on commercial substrates such as Matrigel or 

pepsin-extracted type I collagen, a wide range of cysteine, serine, and metalloproteinase 

family members have previously been proposed to play critical roles in macrophage 

migration and ECM remodeling (Cougoule et al., 2012; Fleetwood et al., 2014; Starnes 

et al., 2014; Van Goethem et al., 2010; Wiesner et al., 2014). However, we now 

demonstrate that MT1-MMP alone is the dominant protease mobilized by macrophages 

during basement membrane transmigration and that it actively participates in proteolyzing 

type IV collagen and laminin. While MT1-MMP can activate a number of downstream 

proteinases, including MMP-2, MMP-8 and MMP-13, each of these MMP family members 

are sensitive to inhibition by TIMP-1, an antiproteinase that proved incapable of blocking 

MT1-MMP-dependent degradation.  

A conclusion that MT1-MMP is the key effector of basement membrane remodeling 

is based on the use of a model of decellularized ex vivo mesentery ECM that allows for 

the interrogation of autonomous macrophage behavior in real-time and three dimensions. 

Critically, the mesentery model retains type IV collagen covalent crosslinks that define 

basement membrane integrity in vivo, but are not recapitulated by in vitro basement 

membrane constructs such as Matrigel (McCall et al., 2014). We then applied a validated 

model of macrophage activation wherein primary mouse or human macrophages were 

cultured in the presence of polarizing molecules that resemble the initiation (LPS) or 

resolution (IL-4) of inflammation (Murray et al., 2014). Under these conditions. LPS-

polarized macrophages degraded cross-linked basement membrane to a greater extent 

relative to unstimulated or IL-4 stimulated macrophages. Systematic inhibition of each 

cysteine, serine, and metalloprotease family (all proposed by in vitro studies to be 
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required for macrophage-mediated ECM remodeling (Akkari et al., 2014; Jevnikar et al., 

2012; Murray et al., 2013; Newby, 2016; Vérollet et al., 2011)) demonstrated a singular 

requirement for metalloproteases. Only specific ablation of MT1-MMP activity abrogated 

macrophage-mediated basement membrane degradation. Consistent with these findings, 

MT1-MMP is highly expressed in mouse and human macrophages and localizes to actin-

rich macrophage protrusions in vitro (El Azzouzi et al., 2016; Wiesner et al., 2013). 

Interestingly, while MMP-mediated basement membrane remodeling by carcinoma cells 

is a prerequisite for their invasion into the interstitial matrix (Hotary et al., 2006; Rowe and 

Weiss, 2008, 2009), MT1-MMP-inhibited macrophages retained 3D migratory behavior 

by alternatively utilizing a non-proteolytic mechanism to access small preformed portals 

in the basement membrane. These data are the first descriptions of a unique hybrid ability 

utilized by macrophages to alternatively degrade the basement membrane during 

transmigration or non-proteolytically invading this barrier by transmigrating preformed 

passageways.  

Following the degradation of the basement membrane, macrophages 

subsequently establish contact with the interstitial matrix where they are confronted with 

interlacing networks of type I collagen and elastin. In this regard, human tissues reveal 

remarkable variability in the relative density of interstitial matrix components (Cuddapah 

et al., 2014; Kadler et al., 1996; Randles et al., 2017; Rozario and DeSimone, 2010; 

Sherratt, 2009; Ushiki, 2002; Wolf et al., 2013). To dissect the molecular mechanisms 

involved in cell migration, investigators can recapitulate tissue variability with low- and 

high-density matrix models in vitro (Sabeh et al., 2009a; Wiesner et al., 2014; Wolf et al., 

2013). Based on the observed size and rigidity of the nucleus, successful transmigration 
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of ECM barriers has been postulated to depend on the relative porosity of the intervening 

matrix relative to nuclear size (Wolf et al., 2013). Hence, we analyzed the relative ability 

of macrophages to traverse low-density and high-density acid-extracted type I collagen 

matrix that retain intact covalent crosslinks. Indeed, in our studies macrophages were 

able to negotiate the low-density matrix absent MMP activity yet required MT1-MMP to 

proteolytically expand collagen pores in high-density gels to a minimum size that allowed 

macrophage-nuclear transit. In the absence of MT1-MMP, nuclei that failed to transit 

restrictive collagen pores display marked distortions in nuclear shape. Therefore, without 

mobilizing the necessary proteolytic machinery (i.e. MT1-MMP), macrophages launch a 

futile attempt to traverse interstitial matrix barriers. Macrophages are critical regulators of 

pathological fibrosis that occur in response to chronic or dysregulated wound-healing 

(Wynn and Vannella, 2016). Given that fibrotic tissue is characterized by increased ECM 

density, crosslinking, and stiffness modeled in part by dense type I collagen matrix in vitro, 

we expect macrophages mobilize MT1-MMP to proteolytically traverse restrictive fibrotic 

ECM (Wynn and Vannella, 2016). However, further studies, particularly in the in vivo 

setting, will be needed to address these issues.  

Together, these studies identify MT1-MMP as a requirement for macrophage-

mediated remodeling of two distinct extracellular matrix barriers, i.e. the basement 

membrane and interstitial matrix. Macrophages display an intrinsic MT1-MMP-dependent 

ability to degrade the basement membrane in diverse microenvironments, most strikingly 

in response to pro-inflammatory stimuli, but not as a prerequisite to traversing the 

basement membrane-interstitial matrix interface. In addition, MT1-MMP is mobilized to 

expand passageways in dense type I collagen to permit nuclear transit. Hence, from the 
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perspective of basement membrane and high collagen density interstitial matrix barriers, 

our data identify macrophage MT1-MMP as a critical mediator of ECM remodeling. 

Future Directions 

   Macrophage influx into developing tumors correlates with negative patient 

outcome, in part by promoting carcinoma cell invasion and metastasis (Afik et al., 2016; 

Noy and Pollard, 2014; Ries et al., 2014; Wyckoff et al., 2007; Wynn and Vannella, 2016). 

At the tumor site, macrophages upregulate the expression of powerful proteolytic 

enzymes, including the MT1-MMP, that are capable of remodeling the ECM barriers that 

confront invading tumor cells (Afik et al., 2016; Ojalvo et al., 2009, 2010; Rowe and Weiss, 

2009; Sabeh et al., 2009a). In our studies, we have demonstrated that macrophages 

mobilize MT1-MMP to degrade physiologic ECM barriers ex vivo, however, the 

contribution of macrophage MT1-MMP to in vivo tumor progression has not been defined. 

Therefore, we propose that the mobilization of MT1-MMP by tumor-associated 

macrophages (TAMs) promotes ECM remodeling and subsequent carcinoma cell 

invasion.  

Studies are underway to use transgenic models of breast cancer, i.e., MMTV-PyVT 

(PyMT), to analyze the specific role of macrophage MT1-MMP in vivo (Wagner et al., 

2001). In this system, female mice develop carcinomas that display disorganized 

basement membranes in tandem with the appearance of cancer-infiltrating macrophages 

(Lin et al., 2001; Wagner et al., 2001). In the PyMT system, the monocyte lineage can be 

permanently labeled using a Csf1r-Cre-Rosa26R-tdTomato transgenic line (Deng et al., 

2010; Madisen et al., 2010). In this system, all cells expressing the CSF-1 receptor, i.e., 

a growth factor essential for macrophage differentiation and survival, excise a floxed stop 



136 
 

codon preceding a tdTomato fluorescent reporter (Deng et al., 2010; Madisen et al., 

2010). Therefore, all cells that express Csf1r constitutively, including macrophages, 

express the red fluorescent signal. To begin characterizing macrophage-basement 

membrane interactions, PyMT animals were bred with Csf1r-Cre-Rosa26R-tdTomato 

mice. Interestingly, in preliminary studies, tumor sections co-labeled with antibodies 

targeting type IV collagen  reveal that macrophages localize to basement membrane 

structures, consistent with a potential role for TAM remodeling of ECM (Figure 4.1) 

(Wagner et al., 2001). To next determine if TAMs express MT1-MMP in vivo, we utilized 

an MT1-MMPLacZ mouse, wherein β-galactosidase activity readily identifies MT1-MMP 

expressing cells (Soriano, 1999). MT1-MMPLacZ animals were crossed with PyMT mice 

and β-galactosidase expression examined in tissue sections where macrophages were 

immunolocalized with anti-F4/80 antibodies, a macrophage-specific marker. Indeed, in 

preliminary experiments, β-galactosidase expression co-localizes with F4/80 

immunofluorescence, demonstrating that TAMs actively express MT1-MMP in vivo 

(Figure 4.2). Given that TAMs associate with basement membranes and express MT1-

MMP in vivo, studies are ongoing to generate macrophage MT1-MMP-deficient animals 

in the PyMT background using Csf1r-Cre+/-Mt1-mmpfl/fl mice (Deng et al., 2010; Soriano, 

1999; Tang et al., 2013; Wagner et al., 2001). These experiments should provide the first 

insights into the specific contribution of macrophage MT1-MMP to PyMT tumor 

progression in vivo.  

 In a similar fashion to breast cancer TAMs, brain-specific macrophages (I.e, 

microglia) associated with malignant brain tumors have been reported to upregulate MT1-

MMP expression (Hambardzumyan et al., 2015; Markovic et al., 2009; Vinnakota et al., 
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2013). Although the brain has a minimal interstitial matrix and is instead dominated by 

proteoglycan-rich ECM rather than fibrillar collagen (Zimmermann and Dours-

Zimmermann, 2008), glioma cells are known to track along the abluminal surface of 

vascular basement membrane as a means to traffic through brain tissues – a process 

that may require MT1-MMP (Cuddapah et al., 2014; Kienast et al., 2010; Thomsen et al., 

2017). Of note, recent studies have reported that microglial MT1-MMP expression 

promotes glioma expansion in an ex vivo brain slice model (Markovic et al., 2009; 

Vinnakota et al., 2013). Presumably, microglial cells may promote invasion by remodeling 

the vascular basement membrane in a manner that accelerates glioma invasion. In these 

studies, glioma cells were implanted in wildtype vs MT1-MMP global knockout brain slices 

where glioma invasion was promoted in control, but not knockout, tissue. However, as a 

consequence of using brain explant tissue harvested from MT1-MMP-null mice, where all 

cell types are targeted, it is impossible to identify the relative contribution of microglial 

cells alone. Furthermore, the studies were confined to an ex vivo model and the role of 

microglial MT1-MMP in regulating glioma progression in vivo has not yet been 

determined. Hence, we hypothesize that microglial MT1-MMP promotes glioma 

expansion in a basement membrane remodeling-dependent fashion. Thus, we have 

initiated studies utilizing a rapidly progressing mouse model of brain cancer, wherein 

GFP-labeled glioma cells were stereotactically injected into the brain of wild-type versus 

Csf1r-Cre+/-Mt1-mmpfl/fl mice (Figure 4.3A). In this model, tumor progression proceeds in 

a manner resembling human glioblastoma (Candolfi et al., 2007). In preliminary studies, 

when glioma expansion in situ was determined by GFP expression, microglial MT1-MMP 

knockout mice were found to generate smaller tumors (Figure 4.3B). In addition, tumor 
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sections from microglial MT1-MMP knockout mice reveal markedly fewer cells expressing 

nestin, a specific marker of glioma stem cells, relative to control tumors. Interestingly, 

tumor sections from knockout mice reveal a significant increase in cells expressing Iba1, 

i.e., a specific marker of microglial cells, relative to control tumors (Figure 4.3C,D), 

suggesting that in brain tissue, MT1-MMP does not play a required role in supporting 

invasion. While the mechanism(s) that underlie the increase in microglial trafficking (or 

even, proliferation) remain to be defined, these data support the hypothesis that microglia 

MT1-MMP promotes tumor growth. Further studies are underway to establish the relative 

contribution of microglial MT1-MMP to glioma progression.  

Summary 

Macrophage trafficking and remodeling of ECM barriers has critical, albeit 

paradoxical, roles in host defense and tumor progression. During such events, 

macrophages respond to microenvironmental cues to appropriately (or inappropriately) 

mount a broad ECM remodeling program that potentially targets basement membrane 

and interstitial matrix structures. In our ex vivo model of native ECM barriers, primary 

mouse and human macrophages mobilize MT1-MMP to degrade the basement 

membrane. Inflammatory cues mimicking the initiation of an inflammatory response 

intensify the basement membrane remodeling program in an MT1-MMP-dependent 

fashion. Yet MT1-MMP-deficient macrophages retain the ability to traverse tissue barriers 

by non-proteolytic mechanisms alone. In a dense type I collagen model of the interstitial 

matrix we identify an MT1-MMP-dependent migration program wherein macrophages 

expand passageways through type I collagen to a minimum size that permits nuclear 

transit. These findings will soon be extended to in vivo tumor models in conjunction with 
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macrophage-specific MT1-MMP depletion to delineate the role of macrophage MT1-MMP 

in pathologic settings, including breast cancer and glioblastoma. Given the recent 

development of novel anti-MT1-MMP therapeutics (Ager et al., 2015; Devy et al., 2009), 

these studies should provide key information regarding the potential utility of targeting  

macrophage-mediated MT1-MMP remodeling programs in disease settings.  
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Figure 4.1 

 

Figure 4.1: TAM-basement membrane co-localization in vivo  
(A) In an advanced carcinomatous lesion of the mouse mammary gland (PyMT-Csf1r-

Rosa26-tdTomato), macrophages (red) localize to basement membranes (green).  
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Figure 4.2 

 

Figure 4.2: TAMs express MT1-MMP in vivo 

LacZ staining of sectioned mammary gland tumors from PyMT-MT1-MMPLacZ mice with 
immunofluorescent F4/80 counterstaining. Arrows denote co-localization of nuclear LacZ 
signal and surface F4/80 staining.  
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Figure 4.3 

 

 

Figure 4.3. Microglia MT1-MMP-deletion in an in vivo glioblastoma model  
(A) Schematic of the intracranial tumor xenograft (El Meskini et al., 2015) (B) Fluorescent 
and brightfield images of whole mount glioma-implanted brains. (C) 

Immunohistochemistry of nestin-positive glioma stem cell staining of the tumor (T) and 
adjacent non-tumor area (NT). (D) Immunohistochemistry of Iba1-positive microglia in the 

tumor (T) and adjacent non-tumor area (NT). Tumor boundary demarcated with a dotted 
line. 20x (B) images are of the tumor center. area (NT).  
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