
The Function and Regulation of Macrophage Matrix Metalloproteinase 10 
(MMP-10) in Lung Injury and Fibrosis 

 
 
 

Tyler C. Vandivort 
 
 
 
 
 

A dissertation 
submitted in partial fulfillment of the 

requirements for the degree of 
 
 
 

Doctor of Philosophy 
 
 
 

University of Washington 
2015 

 
 
 
 
 
 

Reading Committee  
William C. Parks, Chair 
David L. Eaton, Chair 
Terrance J. Kavanagh 

 
 
 
 
 
 
 

Program Authorized to Offer Degree: 
 

Environmental and Occupational Health Sciences



 

©Copyright 2015 

Tyler C. Vandivort 

 



University of Washington 
 

Abstract 
 

The Function and Regulation of Macrophage Matrix Metalloproteinase 10 (MMP-
10) in Lung Injury and Fibrosis 

 
Tyler C. Vandivort 

 
 

Chairs of the Supervisory Committee: 
William C. Parks, PhD 

Dept. of Medicine 
David L. Eaton, PhD 

Dept. of Environmental and Occupational Health Sciences 
 
 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent 
endopeptidases long assumed to primarily function in the breakdown of 
extracellular matrix (ECM). However, a growing body of work indicates that 
distinct MMPs are important for the innate response to injury. Mmp10 (also 
stromelysin-2) has also been linked with this response in various models (e.g. 
partial hepatectomy and bile duct ligation, colitis, P. aeruginosa infection in the 
lungs), and its expression is sustained in a number of diseases including 
atherosclerosis, cystic fibrosis, and idiopathic pulmonary fibrosis. Here I used 
mice deficient in Mmp10 to ascertain the role of MMP-10 in two pulmonary 
models of sterile damage: the pro-fibrotic drug bleomycin, and long multi-walled 
carbon nanotubes (L-MWCNT), a type of engineered nanomaterial with 
properties similar to asbestosis. I found that macrophage Mmp10 was protective 
in both models through somewhat dissimilar mechanisms. Whereas Mmp10 
ablation resulted in increased inflammation and fibrogenesis with bleomycin, 
likely resulting from enhanced CCL2-mediated macrophage recruitment, no 
difference in CCL2 was seen post-L-MWCNT. Instead, Mmp10 promoted 
pulmonary clearance of these particles, and protected macrophages from 
inflammation and death at 24 hours post-exposure. As MMPs are largely 
regulated transcriptionally, I examined macrophage Mmp10 signaling in vitro with 
four disparate stimuli: LPS, bronchoalveolar lavage post-bleomycin, PMA, and L-
MWCNT. I found these agents differ in their potency, temporal pattern of 
induction, and utilization of signaling components (i.e. TLR4, protein kinase C, 
and mitogen activated protein kinases), but that each was ultimately NFκB-
dependent. I conclude that Mmp10 is a well-conserved, protective component of 
the macrophage response to sterile lung damage. 
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CHAPTER 1 
 

Introduction 
 

1.1 Vertebrate matrix metalloproteinases (MMPs) 

 First identified in 1962 by Gross and Lapiere, matrix metalloproteinases 

(MMPs) were a result of the pair’s search for a vertebrate collagenase capable of 

collagen degradation at neutral pH and physiological temperature. This 

distinction was important as several bacterial collagenases had been identified 

previously, as well as a class of lysosomal proteins known as cysteine 

cathepsins, which are largely unstable at neutral pH 1. However, Gross and 

Lapiere reasoned that certain rapid, large-scale, post-natal remodeling events, 

such as the involution of the post-partum uterus, 2 would require the presence of 

a ubiquitous extracellular collagenase, and they proceeded to describe the first 

MMP in the regressing frog tadpole tail during metamorphosis 3.  

 Since that time, vertebrate MMPs have grown to comprise a family of 24 

extracellular peptidases, and as their name implies, their primary function has 

long been assumed to be turnover of extracellular matrix (ECM) that surrounds 

and supports most cells in the body. In addition, the high sequence homology 

and low substrate specificity seen in vitro led many to assume that individual 

MMPs are largely redundant 4,5.  

Several pieces of evidence have uprooted these conclusions. In particular, 

of the more than 18 MMP-specific knockout mice that have been produced, most 

(with the exception of Mmp14-/- mice, which show severe skeletal deformations 

and impaired angiogenesis 6) show only minimal or transient phenotypes – a far 
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cry from what would be expected in the absence of normal ECM turnover. While 

MMP redundancy is a possible explanation for the lack of a developmental/adult 

phenotype, many of these same knockout mice have shown profoundly distinct 

phenotypes following injury. For example, Li et al. described a mechanism by 

which MMP-7 selectively sheds syndecan-1 from the surface of the pulmonary 

epithelium following bleomycin exposure, resulting in enhanced neutrophil 

infiltration and fibrosis. In contrast, several other MMPs, including MMP-1, 2, and 

8, have been shown to be protective following bleomycin exposure 7.  

Finally, while in vitro activity assays have demonstrated that MMPs show 

considerable, but somewhat non-specific activity against many ECM components 

8 much of these data have failed to be reproduced in vivo, likely due to the 

absence of various physiologically relevant factors known to regulate their activity 

(e.g. substrate and/or MMP concentration, presence of tissue inhibitors, 

compartmentalization, etc. 9 ,10). This is not to say that MMPs do not degrade 

ECM products (for example, MMP-13 functions as a collagenase in mice), but 

that MMPs are also capable of cleaving an assortment of extracellular proteins, 

including latent cytokines, chemokines, receptors, and antimicrobial agents in the 

pericellular space 11. These findings, together with many others, have led to an 

emerging view of MMPs as regulators of innate immunity 12, 13, 14.  

 

1.2. Regulation of MMPs 
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Given the destructive potential of MMPs, it is not surprising that their 

function is tightly controlled at both the transcriptional and post-transcriptional 

levels.  

 

Transcriptional Control 

Transcriptional control is considered the primary regulatory point for 

MMPs, which largely show low, baseline expression in most tissues. 

However, many MMPs are induced following injury, with transcriptional 

levels often strongly correlating with outcomes. Analysis of human MMP 

promoters has shown that MMPs contain a rich diversity of transcription 

factor responsive cis-elements that make this possible (e.g. AP-1, PEA3, 

Sp-1, NF-kB, etc.) 15 16. 

 

 Post-transcriptional control 

Post-transcriptionally, MMPs are controlled in four different ways: 

inactivation (zymogen), tissue inhibitors of matrix metalloproteinases 

(TIMPs), compartmentalization, and substrate availability 16.  

Zymogen. MMPs are broadly classified based on the high degree 

of homology seen in their pro and catalytic regions, which is necessary to 

preserve the translated protein in an inactive, zymogen state. Known as 

the cysteine-switch mechanism, this state is maintained via ligation of the 

thiol group of a cysteine residue in the pro-domain to a Zn2+ ion held by 
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three conserved histidine residues in the catalytic domain. Disruption of 

this mechanism is necessary for MMP activity 17.  

 

Tissue inhibitors of MMPs (TIMPs). Having first been identified and 

sequenced in 1985, tissue inhibitors of matrix metalloproteinase have long 

been understood to be integral to MMP regulation 18,19. Four tissue 

inhibitors (TIMP-1, 2, 3, 4) have been described with the collective ability 

to inhibit all MMPs. Composed of two different domains (amino and 

carboxy-terminal), these proteins inhibit MMPs through an interaction 

between the folded N-terminal end and the active site of the MMP 20,21.  

 

Compartmentalization. By establishing areas of high enzyme 

concentration (e.g. near a particular membrane receptor), cells are able to 

tightly control the amount of cleaved product being produced, and thus 

conserve resources and minimize off-target effects 16.  

 

Substrate availability and affinity. Though the apparent affinity of MMPs 

for various substrates has been somewhat misleading in vitro, studies 

show that MMPs do show specificity, even in culture. Likewise, the 

absence of a substrate can also modify the contribution of MMPs to a 

phenotype 16. For example, in the previously described mechanism by Li 

et al. where MMP7 recruits neutrophils through shedding of syndecan-1 

from lung epithelium, both Mmp7-/- and Syn1-/- deficient mice 
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demonstrated reduced neutrophil numbers in the lung post-bleomycin, 

highlighting the importance of substrate availability in mediating neutrophil 

recruitment in this model 11.   

 

1.3. Matrix metalloproteinase 10 (stromelysin-2) 

Despite having been cloned almost 20 years ago, MMP-10 (stromelysin-2) 

has received substantially less attention than other MMPs, especially MMP-2, 

and 9 22. But while the majority of the MMP-10 research that has been conducted 

has focused on the role it plays in either cardiovascular disease 23, 24, or the 

maintenance and tumorigenic potential of cancer stem cells (CSCs) 25,26, Mmp10 

has also been shown to be up-regulated in the serum and lungs of patients with 

idiopathic pulmonary fibrosis 27,28. 

Like the majority of MMPs, MMP-10 is not expressed in most developing 

or adult tissues, including lung 22,29-32. However, in response to injury or infection, 

MMP10 is induced by macrophages and to a lesser extent epithelial cells in 

many tissues 30,32-46,47. This widespread expression suggests that MMP-10 

serves key roles in the host response to environmental insults.  

 

1.4. Generation of Mmp10 null mice 

Mmp10 null mice were generated through the use of a neomycin-

containing construct targeted to exons 3 to 5 of the Mmp10 gene (also see 

Figure 1.1), which includes the catalytic domain 48. These mice have since been 
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crossbred for more than 11 generations with C57BL/6 mice. Mmp10 null mice are 

viable and show no discernable defects. 

Studies conducted with these animals have revealed that Mmp10 

deficiency is associated with several consistent murine phenotypes. Chief among 

these are an exaggerated and sustained inflammatory response 49,50,unpublished data, 

and inappropriate wound scarring / fibrosis 47, though not necessarily in the same 

model. Furthermore, although epithelial cells are also a known source, these 

findings have largely been attributed to macrophage MMP-10. 

Based on these data, I hypothesized that macrophage MMP-10 is also a 

well-conserved component of the macrophage response to sterile lung injury (i.e. 

injury occurring in the absence of a pathogen). To test this hypothesis, I utilized 

two models of injury: exposure to the pro-fibrotic drug bleomycin, as well as to a 

specific type of engineered nanomaterial known as long multi-walled carbon 

nanotubes (L-MWCNT) (see sections 1.11 and 1.12 for details). Furthermore, to 

explore the nature of Mmp10 conservation in lung injury (both sterile and non-

sterile), I decided to examine the signaling mechanisms responsible for Mmp10 

induction in macrophages with both of these stimuli, as well as with 

Pseudomonas aeruginosa (see section 1.8). 

 

1.5. In vitro Mmp10 studies 

Although little work has been done on its gene regulation, a number of cell 

surface receptors, signaling pathways, and transcription factors have been 

suggested to control of Mmp10 expression (see Table 1.1). Most notable among 
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these are the major mitogen activated protein kinases (MAPK) (i.e. ERK, JNK, 

and P38). MAPKs are rapidly and highly conserved intracellular phosphorylation 

cascades that control a multitude of cellular events from growth and 

differentiation to apoptosis and survival 51,52. As illustrated in Figure 1.2, generic 

MAPK signaling involves stepwise activation of three classes of kinases 

(MAPKKK, MAPKK, MAPK), which typically activate various transcription factors 

(e.g. AP-1 and NFκB) to generate a specific gene program.  

 In one of the few studies on MMP-10 regulation, Sampieri et al. examined 

PMA-dependent gene induction in MRC-5 cells, a human fibroblast line. They 

found that Mmp10 signaling proceeded through a protein kinase C (PKC) => 

MEK-1/2 => ERK-1/2 mechanism in these cells 53. Hirakawa et al. demonstrated 

a similar, PKC-dependent mechanism for respiratory syncytial virus (RSV) in 

human nasal epithelial cells (HNECs). Furthermore, they found that this process 

was NFκB dependent. Orbe et al. were also able to implicate ERK and JNK in 

thrombin-dependent signaling in a series of human and mouse endothelial cell 

types (HUVECs, HUVECs, HAECs, BAECs), and they concluded that AP-1, not 

NFkB was responsible for Mmp10 transcription 23. However, a caveat with the 

Orbe et al. findings is that MMP-10 has not been shown to be expressed by 

endothelial cells in vivo 47. Finally, Lisboa et al. implicated NFκB in LPS and 

mechanical force-mediated signaling in human periodontal fibroblasts, but 

instead found that p38 and JNK, and not ERK were the relevant MAPK members 

behind this response 54. While not complete (see table 1.1 for a more in-depth 

summary of studies examining Mmp10 expression), the above results illustrate 
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the highly stimulus-specific and, to a lesser extent, cell-type specific nature of 

Mmp10 signaling.  

This last point is relevant as very few of these studies have been 

conducted in macrophages, and Mmp10 has been shown to yield cell specific 

phenotypes. For example, Treiber et al. examined the contribution of murine 

RelA/p65, a component of the NFκB complex, to the pathogenesis of chronic 

pancreatitis. By selectively ablating this subunit in acinar or myeloid cells they 

were able to show that whereas the former protects against chronic inflammation, 

the later promotes a fibrotic response that is attenuated by macrophage MMP-10 

55. These findings support the idea that macrophage MMP-10 is anti-fibrotic and 

indicate that macrophage-dependent Mmp10 signaling warrants further study. 

 

1.6.  Macrophages and fibrosis 

Macrophage responses are important for a wide range of tissue 

processes, including clearance of approximately 2x1011 erythrocytes each day, 

wound repair, and amplifying and carrying out complex activities that are 

essential for both host defense and immune suppression 56. These responses 

are highly plastic and tissue specific, involving the rapid and precise development 

of distinct transcriptional responses to stimuli 57 58 59.  

The M1/M2 polarization concept has evolved as a way to describe the 

responses of activated macrophages to their environment. As illustrated in Figure 

1.3, M1 polarized, or classically activated macrophages, are induced by infection 

and pro-inflammatory TH1 cytokines 60. They produce high levels of iNOS and 
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release large quantities of pro-inflammatory cytokines (e.g., IL-1, TNFa, IL-6) to 

facilitate pathogen clearance. On the other extreme are M2 cells, or alternatively 

activated macrophages (as well as sub-M2 types)61-64, which are induced by TH2 

cytokines IL4 and IL13 and other factors 60,64. These cells produce Arg1 and 

secrete factors associated with immunosuppression and repair (e.g., IL-10, 

TGFb1, IL-1ra) 65,66. As iNOS and Arginase 1 both compete for L-arginine to 

produce nitric oxide (NO), or L-ornithine (which contribute to inflammation or 

repair, respectively), the ratio of these two markers is thought to be indicative of 

the underlying polarization state 67,68.  

Although dividing macrophages into M1 vs. M2 classes greatly 

oversimplifies the complex continuum of functional and reversible states that the 

cells exist in in vivo 69,70, it is helpful for describing the overall macrophage 

disposition at specific points during acute and chronic illness. 

 

  
1.7. Macrophages and fibrosis 

Considering their tissue distribution and ample capacity for cytokine 

synthesis, it is not surprising that macrophages directly influence the severity of 

BLM-induced lung fibrosis.  

This effect can be exerted during both the early, predominately M1-biased 

phase of the model, as well as the later, M2-biased resolution phase 56,71,72. For 

example, studies have shown that M2 polarization promotes the fibrotic response 

to bleomycin 73, possibly through the expression of known pro-fibrotic factors like 

TGFβ1 and arginase-1, which can stimulate synthesis of proline, a highly 
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abundant amino acid in collagens 74. However, other studies have shown that M1 

macrophages are capable of promoting fibrogenesis through tissue damage 

associated with excess inflammation 75. 

In addition to polarization, the number of recruited macrophages also 

seems to be an important determinant for the bleomycin response. For example, 

whereas ablation of the major monocyte attractant, CCL2, as well as its receptor, 

CCR2, have been shown to be protective against fibrosis through attenuated 

macrophage recruitment 76-78, macrophage depletion at both early and late 

phases results in impaired wound healing. In the short-term this is due to 

inadequate formation of vascularized granulation tissue (the precursor to scar) 

79,80, and in the late phase, to an inability to resolve scars 81,82. 

These points stress the importance of macrophage number and polarity in 

the fibrotic response to bleomycin. 

 

1.8. Previous studies: Pseudomonas aeruginosa and MMP-10  

Earlier studies in the Parks lab assessed the role of MMP-10 in host 

response to Pseudomonas aeruginosa (note: PAK is a specific strain of P. 

aeruginosa). The conclusions of these studies are important as they corroborate, 

and indeed helped guide the studies outlined in the remaining chapters.  The 

following is an overview of relevant findings.  

Cystic fibrosis (CF) is a life-limiting disorder that impacts approximately 

70,000 people worldwide. While CF impacts many organ systems (e.g. pancreas, 

liver, kidneys, and intestines), lungs are severely affected due to persistent P. 



 
11 

aeruginosa colonization leading to excessive viscous mucus secretions that 

cause obstructions, impaired mucociliary clearance, and inflammation 83. P. 

aeruginosa is the most common clinical isolate from the lungs of CF patients, and 

chronic P. aeruginosa colonization is associated with reduced survival 84,85. 

Interestingly, Mmp10 was found to be up-regulated in the lungs of CF transplant 

recipients (n = 5) relative to normal lungs (n=3), suggesting that MMP-10 might 

be involved in mediating the pulmonary response to infection (unpublished data – 

not shown).  

Given these facts, the impact of P. aeruginosa infection on WT and 

Mmp10-/- mice was subsequently investigated. The Parks lab found that infection 

via oropharyngeal aspiration (OPA) of 107 cfu of live PAK resulted in rapid weight 

loss that peaked at 48 hours (~10%) in the WT animals before steadily improving 

(Figure 1.4.C). This was accompanied by a robust increase in Mmp10 mRNA in 

whole lung (~300 fold) (Figure 1.4.B). However, while no mortality was observed 

in the WT animal, infection resulted in ~50% mortality in Mmp10-/- (Figure 1.4.A) 

and sustained weight loss in surviving animals (Figure 1.4.C). These data 

suggest that MMP-10 is protective against infection with P. aeruginosa.  

Macrophages modulate the pulmonary response to infection through a 

host of direct (i.e. phagocytosis) and indirect (i.e. antigen presentation, cytokine 

production, etc.) bactericidal activities. But while these processes are important 

for clearance, they can also result in residual damage to the tissues themselves 

64. Interestingly, whereas cell counts and myeloperoxidase (MPO) levels 

indicated that neutrophil recruitment did not differ between the genotypes (data 
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not shown), macrophages counts were significantly increased in the BAL of 

Mmp10-/- mice at 48 hours post-infection (Figure 1.5.A). To test the impact of 

macrophage Mmp10 on the weight loss phenotype, Mmp10-/- animals were 

infected as before, and administered 2x106 of WT or Mmp10-/- bone marrow-

derived macrophages (BMDMs) via retro-orbital injection 24 hours later. The 

Parks lab found that the addition of WT, but not Mmp10-/- BMDMs significantly 

reduced the weight loss post-infection (Figure 1.5.B).  

 To determine the macrophage-specific contribution to whole lung Mmp10 

levels (Figure 1.4.A), the Parks lab conducted in situ hybridization for Mmp10 on 

WT lung sections collected 48 hours post-infection. As seen in Figure 1.6, 

whereas no Mmp10 mRNA was observed in untreated lungs (A), P. aeruginosa 

resulted in a robust increase in expression (B) that appeared to localize to 

extravasating macrophages (C). Immunostaining with the pan macrophage 

marker, Mac2, showed co-localization of these signals, suggesting that 

macrophages were the major source of Mmp10 in this model. 

 Together, these experiments, which were conducted before I joined the 

Parks lab, indicate that macrophage MMP-10 is protective against excess 

pulmonary inflammation and weight loss following infection. 

 
 
1.9. Rodent models of lung disease 

In spite of some anatomical and physiological differences 86, murine 

models continue to be invaluable for modeling human biology and disease 

pathogenesis 87. From a husbandry standpoint, mice are easy to handle, have a 
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short breeding time, an accelerated lifespan, and are relatively inexpensive to 

house. With the development of diverse genetic strains and strategies 

(conditional knock-outs, reporter mice, lineage-tracing approaches, etc.), as well 

as the wide range of available reagents (antibodies, recombinant proteins, 

inhibitors, etc.), mice have become an essential organism to model human 

homeostasis and disease processes 88. 

 

1.10. Acute lung injury and fibrosis in humans 

Mice have been especially valuable for studying lung development and 

pulmonary disease, including acute lung injury (ALI) and pulmonary fibrosis 89. 

ALI in humans can be caused by trauma, injury, or sepsis and is characterized by 

epithelial and endothelial leak (i.e., edema), inflammation, and nascent fibrosis. 

In many patients, ALI progresses to its severe form, acute respiratory distress 

syndrome (ARDS), which often results in fibrosis and death due to respiratory 

failure 90,91.  

Pulmonary fibrosis is a progressive, fatal pathology characterized by the 

excess deposition of collagen-rich extracellular matrix leading to impaired lung 

function 92,93. The most common manifestation of fibrosis is idiopathic pulmonary 

fibrosis (IPF), which has an exceedingly poor prognosis (approximately 2-3 

years) 94. In addition, fibrosis can result from many known causes, such as a 

range of occupational exposures including silicosis, asbestosis, and chronic 

beryllium disease (CBD or berylliosis) 95, and more recently, engineered 

nanomaterials like carbon nanotubes 96. While research interest in these 
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occupational exposures has often taken a backseat to IPF, it’s important to note 

that the WHO estimates that pneumoconiosis were responsible for approximately 

260,000 of the estimated 56,000,000 global deaths in 2013 97.  

 

1.11. The bleomycin model 

Administration of bleomycin (BLM) is the most widely used and best 

characterized model for inducing both ALI and fibrosis in experimental mammals 

98. Although BLM-induced pulmonary fibrosis in rodents does not recapitulate 

fully the human fibrotic phenotype 99, mouse studies with this model have led to 

the discovery of many important factors influencing the onset and progression of 

disease 100. While the exact mechanism(s) behind BLM-induced fibrogenesis are 

unknown, the initiating injury is thought to arise from contact-dependent DNA 

strand breaks in the epithelial cells lining the conducting airways and alveoli, and 

in particular, type 1 pneumocytes 101. 

The stages of the typical mouse response to BLM are presented in Figure 

1.7. The first week following exposure is dominated by an epithelial response, 

with contact-dependent interactions with the pulmonary epithelium resulting in 

cellular injury, pulmonary edema resulting from barrier dysfunction, recruitment of 

leukocytes (notably neutrophils and macrophages) into the pulmonary space, 

weight loss, and mortality. This is followed by a transition period of roughly 4 

days, during which time the airways begin to repair the damaged tissues through 

clearance of dead tissue and deposition of the matrix components necessary to 

re-establish the epithelial barrier. However, due to a mechanism that is not 
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entirely understood, these responses fail to abate, instead resulting in excess 

deposition of fibrous connective tissue (primarily type I and III collagens) by 

activated fibroblasts (known as myofibroblasts). This occurs over a period of 

several weeks, culminating in decreased pulmonary compliance 98.  

This degree of characterization, along with the establishment of canonical 

markers associated with each of the stages, makes bleomycin an attractive place 

to begin to investigate both the innate and fibrotic response to lung damage. 

 

1.12. Multi-walled carbon nanotubes  

Engineered nanotubes are a class of synthesized materials whose size, 

electrical, mechanical, and thermal properties have made exceedingly valuable 

for a range of biomedical and commercial applications 102. Multi-walled carbon 

nanotubes (MWCNTs), concentric tubes comprised of graphene sheets, are one 

such material (see Figure 1.8 for a TEM image). The growing use of these tubes, 

together with uncertainly regarding occupational exposure risk, and the lack of an 

Occupational Safety and Health Administration (OSHA) permissible exposure 

limit (PEL) for CNT/CNF (NIOSH proposes a recommended exposure limit (REL) 

of 1 µg/m3) 96 have created a real need to understand the factors associated with 

hazard. Such factors include modifications to the surface, particle rigidity, the 

diameter of the sheet, and length 102. The last two factors are particularly 

important as single-walled carbon nanotubes (SWCNT), and shorter tubes are 

substantially more expensive to generate. However, longer tubes, and especially 

those that fit the EPA criteria for fiber classification (5 mm or longer, with a 
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length-to-diameter ratio of at least 3 to 1) have also been shown to have 

considerable pro-inflammatory, pro-apoptotic, and pro-fibrotic potential with high 

dose exposure 103, 104, 105, 106, 107.  

 While the full mechanism underlying these phenotypes has yet to be 

described, a mounting body of evidence suggests that the NLRP3 (also known 

as NALP3) inflammasome is responsible in part for these effects through IL-1β 

production 105,103,108,109. In canonical inflammasome activation, this multimeric 

complex assembles in the cytosol in response to stimuli (in this case, L-

MWCNTs), and recruits and activates the pro-caspase-1 zymogen. As part of the 

NLRP3 complex, caspase-1 cleaves pro-IL-1β at the Asp 116 to convert it into its 

mature, active state 110,111. Primarily carried out by monocytes and macrophages, 

Il-1β produced in this way is released into the surround space where it produces 

inflammation via binding with the type 1 interleukin-1 receptor (IL1R1) 112. 

 

 

 

1.13. Central Hypothesis 

Following pulmonary injury, Mmp10 is up-regulated in activated macrophages, 

and where it functions to modulate both inflammatory and fibrotic pathways.  
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1.14 Figures / Tables 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1.1. Targeting construct for generating Mmp10 null mice. C57BL/6 
mice were previously generated through a functional deletion in the  
catalytic domain spanning exons 3 to 5 48. Unpublished figure by William C. 
Parks. 
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Table 1.1. Summary of existing in vitro studies of Mmp10 regulation. 
 

 
 
 
 
 
 

Class Agent Cell Type Source 

Infection 
Lipopolysaccharide 
(LPS) 

Bone marrow derived 
macrophages (BMDMs), 
RAW264.7, Kupffer cells- murine 
Macrophages 113, 49 

 

P. aeruginosa 
Air liquid interface (ALI) cultures 
- murine epithelial cells 48 

LPS + mechanical 
stress Human periodontal fibroblasts 114 

LPS, IL-1, TNF, 

Differentiated human 
macrophages (CD16 +/- 
monocytes), human 
keratinocytes 115,116 

 

Virus 
Respiratory Syncytial 
Virus 

Human nasal epithelial cells 
(HNEC) 54  

 
Influenza A Virus N/A 

Unpublis
hed obs. 

 

Sterile 
Injury/Damage 

Amphiregulin, Ereg, 
extra domain A (EDA) 
of fibronectin, 
Epidermal growth 
factor  

AML12, Huh7, NMC, Huh28 
(mouse hepatocytes, human 
hepatocellular carcinoma cells, 
mouse cholangiocytes, human 
cholangiocarcinoma cells)  49,75 

 

LPS + mechanical 
stress Human periodontal fibroblasts 114 

 Immune 
Mediators C-reactive protein Ventricular cardiomyocytes 117 

 Thrombin 

HUVECs, HUVECs, HAECs, 
BAECs  - Human and mouse 
endothelial cells 
 23 

 Mitogens PMA (TPA) MRC-5 fibroblasts (Human lung) 53 

 

TGF-β1, amphiregulin, 
epiregulin 

AML12, Huh7, NMC, Huh28  
(above); human keratinocytes 49, 75 

Yin Yang-1 
BxPC-3 (human pancreatic 
epithelial cells) 118 
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Figure 1.2 Simplified diagram of the major MAPK signaling pathways. The 
three major MAPK pathways, ERK, p38, and JNK are shown. The generic 
pathway (top) demonstrates how sequential phosphorylation events lead to a 
prescribed response from the cell in the form of growth, apoptosis, differentiation, 
survival, and more. Modified from Batchelor and Winder, 2006 119 51. 
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Figure 1.3. Macrophage polarization in response to the pulmonary 
environment. Upon extravasation, macrophages initiate a spectrum of 
transcriptional responses based on signals in the pulmonary environment. At one 
extreme are M1 polarized cells, which release pro-inflammatory cytokines (e.g. 
IL-1, TNFα, IL-6), and on the other are M2 cells, which produce factors 
associated with repair (e.g IL-10, TGFβ1, IL-1ra) 65,66. Unpublished figure by 
William C. Parks. 
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Figure 1.4. Mmp10 is associated with reduced mortality and weight loss 
following Pseudomonas aeruginosa infection. (A) WT or Mmp10-/- mice were 
infected with 107 cfu live PAK and mortality and weight loss were observed (n = 
14). (B) Mmp10 mRNA expression was assayed in lungs at various days post-
infection (n = 6). Source: unpublished observations 
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Figure 1.5. Macrophage Mmp10 is protective against weight loss post-PAK 
infection. (A) Macrophages in BAL were quantified via differential counts at 4, 
24 and 48 hours post-infection with PAK (n = 4). (B) Mmp10-/- animals were 
infected with PAK as before, and administered 2x106 BMDMs of either genotype 
via retro-orbital injection at 24 hours post-infection. Weight loss was recorded 
over the next 7 days. Source: unpublished observations 
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1.6. MMP10 is expressed by activated macrophages in the lung. (A-D) 
Sections of control (Cnt) and infected lungs (PA) were hybridized with 
digoxigenin anti-sense (AS) or sense (S) RNA probes. Arrows point to positive 
(blue) macrophages. Vn: venule; AE: airway epithelium. (E) After in situ images 
were captured, sections were co-stained with MAC-2 antibody. (F) Section serial 
to that in (E) was hybridized with sense RNA. Source: unpublished observations 
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Figure 1.7 Stages of the typical murine response to bleomycin. The typical 
murine response includes an ALI phase derived from the initial epithelial 
damage, a transitory period in which markers of damage usually stabilize or 
attenuate and repair is initiated, and the fibrogenic phase when colllagen 
production peaks. Resolution generally occurs within 6 months 98, 120.   
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Figure: 1.8. Transmission electron microscopy (TEM) image of multi-walled 
carbon nanotubes (95wt%, 20-30nm OD). Provided by Cheap Tubes, Inc. from 
Cheaptubes.com (http://www.cheaptubes.com/product/multi-walled-carbon-
nanotubes-20-30nm/)  
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CHAPTER 2 
 

Pulmonary Stromelysin-2 (MMP-10) Protects Against Acute Lung Injury and 
Fibrogenesis in Mice 

 
 

2.1. Introduction: 

 Pulmonary fibrosis is a progressive interstitial lung pathology typified by 

the persistent production of extracellular matrix components, notably type I 

collagen, leading to restricted lung function 121,92,93. The most common 

manifestation of fibrosis is idiopathic pulmonary fibrosis (IPF), which has an 

exceedingly poor prognosis (approximately 2-3 years) 94, but fibrosis can also 

result from numerous environmental exposures including silicosis, asbestosis, 

and chronic beryllium disease (CBD or berylliosis) 95. While these conditions 

present with other distinct pathological features (i.e. honeycombing, granulomas, 

nodules, etc.122), inappropriate re-epithelialization is thought to be an important 

component of the fibrotic response 123.  

 Administration of bleomycin (BLM) is the best described and most 

commonly used fibrotic model in experimental animals 98. A key component of 

BLM exposure is the development of acute lung injury (ALI) during the first week 

post-exposure stemming from contact-mediated DNA strand brakes in epithelial 

cells lining the respiratory track, and in particular, pneumocytes in the distal lung 

101. This is followed by a brief transitory period, (from approximately day 8 to 12) 

where the airways shift to repairing this damage. However, for reasons that aren’t 

entirely clear, these processes fail to abate, resulting in the excess production of 

fibrous connective tissue and decreased pulmonary compliance 98. Importantly, 
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while BLM doesn’t fully recapitulate a particular human phenotype (with the 

exception of the high dose side effects of BLM treatment), the consistency of this 

model makes it an attractive place to investigate both the innate response to lung 

injury and fibrogenesis.  

 Matrix metalloproteinases are a family of extracellular endopeptidases that 

mediate a multitude of cellular processes including growth and repair, apoptosis, 

pathogen clearance, and cellular recruitment. Like most MMPs, MMP-10 

(stromelysin-2) is largely unexpressed in adult tissues (with the exception of the 

small intestine), but is substantially up-regulated in various diseases including, 

atherosclerosis, lung tumorigenesis and metastasis, and interestingly, in the 

serum and lungs of patients with IPF 23-28.  

 Recently, our group found that MMP-10 is protective against weight loss, 

inflammation, and macrophage recruitment following infection with the gram 

negative bacteria Pseudomonas aeruginosa (PAK), and that the adoptive 

transfer of WT bone marrow derived macrophages (BMDMs) into Mmp10-/- mice 

was able to completely rescue the excess weight loss observed in Mmp10-/- 

animals (unpublished data). Given these findings, we hypothesized that MMP-10 

might also be involved in mediating the pulmonary response to BLM-induced 

fibrosis. We found, similar to our observations in PAK, that Mmp10 is protective 

against enhanced macrophage recruitment, inflammation, and fibrosis post-BLM.  
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2.2. Results: See Chapter 6 for detailed methods. 

MMP-10 Protects Against Mortality, Weight loss, and Inflammation Post-

BLM  

To investigate the impact of MMP-10 on BLM-induced mortality, 8 WT or 

Mmp10-/- mice, of mixed sex, were treated with a high dose of 0.08U (~3.6U/kg) 

of BLM by intratracheal intubation (i.t.) and mortality (i.e. premature euthanasia) 

was observed over the next 16 days (Figure 2.1A). Treatment in this way 

resulted in a robust mortality response that peaked between days 9 and 11 post-

exposure.  A lower dose of 1.2 U/kg was subsequently utilized to increase 

survivorship and minimize bias (though premature euthanasia in Mmp10-/- mice 

would be expected to decrease, not increase the magnitude of the differences 

between the genotypes in these endpoints), and weight data was collected daily 

post-exposure. As expected, this dose resulted in substantial weight loss, which 

reached its nadir at day 9 (consistent with the mortality data), but resulted in 

100% survivorship of WT animals (Figure 2.1B). In contrast, we found that 

Mmp10-/- mice showed exacerbated mortality and weight loss in these studies, 

and that 1.2 U/kg resulted in the premature euthanasia of 2 animals (75% 

survival) (data not shown). Interestingly, Mmp10 mRNA levels in left lung 

homogenates from these animals showed a similar pattern, peaking at more than 

170-fold above baseline at day 10 (Figure 2.1C.) 

To assess how bleomycin-induced damage varies between the genotypes 

(i.e.), we analyzed BAL collected from WT or Mmp10-/- mice for IgM (Figure 2.2A) 

and total protein (Figure 2.2B)  (n = 4 to 6) as markers of endothelial/epithelial 
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barrier dysfunction. We found that while both endpoints were significantly 

elevated with treatment (>60 fold and ~3 fold respectively), that neither differed 

significantly with genotype. However, we did observe a trend toward elevated 

protein in the Mmp10-/- that was absent from the IgM values, suggesting a 

possible disparity in cytokine synthesis in these lungs. Given this finding, lung 

RNAs were then probed for changes in different pro-inflammatory transcripts 

including Il6, Il1b, and Tnfa (Figure 2.2C). Analysis showed that all three of these 

transcripts were significantly elevated in Mmp10-/- vs. WT lungs at days 4 and 6, 

which corresponds to the known peak period of epithelial damage in the BLM 

model 98, with only Tnfa remaining elevated relative to WT controls at day 10. 

These findings were further corroborated by ELISA measurements of each of 

these cytokines at day 6 (Figure 2.2.D).  

Together, these results suggest that MMP-10 is protective against 

mortality, weight loss, and inflammation post-BLM in a damage-independent 

manner.   

 

Macrophage Recruitment Is Enhanced in Mmp10-/- mice  

Having observed a difference in inflammation, we next evaluated whether 

this difference impacted lung cellularity. To this end, total BAL cell counts were 

quantified at days 0, 4, 6, 10, 14, 28, and 40 days post-BLM exposure (n = 4 to 

6). Consistent with our mortality and weight loss data, we found that cellular 

recruitment peaked between 6 and 10 days after BLM. This difference was 

sustained in Mmp10-/- lungs, remaining significantly elevated at both the 10 and 
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14-day time-points (Figure 2.3A), and was easily discernable in H&E sections 

prepared from day 10 lungs (Figure 2.3B).  

Cytospins were generated from these BALs and differential counts of 

macrophages, neutrophils, and lymphocytes were performed. Figure 2.4 shows 

the resulting total counts (Figure 2.4A), and percentages (Figure 2.4B), for each 

cell type during this time, including an initial increase in neutrophils, and a 

sustained macrophage presence, both of which have been seen in other models 

124. However, while neutrophil numbers did show a mild trend toward an increase 

in Mmp10-/- animals, only macrophages and lymphocytes reached statistical 

significance. Given that the difference in percentages between macrophages and 

lymphocytes at day 10 was heavily skewed toward macrophages (~15% vs. 

80%) we concluded that the majority of the difference in cellularity observed at 

day 10 (Figure 2.3B,A) was due to macrophages. This was further confirmed via 

F4/80 dot blot in BAL from day 10 animals (Figure 2.4C).  

Next, we examined whether the observed difference in macrophages 

could be a result of differential recruitment. Accordingly, we evaluated transcript 

levels of the major monocyte recruitment factor, Ccl2, in whole lung, as well as 

total CCL2 protein in BAL. In agreement with our differential counts, we found 

that both Ccl2 mRNA and protein was significantly up-regulated in Mmp10-/- lungs 

at day 6 post-exposure (Figure 2.5A,B). Furthermore, when WT bone marrow 

derived macrophages (n = 3) were allowed to migrate in a Boyden chamber plate 

toward either day 6 WT or Mmp10-/- BAL for 3 hours, we saw that Mmp10-/- BAL 

resulted in a 3-fold increase in percent of migrated cells compared to WT BAL 
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(Figure 2.5C), suggesting that MMP-10 protects against sustained macrophage 

recruitment following BLM exposure. This is important, as CCL2-induced 

macrophage recruitment is associated with fibrosis 75,76.  

 

Mmp10-/- Mice Show Enhanced Fibrogenesis Post-BLM 

To understand the contribution of MMP-10 to BLM-induced fibrosis, 

several markers of collagen production were monitored in WT and Mmp10-/- 

mice. At the transcript level, we measured the change in Col1a1 in lung, which 

along with Col1a2 is responsible for producing type I collagen, the most 

abundantly produced collagen in fibrosis 125. We found that Col1a1 mRNA was 

substantially up-regulated with bleomycin treatment (~6 fold), but that whereas 

WT levels had begun to attenuate by day 14, Mmp10-/- Col1a1 remained elevated 

at day post-bleomycin (n was between 8 and 16 animals for each group) (Figure 

2.6A). A similar effect was observed in both trichrome stained sections (Figure 

2.6B), and hydroxyproline content in left lungs (Figure 2.6C), with both showing a 

statistically significant increase at day 14 in Mmp10-/- mice. 

Immunohistochemistry was then performed for α−smooth muscle actin (αSMA) a 

marker of activated fibroblasts (myofibroblasts). In agreement with our other 

data, we found that αSMA is elevated at day 10, and to a lesser extent at day 14 

(Figure 2.6D) in these sections, indicating that MMP-10 is protective against 

fibroblast activation in this model.  

 

2.3. Discussion: 
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While MMPs have long been assumed to function primarily in the turnover 

of ECM, extensive research now indicates that MMPs are a vital component of 

the innate response to tissue injury. In the present study, we found that Mmp10 

mRNA was rapidly up-regulated in BLM exposure, and that expression was 

associated with an early attenuation of weight loss and inflammation that 

culminated in reduced mortality. Notably, while higher doses of BLM did induce 

an increase in BAL IgM in Mmp10-/- animals, we did not observe a difference at 

1.2 U/kg, suggesting that the observed weight loss and inflammation disparities 

are to some extent independent of the degree of tissue damage.  

The finding that Mmp10 is protective against inflammation post-BLM 

exposure is consistent with findings from other laboratories. For example, Koller 

et al. demonstrated that lack of MMP-10 exacerbates experimentally induced 

colitis with Mmp10 deficient animals expressing significantly more IL1α and 

TNFα in colonic lavage samples post-dextran sulfate sodium (DSS) injury 50. 

Similarly, using partial hepatectomy (PH) and bile duct ligation (BDL) Garcia-

Irigoyen et al. found that Mmp10 ablation was associated with increased liver 

injury, impaired resolution of necrotic areas, and ultimately, increased 

fibrogenesis 49. Importantly, both groups also reported an increase in CCL2 in 

Mmp10 deficient mice.   

Given that cellular recruitment is well known to result from and even 

contribute to tissue damage, we measured BAL cellularity in both BAL and tissue 

sections from these animals. We found that despite the lack of a difference in 

epithelial barrier damage between the genotypes at any day, Mmp10-/- mice had 
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significantly elevated total BAL cells at days 10 and 14 (~3 and 2 fold, 

respectively); however, differential counts revealed that while neutrophils and 

lymphocytes were elevated compared to WT controls (with lymphocytes reaching 

significance), macrophages made up the majority of the difference. Furthermore, 

by assaying levels of the major murine chemokine CCL2, as well as the ability of 

BAL from either genotype to recruit cells, we determined that the observed 

difference in F4/80 positive macrophages is due to their selective recruitment in 

the lung. 

Our observation that CCL2 is up-regulated in Mmp10-/- lungs is interesting 

as ablation of CCL2, as well as its receptor, CCR2, has been shown to be 

protective against BLM-induced fibrosis through attenuated macrophage 

recruitment 76, 77, 78, and BAL samples from IPF patients contain significantly 

more CCL2 than those of normal volunteers 76. Pulmonary macrophages play 

important, diverse roles in the injured lung, including clearance of damaged 

tissue, pathogen killing, antigen presentation, and the production of secreted 

factors that support inflammation and wound repair 56. Somewhat unsurprisingly, 

studies show that macrophages are capable of influencing fibrogenesis at all 

phases of development through mechanisms that exaggerate both tissue 

damage 75 and repair 126,73,127. 

In agreement with this idea, we found that the fibrotic response to BLM 

was significantly greater in the absence of Mmp10. Analysis of Col1a1 mRNA, 

trichrome staining, and the modified amino acid hydroxyproline in whole lung 

indicate that collagen synthesis is significantly sustained in Mmp10-/- mice. In 
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addition, αSMA staining via IHC indicated that myofibroblast proliferation was 

enhanced relative to WT controls at day 10 and to a lesser extent at day 14 post-

BLM.  

In conclusion, the data presented here indicate that pulmonary MMP-10 is 

an important mediator of lung injury and fibrosis following BLM exposure. In the 

short-term, MMP-10 helps to suppress the damage response by limiting the 

production of various proinflammatory cytokines, as well as the recruitment of 

macrophages into the lung, contributing to attenuated weight loss and mortality. 

MMP-10 then goes on to modulate the fibrogenic response in the long-term by 

restraining fibroblast activation and collagen synthesis. Future studies will focus 

on the role of CCL2-induced macrophage recruitment in orchestrating these 

differences.  
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2.4 Figures/ Tables:  

 

 
2.1. Mmp10 expression in lung is associated with reduced mortality and 
weight loss post-exposure to BLM. (A) WT or Mmp10-/- animals were 
administered 0.08 U of bleomycin (~3.6U/kg) by intratracheal intubation and 
percent survival was recorded. (B) Mice (n=8) were intubated with 1.2U/kg of 
bleomycin and weight loss was expressed as a percentage of day 0 weight.  (C) 
RNA was collected from homogenized left lungs of WT mice at 0, 4, 10, 14, 21, 
28 and 40 days post-intubation of 1.2U/Kg of bleomycin (n = 4 to 6) and assayed 
for Mmp10 expression. * significant vs. untreated WT control (P<0.05)  
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2.2. Inflammation, but not damage is enhanced in Mmp10-/- mice. Lungs and 
BAL (n = 4 to 6) were collected from animals at various days post-exposure.  
BAL IgM content (A) and total protein values (B) were determined via ELISA and 
BCA assay. (C) mRNA in whole lung was probed for Il6, Il1b and Tnfa transcripts 
as markers of inflammation, and (D) ELISA for each of these proteins was 
performed. Values shown are expressed relative to untreated WT control. # 
significant vs. corresponding WT value. (P<0.05)  
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2.3. MMP10 attenuates peak immune cell infiltration post-bleomycin 
exposure. (A) BAL cellularity was measured via cell counter at various days 
following 1.2 U/kg BLM exposure (n = 4 to 6) (B) Representative H&E sections 
demonstrating increased cellularity at day 10 post-BLM (5x magnification). 
Values shown are expressed relative to untreated WT control. # significant vs. 
corresponding WT value. # significant vs. corresponding WT value. (P<0.05) 
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2.4. Mmp10-/- lungs contain increased macrophage and lymphocyte cells at 
10 and 14 days post-bleomycin. BAL Cytospins were prepared from WT and 
Mmp10-/- animals at various day post-exposure to 1.2 U/kg BLM. Light 
microscopy was used to determine the number (A), and percentage (B) of 
macrophages, neutrophils, and lymphocytes in each sample (n = 4 to 6). (C) An 
F4/80 dot blot for macrophages was performed on day 10 cellular BAL lysates to 
confirm the results of the differential counts. # significant vs. corresponding WT 
value. (P<0.05) 
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2.5. MMP10 regulates macrophage recruitment into the lung post-
bleomycin. (A) RNA was extracted from 1.2 U/kg treated lungs and transcript 
levels of the major monocyte attractant, Ccl2, were quantified at days 4, 6 and 
10. (B) CCL2 protein was also quantified in lung BAL via ELISA. (C) WT BMDMS 
were allowed to migrate for 3 hours toward day 6 BAL from either WT or Mmp10-

/- animals and percentage of migrating cells was plotted. N = 3 to 6 for all groups. 
Values shown are expressed relative to untreated WT control. # significant vs. 
corresponding WT value. (P<0.05)  
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2.6. The fibrogenic response to bleomycin is exacerbated in Mmp10-/- lungs. 
(A) Col1a1 transcript levels were assayed in whole lung homogenates of WT and 
Mmp10-/- animals (n = 4 to 6) post-bleomycin exposure (2.0 U/kg). (B) 
Representative images of Masson’s trichrome stained sections at 10 and 14 days 
post exposure (10X). (C) Hydroxyproline content in the l. lung of bleomycin 
treated animals. (D) Representative images of αSMA IHC slides (10x). Values 
shown are expressed relative to untreated WT control. # significant vs. 
corresponding WT value. (P<0.05) 
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CHAPTER 3 
 

Stromelysin-2 (MMP-10) Facilitates Clearance and Moderates Inflammation and 
Cell Death Following Lung Exposure to Long Multi-walled Carbon Nanotubes (L-

MWCNT 
 

 
 

3.1 Introduction: 

Engineered carbon nanotubes (CNT) are a class of graphene cylinders of 

one or more layers with at least one external dimension between 1-100 nm 128. 

These characteristics impart unique electrical, mechanical, and thermal 

properties that make CNT exceedingly valuable for a range of biomedical and 

commercial applications, including solar cells, adhesives, polymer composites, 

lithium-ion batteries, drug delivery, and medical diagnostics 96. As a result, CNT 

production has increased about 10-fold since 2006 129 to a global output of more 

than 2,000 tons in 2013 130. 

Concomitant with the increased production of CNT has been a growing 

urgency to understand the risks posed by occupational exposure to CNT 96. Of 

the two major subtypes of CNT (i.e., single-walled and multi-walled), multi-walled 

CNT (MWCNT) represent over 99% of the global production volume 131. In 

addition to the marked production disparity between CNT subtypes, evidence 

suggests that the toxicity of MWCNT is greater than that of single-walled CNT 132. 

However, other factors also augment CNT toxicity, including the presence of 

residual catalyst contamination from synthesis (e.g., Ni, Fe, others) 133, surface 

modifications 108,134,135, and length 104. Among these other factors, length is 

particularly important as longer tubes have been suggested to contribute to 

inflammation and fibrosis in a manner similar to asbestos fibers 136,103-107. Thus, 
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understanding which cells respond to MWCNT exposure, and how, is important 

for assessing the potential occupational risks associated with these materials. 

Matrix metalloproteinases (MMPs) comprise a family of 27 distinct, 

structurally-related, extracellular endopeptidases. Since the first MMP was 

isolated from regressing tadpole tails, they have often been assumed to function 

in the breakdown of extracellular matrix (ECM) 3. However, while some MMPs do 

serve defined or limited roles in ECM turnover, this is far from the predominant 

function of these enzymes. For example, in vivo findings with genetically-

engineered mice have shown that MMPs are critical regulators of innate 

immunity by controlling leukocyte influx and activation, restoration of tissue 

barriers, and cleavage of latent cytokines, chemokines, and antimicrobial agents, 

among many other processes 12,13. Like most MMPs, Mmp10 is not expressed in 

unchallenged tissues. However, in response to a variety of insults, including 

injury and infection, it is induced by macrophages and epithelial cells in many 

organs, including the lung 27,47,48,113.  

Here, we report a protective role for macrophage MMP-10 in the 

pulmonary response to MWCNT. We found that Mmp10 was rapidly induced in 

whole lung following administration of MWCNTs into the lung, and that 

expression was associated with both pulmonary clearance of nanoparticles, and 

mononuclear cell survival. Using bone marrow-derived macrophages (BMDMs), 

we demonstrate that macrophages respond to MWCNT exposure in culture by 

initiating pro-inflammatory and apoptotic responses that were moderated by 

MMP-10.  
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3.2. Results: See Chapter 6 for detailed methods. 

MWCNT Induce Expression of MMP-10 

To elucidate the impact of MMP-10 on the pulmonary response to 

MWCNT, wildtype and Mmp10–/– mice on a C57BL/6 genetic background were 

treated with 80 µg L-MWCNT by OPA, or with an equivalent volume of dispersion 

medium (DM) (Table 3.1). Lungs were collected 24 hours later and processed for 

mRNA analysis. In lungs from unchallenged wildtype mice (i.e., no MWCNT, no 

DM alone), we detected a Ct range for Mmp10 mRNA of between 36-37 (data not 

shown) indicating essentially no or very low levels of expression, consistent with 

earlier observations 48. Expression of Mmp10 was modestly induced by 

administration of DM indicating that the treatment procedure caused a mild lung 

injury (which is quite common among treatment methods that involve direct 

instillation into the lung). However, when exposed to MWCNT, expression of 

Mmp10 mRNA was stimulated >3-fold above DM-control levels (Figure 3.1A). As 

expected, Mmp10 mRNA was not detected in Mmp10–/– samples (data not 

shown).  

 

Impact on Inflammatory Cells 

Total cells in BAL did not differ between unchallenged wildtype and 

Mmp10–/– mice (Figure 3.1B) and the bulk of these (>90%) were macrophages 

(Figure 3.1C). In response to DM, total cells in BAL did increase modestly but still 

did not differ significantly between genotypes. However, when treated with 

MWCNT, the total cell count was reduced relative to the controls, and was 
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significantly lower in Mmp10–/– samples (Figure 3.1B). Differential cell counts 

revealed no significant differences in the percent or total numbers of lymphocytes 

between genotypes and treatments. In contrast, we found reduced percent and 

numbers of macrophages and a higher percent of neutrophils in MWCNT-treated 

Mmp10-/- samples compared to wildtype BALs (Figure 3.1C,D). However, though 

elevated by MWCNT, the total numbers of neutrophils did not differ significantly 

between wildtype and Mmp10–/– mice (Figure 3.1C). Similarly, we assayed whole 

lung expression levels of Cxcl1 (Figure 3.2A), which encodes KC, the murine 

orthologue of IL-8 and a critical acute phase neutrophil chemokine. Consistent 

with our neutrophil estimates (Figure 3.1C,D) we found that MWCNT treatment 

stimulated increased Cxcl1 expression, and that this increase showed only a mild 

trend towards being greater in Mmp10–/– mice. 

We also assessed if reduced chemokine expression contributed to 

lowered macrophage numbers in Mmp10–/– mice. As with Cxcl1, Ccl2 levels 

increased significantly with MWCNT treatment, but did not differ between the 

genotypes (Figure 3.2B). These findings suggest that the reduced macrophage 

numbers in MWCNT-treated Mmp10–/– mice are due to a loss of cells rather than 

impaired recruitment. Overall, these findings indicate that MWCNTs mediate a 

pro-inflammatory response that is manifested by both an increase in neutrophil 

numbers as well as a reduction in macrophages. While both of these 

observations were exaggerated in Mmp10–/– mice, only the reduction of 

macrophages was statistically significant.  

MWCNT Induce Production of Pro-inflammatory Factors 
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Many groups have demonstrated that L-MWCNTs induce a robust pro-

inflammatory response following direct instillation into the lung, including 

increases in the expression of Il1b Il6, Tnfa 137, and Nos2 mRNAs 138. Therefore, 

we assessed each of these transcripts in the lungs of our mice (Figure 3.3A). We 

found that with the exception of Tnfa, each of these transcripts showed an 

increase in MWCNT mice, but that aside from a trend in Il1b, none of these 

values differed between the genotypes. 

Given that the most prominent difference in our cell counts was a 

reduction in macrophage numbers, we hypothesized that total lung transcripts 

might be masking an underlying pro-inflammatory phenotype in macrophages. 

Therefore, we used bone marrow-derived macrophages (BMDM) from wildtype 

and Mmp10–/– mice to assess if the in vivo responses to MWCNTs could be 

attributed to macrophages. Mirroring what we observed in vivo, treatment of 

BMDMs for 2 hours with between 10 and 100 µg/ml (a dose range similar to 

other studies 139,140) resulted in a statistically significant increase in Mmp10 

mRNA versus DM control (Figure 3.4A). (In all BMDM experiments, we added 10 

µg/ml of PmB to control for possible endotoxin contamination.) In addition, we 

found that MWCNTs stimulated elevated expression of mRNAs for Il1b, Il6, Il12a, 

and Tnfa relative to WT (Figure 3.4B). Release of active IL-1β protein was also 

found to be induced by MWCNTs, but not by dispersion medium, and was 

significantly increased in Mmp10–/– macrophages (Figure 3.4C). 

MMP-10 Facilitates Clearance of MWCNT.  
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As macrophages are critical for clearing inhaled particles, we assessed if 

reduced macrophages in Mmp10–/– mice impacted retention of MWCNTs. 

Indeed, in lung homogenates we observed more MWCNTs particles in Mmp10–/– 

lysate pellets compared to wildtype samples (Figure 3.5A), and in lung sections 

of Mmp10–/– mice we observed accumulations of particles in alveolar 

macrophages (Figure 3.5B). Via both our own internal counts (Figure 3.5A), as 

well as blinded morphometric analysis (Figure 3.5C,D), we measured 

significantly more (about 2.5-fold) retained particles (Figure 3.5D) and a greater 

percent of total tissue occupied by MWCNT (Figure 3.5E) in sections of Mmp10–

/– lungs compared to wildtype tissues. A large percentage of the particles in these 

assay appeared to be cell-associated, and no particle signal was visible (Figure 

4B) or detected in the DM-control lung (data not shown).  

Despite an overall increase in retained particles in whole lung, we did not 

find a difference in either the percentage of MWCNT-containing macrophages 

(Figure 3.6B), or average MWCNT-occupied area in endocytic vacuoles between 

the genotypes (Figure 3.6C). However, we did find a negative relationship in both 

genotypes between macrophage numbers and the percentage of MWCNT-

positive macrophages that was much stronger in the Mmp10–/– samples (Figure 

3.6D). These data suggest that MMP-10 is involved in mediating both protection 

against macrophage cell death, as well as particle clearance from the lung post 

MWCNT exposure.  

 

MMP-10 Protects Against MWCNT-mediated Apoptosis 
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 As the number of resident macrophages did not differ between unchallenged 

wildtype and Mmp10–/– mice (Figure 3.1C,D), we assessed if the reduction of 

macrophages in Mmp10–/– mice was due to MWCNT-induced apoptosis. 

Caspase-3 activity in lung lysates was not affected by MWCNT and did not differ 

between genotypes (Figure 3.7A). However, we saw about a 2-fold increase in 

caspase-3 activity in BAL from MWCNT-treated Mmp10–/– mice compared to 

wildtypes (Figure 3.7B). We assessed if macrophages were responsible for the 

robust increase in caspase-3 activity detected in cellular Mmp10–/– BAL, and in 

agreement with our in vivo findings, we found that while the number of MWCNT-

positive macrophages didn’t differ between the genotypes (Figure 3.8A), 

MWCNTs mediated a significantly greater increase of caspase-3 activity in 

Mmp10–/– BMDM (Figure 3.8B). These data suggest that MMP-10 protects 

macrophages from MWCNT-induced apoptosis. 

3.3 Discussion: 

Despite their growing usage, much uncertainty still exists regarding the 

risk associated with respiratory CNT exposure. This is particularly true of 

occupational exposures during transfer, weighing, and blending 96, but the 

stability of these particles suggests that environmental CNT exposures will also 

become more important as the CNT market continues to transition from R&D to 

high-volume production 56,102,141,142. Importantly, while the dosages utilized here 

are generally greater than what might be expected in an occupational setting 143, 

they are consistent with other high dose studies meant to uncover the 

mechanisms that augment MWCNT toxicity. 



 
48 

In keeping with other studies, we found that oropharyngeal aspiration 

OPA) of 80 µg/mouse of L-MWCNTs initiated an immediate, and robust 

inflammatory response 140,144, 145, 146. Compared to DM controls, MWCNT-treated 

mice exhibited enhanced pulmonary edema, neutrophilia, and macrophage cell 

death, as well as accumulations of MWCNT in BAL macrophages at 24 hours 

post-exposure. In addition, mRNA analyses of whole lung revealed an up-

regulation of multiple pro-inflammatory transcripts including Il6, iNOS, and 

notably, Il1b, which is known to be important in the initiation of fibrosis 107. 

Interestingly, Mmp10 was also found to be present in this milieu.   

Further analysis, including BAL cell counts and independent analysis by 

the Cedars-Sinai BTRC revealed that in vivo Mmp10 ablation was associated 

with enhanced mononuclear cell death and a 2 to 3-fold impairment in pulmonary 

clearance. Given the known role of endocytosis in mediating pulmonary 

clearance from the distal lung 147, we investigated whether a disparity in 

phagocytic potential between the genotypes could explain the difference in 

clearance. However, both in vivo and in vitro analysis with BMDMs indicated that 

no such difference exists. In addition, though we observed a trending increase in 

neutrophil recruitment into the lung, we did not observe the presence of these 

particles in PMN. This finding is relevant as MPO has been posited to mediate 

CNT breakdown 148.   

One possible explanation for these results is that the difference in 

clearance is mediated not by enhanced endocytosis, but by an increase in 

Mmp10-/- sensitivity, which leads pulmonary macrophages from these animals to 

die before they are able to completely eliminate the particle. However, this seems 
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unlikely given the relatively short period of time and breakdown is thought to be 

secondary to mucocillary clearance processes during this period 147. 

A secondary explanation is that an additional cell type(s), mostly likely the 

airway epithelium, is responsible for the clearance disparity. Several points of 

evidence support this conclusion. For instance, while we did observe an overall 

increase in inflammatory transcripts in whole lung with MWCNT treatment, we 

didn’t observe any difference between the genotypes. The minority of 

macrophages in whole lung is a likely explanation for these results; however, we 

also found that whole lung Mmp10 was up-regulated approximately 3.5 fold, and 

this value is consistent with the observed in vitro induction range. This apparent 

cloaking of inflammatory transcripts, but not Mmp10 itself suggests another 

source of Mmp10. Additional support for this suggestion can be found in the 

caspase-3 results obtained with whole lung and cellular BAL indicating enhanced 

activity in Mmp10-/- mice in the later samples only. While studies of MMP-10 are 

limited, several studies have shown that Mmp10 mRNA is up-regulated in 

epithelial cells 149,  116. In addition, our group has previously published data 

indicating a protective role for MMP-10 in the epithelial response to 

Pseudomonas aeruginosa, a common nosocomial bacterium, as well as in 

epidermal wound repair. Interestingly, the later work describes a system whereby 

MMP-10 derived from alternatively activated (M2) macrophages was responsible 

for mediating the observed protective effects 47,48. Further studies will be 

necessary to determine the contribution of MMP-10 in the epithelium with 

MWCNT exposure.  

One of the more striking findings of this study is the clear role that 

macrophage MMP-10 plays in the response to MWCNTs. The in vivo data 

indicate that Mmp10-/- macrophages are more sensitive to MWCNT-induced cell 

death, and that this sensitivity is associated with exposure, but not enhanced 
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uptake. In other words, while the number of positive macrophages in BAL was 

not different between the genotypes, macrophage loss was more clearly 

associated with the number of MWCNT-positive cells in Mmp10-/- animals than 

WTs.  

This finding was confirmed in vitro through the use of BMDMs, which 

showed that Mmp10-/- macrophages express significantly higher levels of Il6 and 

Il1b transcripts, as well as IL-1β protein, and that this expression is associated 

with a dose-dependent death of these cells in culture.  The conclusion that 

macrophages are a target of MWCNTs is consistent with other high dose 

exposure studies 150, 140, and in vitro work with RAW 264.7 macrophages 134. In 

addition, while the data presented here represent a very short-term evaluation 

point, it also raises further questions about the chronic and long-term impact of 

MWCNT exposure in Mmp10-/- mice, especially in the context of the fibrotic 

response to MWCNT. This response is known to be dependent upon NALP3 

inflammasome-mediated activation of IL-1β 107, and while determining the nature 

of the inflammatory phenotype was beyond the range of this initial study, we did 

find that total IL-1β protein was enhanced in Mmp10-/- animals.  

The data provided here indicate, for the first time, a protective role for 

MMP-10 in the pulmonary response to L-MWCNT. While further studies will be 

necessary to define the role of epithelial MMP-10, as well as clarify the 

mechanism underlying this response, our data indicate that macrophage MMP-

10 plays an important role in orchestrating the response to MWCNT-induced lung 

injury.   
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3.4 Figures/ Tables:  

 

 

 

 

 

 

 

 
Table 3.1. Physiochemical properties of L-MWCNTs. a MWCNT OD and 
length are provided by the manufacturer, Cheap Tubes. OD = outer Diameter, b 
Catalyst residues were determined using SEM EDS by the National Cancer 
Institute’s Nanotechnology Characterization Laboratory. Values indicate standard 
deviation. 
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Figure 3.1. MMP10 protects against MWCNT-associated losses of BAL 
macrophages. WT and Mmp10-/- animals (n=6) were administered 80 µg/ml of L-
MWCNTs, or an equivalent volume of DM alone (n=3), by OPA and lungs were 
harvested 24 hours later. (A) qPCR for Mmp10 was performed on total RNA 
collected from WT l. lung homogenates. HPRT was used for an internal control 
and data is presented as fold change from DM mean. BAL was collected, and 
total cells were quantified by cell counter. (B) Cytospins were then prepared and 
stained with DiffQuick and (C) total and (D) percentages of macrophages, 
neutrophils, and lymphocytes were determined via light microscopy. * significant 
change relative to DM control. # change relative to WT MWCNT. (P<0.05) 
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Figure 3.2: Macrophage and neutrophil recruitment is MWCNT, but not 
genotype dependent. Total RNA was collected from l. lung homogenates and 
Cxcl1 (A) and Ccl2 (B) transcripts were then quantified. HPRT was used as an 
internal control and values are expressed as a fold change from WT DM 
estimates. * indicates significant change relative to DM control. # significant 
change relative to WT MWCNT. (P<0.05)  
 
  



 
54 

 
 
Figure 3.3. MWCNTs induce a robust inflammatory response in lungs 
treated with MWCNT. (A) Il6, Il1b, Nos2, and Tnfa transcripts were measured in 
total RNA collected from the lungs of WT and Mmp10-/- mice treated with 
MWCNTs or DM. Data are expressed as fold change from WT DM. * significant 
relative to WT DM alone.  (P<0.05) 
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Figure 3.4: MMP10 attenuates the pro-inflammatory response to MWCNT in 
BMDMs. (A) Sub-confluent BMDMs (n=3) were treated with 10, 50, or 100 µg/ml 
of MWCNTs, or an equivalent volume of DM, for 2 hours prior to collection and 
Mmp10 expression was assayed via qPCR.  (B) WT and Mmp10 deficient 
BMDMs were treated for 2 hours with 100 µg/ml of MWCNT or DM, and Il1b, 
Tnfa, Il6, and Il12a transcripts were assayed to determine inflammatory status. 
(C) Total Il-1β estimates were quantified by ELISA in pooled samples (n=3) and 
expressed as ng/ml. Error is expressed as standard deviation. † samples below 
the detection limit. * significance vs WT DM, # significance vs. WT MWCNT. All 
transcripts were quantified using HPRT as an internal control and values were 
expressed relative to untreated control. (P<0.05) 
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Figure 3.5. Mmp10 deficient mice exhibit reduced clearance following 
exposure to MWCNTs. (A) Lysate pellets from WT and Mmp10-/- lung 
preparations. Samples are shown post-homogenization in RIPA buffer and 
centrifugation at 18,000 rcf for 10 minutes. (B) Right lung lobes from treated mice 
were formalin-fixed, embedded, sectioned, and stained with H&E. Arrows 
indicate the presence of MWCNT in lung sections visible at 5x and 20x 
magnification. (C) Total aggregates/right lung slide (n=6) were counted by our 
laboratory via light microscopy and means were plotted. Slides, each containing 
four r. lobe sections, were independently scanned by the CS-BTRC and total 
aggregates (D) and percentage of occupied area (E) were blindly quantified. * 
significant change relative to WT MWCNT. (P<0.05) 
 
  



 
57 

 
 
 
 

 
Figure 3.6. MWCNT sensitivity in Mmp10-/- animals is mediated by contact, 
but not enhanced endocytosis.  (A) 40x image of BAL cytospins via light 
microscopy demonstrating the co-localization of MWCNT and macrophages. (B) 
Percentage estimates of MWCNT-positive cells were obtained from averages of 
four counts of 100 cells/ slide. (C) The average area occupied by MWCNT-
positive vacuoles per cell was quantified from 30 measurements per animal 
utilizing Digital Image Hub software version 4.0.4. (D) Linear regression 
demonstrating the relationship between percentage macrophages, and MWCNT-
positive cells in WT and Mmp10-/- mice. (P<0.05) 
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Figure 3.7. MWCNT are associated with enhanced cell death in Mmp10-/- 

BAL pellets, but not whole lung lysates. Caspase-3 activity was quantified in 
lysate sourced from either l. lung (A), or the cellular fraction of BAL at 24 h post-
exposure (B). Values are expressed relative to WT DM. * significance vs. WT 
DM, # significance vs. WT MWCNT. (P<0.05) 
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Figure 3.8. Mmp10 ablation confers sensitivity to apoptosis in BMDMs 
without an increase in endocytosis. (A) WT and Mmp10-/- BMDMs (n=3) were 
treated with 10 µg/ml of MWNCTs for 3 hours and percentage estimates of 
MWCNT-positive cells were obtained from averages of four counts of 100 
cells/well. (B) Caspase-3 activity was determined in WT and Mmp10-/- BMDMs 
following 24 hour treatment with 10, 50, and 100 mg/ml of MWCNT, or DM, and 
expressed as fold change relative to untreated control. * significant change from 
WT DM, # significant change from WT MWCNT. (P<0.05) 
 
  



 
60 

CHAPTER 4 
 

 Induction of Stromelysin-2 (MMP-10) in Macrophages Is Meditated via 
Diverse Signaling Pathways That Converge on NFκB 

 
4.1 Introduction: 

Macrophage responses are important for a wide range of tissue 

processes, including clearance of approximately 2x1011 erythrocytes each day, 

wound repair, and amplifying and carrying out complex activities that are 

essential for both host defense and immune suppression 56. These responses 

are highly plastic and tissue specific, involving the rapid and precise development 

of distinct transcriptional responses to stimuli 57 58 59. Given their versatility, it is 

not surprising that macrophages are present in all tissues. However, growing 

evidence has also demonstrated that these functions are often altered in the 

context of disease, necessitating further study of the mechanisms underlying 

these responses 151,152. 

Matrix metalloproteinases are a family of 27 structurally related, 

extracellular endopeptidases that are largely unexpressed in unchallenged adult 

tissues. Nevertheless, most MMPs are induced in response to injury or infection 

where they serve diverse roles in growth, wound repair, immunity (leukocyte 

influx and activation, and cleavage of latent cytokines, chemokines, and 

antimicrobial agents), and more 12,13. Unsurprisingly, regulation of these 

proteases is tightly controlled. This occurs to some extent through post-

transcriptional mechanisms (e.g. zymogen activation, compartmentalization, 

inactivation via tissue inhibitors, and substrate availability), but regulation is 



 
61 

largely imposed at the transcriptional level through a diversity of promoter cis-

elements (e.g.  AP-1, PEA3, Sp-1, NF-kB, etc.) 15 16. 

Despite having been cloned almost 20 years ago, Mmp10 (stromelysin-2) 

has received substantially less attention than other MMPs, especially MMP-7, 9, 

and 2 22. Nevertheless, a growing body of research has shown an association 

between Mmp10 and disease, including IPF, lung tumorigenesis and metastasis, 

and atherosclerosis 23-28. In vitro studies have demonstrated that Mmp10 is up-

regulated by disparate stimuli (LPS, RSV, thrombin, IL-1, TGF-β1, PMA, C-

reactive protein, and more 23,49,53,54,113,115,117). Furthermore, recent data from our 

lab has also indicated that long multi-walled carbon nanotubes (MWCNT), a type 

of engineered nanotube with properties similar to asbestos, also induces Mmp10 

in bone marrow derived macrophages (BMDMs) (see Chapter 3). 

These studies have implicated a number of cell surface receptors, 

signaling pathways, and transcript factors in controlling Mmp10 transcription. 

Most notably among these are the major mitogen activate protein kinases 

(MAPK) (e.g. ERK, JNK, and P38), rapidly induced and highly conserved 

phosphorylation cascades that control a multitude of cellular events from growth 

and differentiation to apoptosis and survival 51,52, and transcription factors such 

as AP-1 and NFkB. These mechanisms have shown themselves to be highly 

stimulus, and to a lesser extent, cell-type specific. This last point is relevant as 

very few of these studies have been conducted in macrophages, and Mmp10 has 

been shown to produce a distinct phenotype in macrophages 55.  
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In the present study, we used BMDMs to dissect the basis of Mmp10 

induction with 4 different stimuli: LPS, PMA, BAL lavage from BLM treated 

animals (BLM BAL), and MWCNT. We found that these stimuli differ in both their 

potency and temporal pattern of Mmp10 induction, and that these differences 

were accompanied by unique signaling mechanisms that converge on largely 

redundant MAPK cascades, and ultimately, NFkB. Interestingly, we found that 

while LPS and MWCNT-induced transcription are TLR4-dependent (even though 

polymyxin B was included in all MWCNT treatments), BLM-BAL stimulated 

Mmp10 is independent of TLR4.  Our data suggest that dissimilar stimuli induce 

Mmp10 in unique ways, and highlight the importance of NFκB in regulating 

macrophage Mmp10.  

 

4.2. Results: See Chapter 6 for detailed methods. 

Undifferentiated Bone Marrow Cells Up-regulate Mmp10 During BMDM 

Derivation 

To determine the impact of macrophage differentiation on Mmp10 levels, 

BM cells were cultured for 7 days in either recombinant M-CSF or GM-CSF, 

which stimulate the differentiation of precursor marrow cells into macrophage and 

dendritic cells, respectively 153. Lysates from either treatment were collected at 0, 

1, 2, 4, and 6 days and probed for Mmp10 levels. Analysis of these samples 

indicated a trend toward up-regulation in both cell types (Figure 4.1A). However, 

beginning at day 1 this difference was significantly greater in M-CSF 

differentiated cells, which peaked at more than 20-fold as of day 2. In contrast, 
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GM-CSF cultured cells increased only slightly during this time (~2 fold), and 

showed little variation over the remaining days. These data suggest that Mmp10 

is primarily induced with commitment to a macrophage lineage.  

Given that Mmp10 is undetectable in alveolar macrophages in vivo, we 

hypothesized that additional culturing might further attenuate Mmp10 expression 

in these cells. Accordingly, mature BMDMs were collected at day 7, and cultured 

at sub-confluence for an additional 40 hours. Samples collected show a slight 

trend towards up-regulation at 12 hours post-plating, but confirm that Mmp10 is 

significantly reduced at 40 and 48 hours (Figure 4.1B). Consequently, an 

additional 40-hour period of plating was adopted for subsequent studies to allow 

for attenuation of baseline expression of the gene.  

 

BAL Collected Post-Bleomycin is a Surrogate For In Vivo Induction of 

Mmp10 

Data from our lab has demonstrated that Mmp10 is up-regulated in whole 

lung post intratracheal intubation (i.t.) of BLM, and that this induction is 

associated with protection against the onset of inflammation and fibrosis (chapter 

2). However, we have also seen that in vitro exposure of BMDMs with BLM alone 

does not stimulate Mmp10 expression. Given these negative findings, we then 

sought to determine if factors within BAL collected post-BLM administration could 

be used as a surrogate for in vivo induction.  

 C57BL/6 mice were treated with 2.0 U/kg of BLM by I.T. and BAL was 

collected at days 0 (untreated; n=3), 4 (n=4), 10 (n=5) in PBS with 1% BSA. BAL 



 
64 

samples (BLM BAL) from each day were pooled and concentrated 3-fold then 

added to wells containing slightly sub-confluent naïve BMDMs (n=3). We found 

that BLM BAL induced Mmp10 in a concentration-dependent manner (Figure 

4.2A), and that the potency of BLM BAL increased with time post BLM (i.e. 

between 1.2 and 4 fold depending upon day) (Figure 4.3A). In addition, the time-

dependent increase in Mmp10-stimulatory activity in BLM BAL mirrored up-

regulation of Mmp10 expression seen in vivo, which was approximately 150 fold 

above baseline as of day 10 (Figure 4.3B).  

Although day 10 BLM BAL resulted in the greatest Mmp10 expression, we 

chose day 4 BLM BAL as a surrogate for exposure in subsequent studies to 

reduce confounding signals indirectly associated with subsequent, severe 

disease manifestations. Still, as stated, day 4 BLM BAL stimulated Mmp10 

expression about 3-fold. 

To assess if endotoxin in the upper respiratory tract contributed to the 

inductive potential of BLM BAL, BMDMs were pretreated with 10 µg/ml of 

polymixin B (PmB), an LPS antagonist, for 30 minutes before the addition of 

BLM. Treatment with LPS was included as a positive control. PmB treatment 

completely blocked LPS-mediated induction of both Mmp10 and Il6 levels but 

only reduced BLM BAL stimulation by approximately 50% (Figure 4.3C, D).  

While these studies can’t rule out a contribution of endotoxin to the signal, the 

reduced efficacy of the PmB, and the collection-day dependent potency of the 

BAL imply that BLM BAL it is a distinct source of stimulation from LPS.  
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Mmp10 Stimuli Initiate Transcription Via Distinct Signaling Mechanisms 

To compare the temporal pattern of Mmp10 induction with different stimuli, 

we treated BMDMs for 1, 2, or 4 hours with LPS, BLM BAL, or two additional 

stimuli: PMA, an established agonist of MMP10 induction 53, and long multi-

walled carbon nanotubes (L-MWCNTs), an engineered nanomaterial that 

stimulates Mmp10 expression in vivo (Chapter 3). PmB was included in all 

MWCNT samples to isolate the contribution of the tubes themselves from LPS, 

which can be present as contamination from synthesis.  

 We found that Mmp10 mRNA was rapidly up-regulated with all stimuli at 2 

hours of treatment, but that individual agents diverged in the rapidity, magnitude, 

and persistence of their responses (Figure 4.4A). For example, while LPS and 

PMA reached similar levels of magnitude, LPS was the first treatment to peak (at 

1 hour), whereas PMA was the only treatment continuing to increase as of 3 

hours later. Neither BLM BAL nor MWCNTs were as potent as LPS or PMA, but 

although both seemed to peak at 2 hours, only MWCNTs had begun to attenuate 

by 4 hours. Based on these data, we choose to implement a 2-hour treatment for 

all subsequent studies.  

As PMA is a well-known activator of protein kinase C (PKC), we decided 

to use Bisindolymaleimide (BIS), a PKC inhibitor, to determine if any of the other 

stimuli utilize a similar mechanism. As shown in (Figure 4.5A), pretreatment with 

360 nM of BIS significantly inhibited PMA-induced transcription. Nevertheless, 

inhibition in this manner had no impact on the percentage signal derived from 
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any of the other treatments, suggesting that they mediate their effects through a 

different mechanism. 

Given that BLM BAL, MWCNTs, and LPS were PKC independent we next 

evaluated the contribution of the membrane receptor Toll-like Receptor 4 (TLR4), 

which is responsible for much of the signaling initiated by LPS, to Mmp10 

regulation. We generated BMDMs from WT and Tlr4-/- mice (n=3) and treated 

each group as before. Consistent with our hypothesis, we found that while PMA 

was found to be completely TLR4-independent, that the LPS signal was 

significantly attenuated (by approximately 75%) in the absence of TLR4 (Figure 

4.6A).  Similarly, although PmB was added to neutralize endotoxin during each 

MWCNT treatment, we found that the response to MWCNT was also modified in 

these cells. However, despite the observed reduction in Il6 and Mmp10 levels 

with PmB treatment (Figure 4.3.C,D), BLM BAL was unaffected by the loss of 

TLR4, suggesting that a different TLR or receptor is responsible for this signal.  

 

Mmp10 Stimuli Utilize Largely Redundant MAPK Signaling Cascades and 

are NFkB-Dependent 

Many groups have reported a role for MAPK signaling in the regulation of 

Mmp10, but the majority of these studies have focused on expression in 

endothelial cells and fibroblasts.  Therefore, we used inhibitors of MEK1/2, JNK 

1/2/3, and P38 (U0126, SP600125, and SB203580 respectively) to assess the 

contribution of each of these pathways to Mmp10 signaling in macrophages 

(Figure 4.7A). As before, each sample (n=3) was pretreated for 30 minutes with 
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each of the inhibitors before an additional 2 hours of co-treatment with each 

stimulus. As has been previously reported in fibroblasts, the JNK1/2/3 inhibitor, 

Sp600125, was unable to significantly reduce PMA-induced Mmp10 expression. 

Of the remaining treatments, we found that each was capable of reducing the 

percent Mmp10 signal to varying degrees; however, only SB203580 in MWCNTs 

completely eliminating Mmp10 up-regulation. These data support the finding that 

MAPK signaling pathways are important in the regulation of Mmp10, but they 

also suggest that they are mostly redundant.  

Lastly, our group and others have reported a role for NFκB in mediating 

transcriptional control of Mmp10 with LPS-treatment 113. Therefore, we used 

BMS-345541, a potent inhibitor of IkKinase activity, to elucidate the contribution 

of NFκB to induction in our panel of stimuli. Surprisingly, we found that 25 and 

100 nM BMS-345541 treatment was able to completely eliminate Mmp10 

induction in these cells with all stimuli (Figure 4.7B). In the majority of treatments 

we also observed an additional repression above and beyond the controls, 

suggesting that NFκB may also be contributing to the baseline in vitro expression 

of Mmp10 in these cells. This finding is further supported by our data from 

treatment with each individual inhibitor alone on Mmp10 values (Figure 4.8A), 

which shows a significant reduction of Mmp10 in BMS-345541 alones, but not 

with any of the other 6 inhibitors.  

 

4.3 Discussion: 
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Though long assumed to be functionally redundant 4,5, the last 20 years of 

research has demonstrated that individual MMPs serve distinct roles in injury and 

repair 13. Importantly, though MMPs are known to be regulated by diverse 

mechanisms, control is largely thought to imposed at the transcriptional level 15 

16, necessitating further study of the signaling pathways that mediate expression. 

While less studied than other MMPs, MMP-10 has been the subject of increasing 

researched due to its demonstrated association with conditions like non-small 

cell cancer 25,26, cardiovascular disease 23, 24, and idiopathic pulmonary fibrosis 

27,28; however, these studies are complicated by the finding that Mmp10 signaling 

events are stimulus, and to some extent cell-type specific. 

Here we present the results of what we believe to be one of the most 

complete comparative studies of these events in macrophages. We found that 

Mmp10 is slightly up-regulated in BM cells differentiated with GM-CSF or M-CSF, 

but that M-CSF-treated BM showed a much more robust increase (2 vs. 20 fold 

at day 2), suggesting that Mmp10 is much more strongly associated with 

commitment to a macrophage than a dendritic cell lineage. This increase in M-

CSF-treated cells gradually attenuated over time, and with 2 days of further 

culturing was returned almost to baseline. While the function of Mmp10 during 

this time is unknown, we utilized additional culturing for all subsequent studies to 

maximize the response to the stimuli.  

 A separate finding of this study was that of a novel Mmp10 stimulus in 

extracellular BAL collected post-BLM exposure. Importantly, this response was 

found to be collection day specific, with the potency of the BAL corresponding to 
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in vivo up-regulation of Mmp10 in whole lung, and was not ablated with PmB 

pretreatment. These data suggest the presence of a stimulus that is distinct from 

LPS, which is also included in our studies of Mmp10. Given that the Mmp10 

expression pattern seems to increase, and not decrease well into the fibrotic 

response, it seems reasonable that the putative stimulus is involved with repair 

and/or growth processes.  Several such stimuli have been suggested including 

TGF-β1, the extracellular domain (EDA) of fibronectin, and dermokine, but further 

proteomic study will be necessary to determine the exact identity of these stimuli 

49,154. 

 One of the more striking literature findings regarding Mmp10 is that 

distinct stimuli elicit unique temporal patterns of induction. This is particularly true 

of LPS and PMA, whose peak in vitro expression patterns differ by 6 or more 

hours 53, 113. This conclusion was supported by our in vitro data, which showed 

that where LPS-induced expression peaked after the first hour, PMA-induced 

expression was still continuing to grow as of 4 hours. In contrast, both MWCNT 

and BLM BAL showed reduced potency, with BLM BAL neither increasing nor 

attenuating at the 4-hour mark, and MWCNT peaking at 2 hours and declining 

thereafter.  

Based on their demonstrated role in Mmp10 signaling, we evaluated the 

contribution of both protein kinase C (PKC) and TLR4 to Mmp10 levels. Though 

PKC, which is known to be important for PMA signaling, was found to inhibit 

PMA-induced Mmp10 expression, none of the other stimuli were impacted by 

PKC inhibition. BMDMs from TLR4 deficient mice were then tested for their ability 
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to respond to these agents. Paradoxically, while MWCNT and LPS signaling 

were found to be dependent upon these proteins, BLM BAL showed no response 

at all to Tlr4 ablation. The finding that LPS is capable of inducing Mmp10 in a 

TLR4  dependent manner is novel, but also consistent with findings derived from 

studies with other MMPs (i.e. MMP-1 and MMP-9) 155,156,157. 

Although initially distinct, we found that all three of the stimuli investigated 

here were redundant with regard to MAPK signaling. The one exception is PMA, 

which, in agreement with a report by Sampieri et al., was found to be JNK-

independent 53. This conclusion is not unexpected given the diversity of 

components present in both MWCNT and BLM BAL, but it is particularly 

interesting for LPS, which is well defined. Nevertheless, it is consistent with 

reports indicating that LPS is capable of signaling through all three pathways in 

macrophages 158.  

Finally, we found that in spite of the reported responsiveness of Mmp10 to 

other transcription factors (i.e. CHF1/Hey2, AP-1) 159,23, all stimuli were 

completely inhibited by the addition of even low quantities (i.e. 25 nM) of BMS-

345541, a potent IκK/NFκB inhibitor. This is compatible with the observations of 

Murray et al., who showed a similar, though less complete inhibition in BMDMs 

with LPS 113. In addition, we found that of all the inhibitors tested, that only BMS-

345541 was capable of further reducing baseline Mmp10 expression. This is 

compelling as acetylation of the p65 subunit of NFκB at the K314/315 positions 

has been suggested to mediate baseline repression of Mmp10 and Mmp13 160. 
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These results indicate that Mmp10 is a well-conserved component of the 

macrophage response to its environment, and argue for further study of the exact 

mechanisms underlying transcriptional regulation of Mmp10. 
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Figures:  

 

 

 
Figure 4.1. Mmp10 is induced during in vitro derivation of BMDMs from 
bone marrow.  (A) Bone marrow from WT C57BL/6 mice was isolated and 
plated (as described in the methods section) and maturated in media containing 
either recombinant mouse M-CSF or GM-CSF. Lysates were then collected and 
assayed for Mmp10 transcript levels at the indicated times post-plating. (B). 
Following collection of mature BMDMs on day 7, adherent cells were counted 
and replated in macrophage differentiation media at sub-confluence for an 
additional 40 hours. Lysates were assayed at 12, 24, and 40 hours to determine 
the impact of additional culturing on Mmp10. * significant increase vs. Control. # 
significant decrease vs. corresponding GM-CSF value. (P<0.05) 
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Figure 4.2. Day 4 BLM BAL shows a dose-dependent induction of Mmp10 
that is greater than untreated BAL alone. (A) Naïve BMDMs (n=3) were 
treated with PBS, the indicated dilutions of day 4 BLM BAL, or 3x BAL from 
Untreated WT animals (n=3). *significant increase vs. PBS alone. # significant 
decrease vs. 3x BLM BAL. (P<0.05) 
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Figure 4.3. BMDM Mmp10 is upregulated by treatment with BAL collected 
from BLM treated animals.  Mice were treated with 2.0 U/kg of BLM via i.t. and 
BAL was collected at 0 (untreated; n=3), 4 (n=4), and 10 (n=5) days post-
treatment in PBS + 1% BSA. Following collection, BALs were concentrated 3x 
and added to naïve BMDMs for 2 hours (A). (B) The lungs from these same 
animals were then homogenized and probed for Mmp10 at each of the collection 
days. A 30 minute pre-treatment with 10 µg/ml PmB, followed by a 2 hour co-
treatment with either day 4 BAL, or 500 ng/ml of LPS was then utilized to assess 
the contribution of endotoxin to the Mmp10 (C) and Il6 (D) responses. * 
significant increase vs. (A) PBS or (B) Unt. Control. # significant decrease vs. 
stimulus alone (C, D). (P<0.05) 
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Figure 4.4. Mmp10 stimuli show distinct temporal induction profiles in 
treated BMDMs. (A) Naïve BMDMs were treated with BLM BAL, 500 ng/ml LPS, 
100 nM PMA, or 100 µg/ml of MWCNTs, and the fold change in Mmp10 
response from controls was assayed 1, 2, and 4 hours later. * significant increase 
vs. WT Cont. (P<0.05) 
 
  



 
76 

 
 
 
 
 
 

 
 
 
Figure 4.5. PMA, but not LPS, MWCNT, or BLM BAL signaling is protein 
kinase C dependent. (A) Naïve BMDMs were either treated with BLM BAL, 500 
ng/ml LPS, 100 nM PMA, or 100 µg/ml of MWCNTs for 2 hours, or pretreated 
with 360 nM of the PKC inhibitor, Bisindolylmaleimide, for 30 minutes followed by 
a 2 hour concurrent treatment with each of the stimuli. # significant decrease vs. 
stimulus alone. (P<0.05) 
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Figure 4.6. MWCNT and PMA, but not LPS or BLM BAL are modified by Tlr4 
ablation. (A) Naïve BMDMs, with and without Tlr4 (n=3), were treated with BLM 
BAL, 500 ng/ml LPS, 100nM PMA, or 100 µg/ml of MWCNTs for 2 hours and 
assayed for changes in Mmp10. * significant increase vs. WT stimulus alone. # 

significant decrease vs. WT stimulus alone. (P<0.05)  
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Figure 4.7. Mmp10 stimuli utilize diverse MAPK signaling cascades that 
converge on NFκB. (A) Naïve BMDMs were pretreated with 10 µM of U0126, 10 
µM of SP600125, or 60 µM of SB203580 (MEK1/2, JNK1/2/3, and p38 inhibitors 
respectively) for 30 minutes, followed by BLM BAL, 500 ng/ml LPS, 100 nM 
PMA, or 100 µg/ml of MWCNTs for 2 hours. The samples were then assayed for 
Mmp10 and compared against stimulation alone values. (B) Cells were 
pretreated with 25 and 100 µM of the IκK inhibitor, SB203580, before 2 hour co-
treatment as above. Mmp10 values were then compared to stimulus alone. # 
significant decrease vs. stimulus alone. (P<0.05) 
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Figure 4.8. Mmp10 signaling inhibitors have minimal or no impact on 
baseline Mmp10 expression. (A) Fold change in Mmp10 induction from WT 
control for indicated inhibitors following 2.5 hours of treatment. # significantly 
decreased vs. untreated BMDMs. (P<0.05) 
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Table 4.1. Summary of results for experiments regarding Mmp10 signaling 
with various stimuli. The overall results of these inhibitor and ablation studies 
are shown above. Yellow indicates no change in Mmp10 mRNA, green indicates 
a significant reduction. Grey values are unknown. Inhibitors are presented based 
on the proximity of the target protein/molecule to the Mmp10 promoter.  
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CHAPTER 5 
 

Conclusions  
 
 

5.1. Summary: 

As of November 2015, a PubMed search of the term “matrix 

metalloproteinase 10” yielded only 266 results. In contrast, a search of “matrix 

metalloproteinase 9” returned 16,247 results. In light of this disparity, the work 

presented in chapters 2, 3, and 4 constitutes a valuable addition to a relatively 

small body of work regarding MMP-10, especially when you take into account 

that only 10 of the “matrix metalloproteinase 10" results also contained the term 

“macrophage”. 

Collectively, prior research has demonstrated four things about tissue 

Mmp10 expression. First, although Mmp10 is weakly detectably/undetectable in 

virtually all tissues with the exception of small intestine 22, Mmp10 is rapidly 

quantifiable in injured tissues, typically within 24 hours. Secondly, up-regulation 

modulates disease pathology in a wide range of tissues (i.e. colon tissue, liver, 

brain, skin, lung (unpublished observations)) and, thirdly, in a multitude of injury 

models 33,49,50,161,162. Finally, while the preponderance of acute injury data 

indicate that Mmp10 expression peaks and attenuates in most of these models 

49,50, this increase is also sustained in chronic conditions such as Crohn’s 

disease and ulcerative/ischemic colitis, idiopathic pulmonary fibrosis, lung 

tumorigenesis and metastasis, and atherosclerosis 23-28,32. 

In the present work we contribute to the state of MMP-10 research by 

demonstrating a role for macrophage MMP-10 in protection against the 
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development of BLM, and MWCNT-induced lung disease. Furthermore, our 

investigations into the signaling mechanisms underlying Mmp10 expression in 

primary macrophages in culture (BMDMs) add several novel observations 

regarding the divergent and convergent nature of Mmp10 signaling.  

 

5.2. Macrophage Mmp10 is a major in vivo mediator of the response to lung 

injury 

 Although pulmonary Mmp10 has been shown to be up-regulated in the 

context of PAK-inducted infection (48, unpublished observations), as well as in 

tumor initiation and metastasis 25,26, we are unaware of any studies examining its 

role in sterile lung damage. To that end, we carried out exposures of WT or 

Mmp10-/- mice to both the pro-fibrotic drug bleomycin, as well as to a particular 

type of engineered nanomaterial known as long multi-walled carbon nanotube (L-

MWCNT).  

In the context of BLM, we found that Mmp10 protects against the 

pulmonary inflammation, recruitment of macrophages, and ultimately, 

fibrogenesis. Notably, this phenotype was present even though no difference in 

damage (i.e. BAL IgM) was observed between the genotypes. However we did 

observe that Mmp10-/- lungs expressed significantly more Ccl2, and displayed 

greater chemotactic potential for naïve BMDMs than their WT counterparts. 

Interestingly, not only are elevated Ccl2 levels known to have a causative role in 

BLM-induced fibrosis 75,76,163, but at least three other studies have shown a 

similar difference in CCL2 levels between WT and Mmp10-/- mice 49,50,32.  
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More recently, we have observed that both BMDMs, as well as BLM-

treated lung tissue display significantly increased phosphorylation of the mitogen 

activate protein kinase proteins known as ERK1 and 2 (data not shown). Further 

research into this phenotype has shown that the receptor tyrosine kinase (RTK) 

known as macrophage colony stimulating factor receptor  (M-CSFR), which 

mediates signaling of the M-CSF ligand through ERK1/2, is also phosphorylated 

(i.e. activated) to a greater degree in Mmp10-/- BMDMs (data not shown). Finally, 

in chapter 3 we demonstrated that macrophages differentiated with M-CSF 

express increased Mmp10 during the maturation process (Figure 3.1A). These 

data are important as recombinant M-CSF has been shown to induce CCL2 

levels in treated BMDMs, and both CCL2 and M-CSF ablation in the BLM model 

attenuate fibrogenesis 76. Together, these observations suggest that macrophage 

Mmp10 is likely to directly or indirectly attenuate macrophage recruitment and 

fibrosis through attenuated CCL2 production.  

While L-MWCNT exposure was initially employed to test the 

generalizability of our BLM interpretations in the context of a toxicologically 

relevant stimulus, we found that the phenotypic differences between the models 

revealed as much as the similarities. For example, in contrast to our BLM data, 

we found no observable difference in Ccl2 levels in whole lung mRNA at 24 

hours post-MWCNTs (which is not entirely surprising given the timeframe). 

Furthermore, though we observed a statistically significant increase in 

fibrogenesis between WT and Mmp10-/- mice treated with BLM, no difference 

was observed at 28 days post-treatment with L-MWCNT (data not shown), 
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suggesting that the fibrotic difference in the BLM model may be an indirect 

impact of MMP-10—possibly due to inflammation resulting from enhanced 

macrophage recruitment. Finally, our use of L-MWCNT also uncovered a 

previously unreported role for Mmp10 in pulmonary clearance, though the role of 

macrophage Mmp10 in this phenotype is still unclear.  

However, we also found striking similarities between these models, 

including the development of enhanced inflammation in the lungs of Mmp10-/- 

mice treated with either agent. Interestingly, measurements of BAL IgM, as well 

as multiple indices of endocytosis (with L-MWCNT treatment) showed that this 

difference is not a result of enhanced damage or particle uptake, but instead it 

results from enhanced sensitivity. The distinction between the two points is 

important as it indicates that Mmp10 is important for the injury response, and not 

necessary the insult itself. Overall, the data presented here are consistent with 

our PAK data suggesting that macrophage Mmp10 is a major mediator of the 

response to lung injury. 

 

5.3. Macrophage Mmp10 orchestrates inflammation via distinct but 

conserved mechanisms in vitro 

Chapter 4, as well as the in vitro components of Chapter 3, provide strong 

evidence for a causal relationship between macrophage Mmp10 and the 

phenotypes observed in vivo. In the L-MWCNT model we found that BAL cells 

from Mmp10-/- mice contained significantly more caspase-3 activity than WTs, 

which is indicative of enhanced intrinsic and extrinsic apoptotic pathway 



 
85 

activation 164. Notably, no difference was observed in whole lung lysates. In 

addition, we observed a decrease in macrophage counts (and only macrophage 

counts) with L-MWCNT exposure that was further exacerbated by the loss of 

Mmp10, suggesting the Mmp10 deficient macrophages were more susceptible to 

apoptosis post-treatment. Using BMDMs we demonstrated that macrophages 

selectively up-regulate Mmp10 following MWCNT exposure, which then protects 

against both inflammation and cell death, potentially through NALP3 

inflammasome-mediated IL-1β production. 

The propensity for Mmp10 to be both a component of, as well as a 

important feature during the inflammatory response was supported by the finding 

that even low quantities of an IκK inhibitor (BMS-345541), which prevents NFκB-

induced transcript by inhibiting its dissociation from IκBα 165, were able to 

completely inhibit Mmp10 induction with all stimuli investigated. In addition, we 

found that instead of utilizing a single MAPK signaling pathway to induce NFκB 

transcription, that these pathways appeared somewhat redundant. While it is 

possible that compensatory mechanisms, and not just parallel signaling could 

explain some or all of these results, this redundancy implies that Mmp10 

expression is well conserved in macrophages.  

Despite the fact that Mmp10 signaling appeared to converge as it 

approached the transcriptional level, the data presented in Chapter 3 also 

indicated that these signals are initially quite distinct, with different temporal 

patterns, potency, and early signaling components. For example, whereas LPS 

and PMA elicited the same magnitude of induction, their signals peaked at 
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distinctly different times (1 hour vs 4 hours). In contrast, MWCNTs and BLM BAL 

were far less potent than LPS or PMA, and their peaks of Mmp10 mRNA were 

observed at 2 hours.   

These differences were also readily apparent following both protein kinase 

C (PKC) inhibition, and in TLR knockout BMDMs. Consistent with other studies 

53, we found that PMA-mediated induction was effectively inhibited in the 

presence of a PKC inhibitor; however, none of the other stimuli appeared to be 

PKC dependent. Likewise, we correctly hypothesized that TLR4 ablation would 

inhibit LPS signaling, which is also consistent with reports from other MMP 

studies (i.e. MMP-1 and MMP-9) 155,156,157. Nevertheless, we observed that BLM 

BAL was not inhibited in the absence of TLR4, suggesting that it mediates 

induction via another mechanism, potentially a different TLR, or a receptor 

tyrosine kinase.  

A separate finding was that, similar to LPS, L-MWCNT-induced 

expression was TLR4 dependent. This is particular interesting as PmB was 

included in all treatments to prevent any contribution of endotoxin-derived from 

synthesis (which is, obviously, also a stimulus for Mmp10). Of note is the fact that 

this concentration was capable of completely eliminating the Mmp10 signal 

derived with 500 ng/ml of LPS. This result could indicate that L-MWCNT is 

capable of serving as damage associated molecular pattern (DAMP) to initiate 

transcription via TLR4. This conclusion is supported by a recent finding that CNT-

related inflammation in alveolar macrophages is MyD88 dependent 166.  
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While our survey also yielded several other interesting observations, an 

inescapable conclusion of this work is that Mmp10 signaling is important for 

organizing the inflammatory response to many different classes of molecules. 

Future studies will focus on the mechanism(s) underling the observed protective 

role of Mmp10 in macrophages.  
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CHAPTER 6 

Materials and Methods 

 

 
The Institutional Animal Care and Use Committees at the University of 

Washington (Seattle, WA), and Cedars-Sinai Medical Center (Los Angeles, CA), 

approved all animal experiments.  

 
 

CHAPTER 2: 

RT-qPCR: Total RNA purification, cDNA purification and qPCR was performed 

with the RNeasy Plus Mini Kit (Qiagen; Germantown, MD), High Capacity cDNA 

RT Kit (Applied Biosystems; Foster City, California), and SensiMix Probe Kit 

(Bioline; Taunton, MA). Probes were also from Applied Biosystems. Data was 

normalized to HPRT and calibrated to WT control values.   

 

IgM ELISA: IgM ELISA Quantification Kit (Bethyl Laboratories; Montgomery, TX) 

was used to quantify IgM in BAL according to the manufacturer’s specifications.  

 

Dot Blot: Dot blots were performed for F4/80 (MCA497R, Abd Serotec, Raleigh, 

NC) using 80 µl of BAL collected at day 10 post-exposure. Densitometry analysis 

was conducted utilizing ImageJ software Ver. 1.46r (National Institutes of Health, 

USA) 
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Tissue Staining and IHC: Masson’s trichrome and H&E staining was conducted 

by the UW’s Histology and Imaging Core. IHC for αSMA was performed utilizing 

an antibody from Sigma Aldrich (St. Louis, MO). 

 

Hydroxyproline content: Hydroxyproline content was quantified in left lung 

lobes using the Hydroxyproline Colorimetric Assay Kit from Biovision (Milpitas, 

CA) according to their specifications. Left lungs were weighed prior to the assay 

and homogenates were normalized to 10 µl of ddh20 per mg of tissue. Total 

hydroxproline per lung was back-calculated based on this information.   

 

In vivo bleomycin exposures: All experiments involved intratracheal intubation 

of mixed gender WT and Mmp10-/- C57BL/6 mice between 6 and 12 weeks of 

age. Mmp10 null mice were generated previously through the targeted deletion of 

exons 3 to 5 of the Mmp10 gene (also see Figure 1.1), which includes the 

catalytic domain 48. These mice had been backcrossed for 11 or more 

generations at the time of these experiments. Animals were monitored for signs 

of distress following exposure and weight loss was recorded daily. 

 

Bleomycin dosage: mortality data was derived with 0.08 U or bleomycin per 

mouse (~3.6 U/kg), fibrogenesis (i.e. collagen and αSMA endpoints) utilized 2.0 

U/kg of bleomycin, and a dose of 1.2 U/kg was used to study acute lung injury 

(cell counts, inflammatory transcripts, etc.) 
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BLM Tissue Collection: Lung tissue was perfused and the left lung was 

occluded, removed, and flash frozen in liquid nitrogen. The right lung was 

lavaged with 1x 0.6 ml, and 2x 0.5 ml of sterile PBS before being inflated with 

formalin O/N. The following day the lungs were washed in PBS and transferred to 

70% EtOH for storage at 4° C.  

 

BAL cell counts: BAL was collected at the indicated days in 3 washes of (0.6, 

0.5, and 0.5 mls) of ice cold PBS and total cells were counted via automated cell 

counter. 50 x103 cells from each animal were used to generat cytospins (5 

minutes at 700 rpm), which were subsequently stained with DiffQuick. The 

percent macrophages, neutrophils, and lymphocytes were quantified via 

microscopy by averages of 4 counts of 100 cells per animal, and the total number 

of each cell type was back-calculated using the total cell numbers.   

 

Statistics. Statistical analyses included either T-test or two-way ANOVA where 

appropriate utilizing Prism 5 (GraphPad Software, La Jolla, CA). Bonferroni post-

test was used account for multiple comparisons. All data are presented as mean 

± SEM, except where indicated, and a P-value of >0.05 was considered 

significant.  

 
 
CHAPTER 3: 

Animals. Mmp10–/– mice (C57BL/6J) 48 and wildtype littermates (male and 

female, 8-12 week old) were used for these studies.  
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MWCNT. MWCNT were purchased from CheapTubes, Inc. (Cambridgeport, VT) 

by the University of Washington’s Nanotoxicology Center as part of the NIEHS 

Centers for Nanotechnology Health Implications Research (NCNHIR) Consortia. 

Tube preparation for both in vivo and in vitro work consisted of suspension in 

dispersion medium (DM) that contained 0.6 mg/ml mouse serum albumin, 10 

µg/ml 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, and 0.1% ethanol (v/v) in 

PBS. Stock aliquots of MWCNT (1.6 µg/µl) were sonicated during both 

preparation and immediately before treatments. The manufacturer’s product data 

specified an outer diameter of 10-20 nm and a length of 10-30 mm. Scanning 

electron microscopy with energy dispersive x-ray spectroscopy analysis (SEM-

EDS), conducted by the National Cancer Institute Nanotechnology 

Characterization Laboratory, confirmed an elemental composition of 95.8% ± 0.6 

(SD) carbon and 3.4% ± 0.2 oxygen and the presence of trace remains of Ni 

(0.5% ± 0.5) and Fe (0.3% ± 0.3). These values are consistent with composition 

determined by Pulskamp et al. 133. 

Exposures and Tissue Harvest. Mice (6/group/genotype) were treated with a 

single 50-µl OPA of DM or an equivalent volume containing 80 µg MWCNT. Mice 

were sacrificed 24 h later, and the left lung was occluded, flash frozen, and 

homogenized in either RIPA, or RLT buffer (Qiagen, Valencia, CA) for protein 

and RNA analysis. BAL was collected from the right lungs, and total cells were 

identified and counted via automated cell counter. The right lung was then 

inflated with 600 ml of 10% formalin and prepared for histology as described 167. 

MWCNT Clearance. Fixed lungs were paraffin-embedded, sectioned, and 

stained with H&E by CS-BTRC. Using these images, the CS-BTRC then set a 

threshold value with DM alone sections to eliminate artifacts, and blindly 
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assessed both the MWCNT aggregate count, as well as the percentage of area 

occupied (in pixels) in each treated lung section (n=6). These findings were 

supported by our own counts obtained with microscopy (10x).  

Macrophage Cell Culture. Bone marrow-derived macrophages (BMDMs) were 

isolated and differentiated for 7 days in CSF-1-containing medium as described 
168. Polymyxin B sulfate salt was included (10 µg/ml; Sigma-Aldrich, St. Louis, 

MO) to control for potential endotoxin contamination.  

Particle Uptake. In vivo estimates of endocytosis were calculated from BAL 

cytospin slides. MWCNT-positive cells were identified by light microscopy, and 

percentages were determined from averages of four separate counts of 100 

cells. Total positive cells were back-calculated from total cell estimates. In vitro 

endocytosis was determined in a similar manner following 3 hours of exposure. 

The average area occupied by MWCNT-positive vacuoles per cell was quantified 

from 30 measurements per animal at 80x utilizing Digital Image Hub software 

version 4.0.4. (Leica Microsystems GmbH, Buffalo Grove, IL).  

Assays. Caspase-3 activity in whole lung and cell lysates was assayed using a 

Caspase-3 Colorimetric Assay Kit (Biovision, Milpitas, CA) according to 

manufacturer instructions. Total RNA was isolated from whole lung and cultured 

macrophages. Total RNA was isolated (Qiagen, Valencia, CA) and specific 

transcripts were quantified by real-time PCR using TaqMan FAM-labeled probes 

(Applied Biosystems, Foster City, CA) as described 169. Total IL-1β levels were 

measured using the Mouse IL-1β ELISA Ready-SET-Go! Kit (eBiosciences, San 

Diego, CA).   
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Statistics. Statistical analyses included either T-test or two-way ANOVA where 

appropriate utilizing Prism 5 (GraphPad Software, La Jolla, CA). Bonferroni post-

test was used account for multiple comparisons. All data are presented as mean 

± SEM, except where indicated, and a P-value of >0.05 was considered 

significant.  

 
CHAPTER 4:  
 
Macrophage culture and migration assay: BMDMs were generated as 

previously described 153 14. Tibias and femurs of WT, and Tlr4-/- C57BL/6 mice 

were collected and centrifuged (1,500 rcf for 2 min), treated with RBC lysis 

buffer, and cultured overnight in recombinant GM-CSF, M-CSF, or Mac Media 

(RPMI 1640 with glutamine, 1% penicillin/streptomycin, 10% heat-inactivated 

fetal bovine serum (FBS) and 20% L929 cell supernatant). Non-adherent cells 

were then collected and replated for an additional 6 days. 

For the recombinant M-CSF and GM-CSF studies, RNA was collected at 0, 1, 2, 

4, and 6 days. For all other studies, day 7 cells were collected and replated in 

sub-confluence for an additional culture period of 40 hours prior to use.  

 

In vivo bleomycin exposures: WT and Mmp10-/- C57BL/6 mice between 6 and 

12 weeks of age (n=3 to 6) were administered 2.0 U/kg of bleomycin by i.t. 

Mmp10 null mice were generated previously through the targeted deletion of 

exons 3 to 5 of the Mmp10 gene (also see Figure 1.2), which includes the 

catalytic domain 48. These mice had been backcrossed for 11 or more 

generations at the time of these experiments. Animals were monitored for signs 
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of distress and sacrificed at 0 (untreated), 4, or 10 days post-BLM. BAL was 

collected in 3 washes of (0.6, 0.5, and 0.5 mls) of ice cold PBS, centrifuged at 

500 rcf for 5 minutes, and the extracellular fraction was isolated. The left lungs of 

these animals were occluded, homogenized in RLT buffer (Qiagen, Valencia, 

CA), and Mmp10 mRNA was quantified.  

 

In vitro BAL preparation: Depending up the experiment, this fraction was either 

diluted in media, or concentrated 3x with an Amicon Ultra-2 Centrifugal Filter Unit 

with Ultracel-3 membrane (MWCO: 3 kD) (EMD Milipore, Temecula, CA).  

 

Macrophage induction stimuli: Unless otherwise noted, all induction 

experiments consisted of a 40-hour post-day 7 plating protocol, followed by a 2-

hour exposure. Stimulus concentrations were: 3 fold diluted BLM BAL, 500 ng/ml 

of LPS, 100 nM of PMA, and 100 µg/ml of MWCNTs. 

 

Macrophage inhibitors: All inhibitor experiments involved a 30 minute 

pretreatment, followed by a 2 hour co-treatment with the indicated stimuli (except 

where indicated). Inhibitors: 360 nM bisindolylmaleimide (Cayman Chemical, Ann 

Arbor, MI) 10 µg/ml polymyxin B (Sigma Aldrich, St. Louis, MO) 10 µM U0126 

(Calbiochem, Billerica, MA) , 20 µM SP600125 (Cell Signaling, Danvers, MA), 60 

µM SB203580 (Tocris, Minneapois, MN) 25 or 100 nM BMS34551 (Sigma 

Aldrich, St. Louis, MO). 
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