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THESIS ABSTRACT

The Formin FMNL1 Contributes to the Macrophage Inflammatory
Response by Regulating Podosome-dependent Adhesion and Migration

Author : Matthew R. Miller
Sponsor : Scott D. Blystone

Macrophages are indispensible white blood cells (leukocytes) that contribute to both
the innate and adaptive immune response. They are crucial for resolving inflammatory
events by clearing pathogens and cellular debris, in addition to promoting wound repair.
Macrophages are derived from peripherally circulating monocytes, which after stimulation
undergo diapedesis from the vasculature into the underlying complex extracellular matrix,
where they can become fully differentiated macrophages and migrate to inflammatory loci.
Tissues also contain residential populations of macrophages that aid in immediate immune
responses and maintain tissue homeostasis. Conversely, unwarranted macrophage
activation largely contributes to the onset and progression of inflammatory diseases, such
as atherosclerosis and rheumatoid arthritis, in addition to aiding cancer metastasis and
facilitating organ transplant rejection.
In order for macrophages to effectively resolve inflammatory events or contribute to
disease pathology, they must be able to undergo directional migration, which is mediated by
integrin-dependent adhesion complexes termed podosomes. Macrophage podosomes are
the most prominent structure of the macrophage actin cytoskeleton, containing a pillar-like
core of dense filamentous actin that is tethered to the cortical actin cytoskeleton via radial
actin filaments. Podosomes also contain a variety of proteins that are circumferentially
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arranged or associated with the core, and that are involved in signaling, linking, and
scaffolding, as well as modulating the actin cytoskeleton.
Historically, our lab has been interested in leukocyte integrin biology and
understanding how these receptors mediate adhesion and migration through complex
extracellular matrices. Previous studies in our lab demonstrated the novel podosomal
association of an actin modulating protein with the ability to processively elongate
unbranched linear actin filaments. Subsequent studies determined this protein to be the
formin FMNL1, which is predominantly expressed in hematopoietic cells. Consequently, we
further revealed that FMNL1 localizes to the apex of the dense actin core, and is required for
podosome stability and macrophage adhesion.
The work described in this dissertation has greatly expanded on these findings,
demonstrating for the first time that primary macrophage migration is dependent on the
formin FMNL1. Utilizing in vitro and in vivo techniques with aid of a novel conditional murine
FMNL1 KO, we have observed that macrophage podosome formation, migration, and tissue
distribution are dependent on FMNL1. Additionally, we have indicated that FMNL1 is
required for embryonic development. Remarkably, our findings also suggest that FMNL1dependent macrophage migration and podosome localization rely on the specific isoform
FMNL1γ. Foremost, we have demonstrated that barbed end binding by the FMNL1γ FH2
domain is dispensable for its cellular function in macrophages, which has not been
previously shown for any other cellular formin function. Thus, these findings, in addition to
current formin knowledge, have allowed us develop a working model for FMNL1 function at
macrophage podosomes. This work has distinguished FMNL1 as a unique therapeutic
target to restrict macrophage migration that contributes to macrophage-mediated diseases.
Furthermore, this could translate to treatment of certain cancers, since FMNL1 has been
suggested to promote leukemic cell migration.
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Chapter 1
Introduction
The vertebrate immune system is fundamental to host survival and is broadly
categorized into two subdivisions, innate immunity and adaptive immunity. In mammals,
macrophages are specialized leukocytes (white blood cells) that are indispensible to
both the innate and adaptive immune response. Macrophages function as initial
responders to sites of inflammation to clear pathogens, promote wound healing, and
prime the adaptive immune response through antigen presentation. These cells were
first termed “macrophages” in 1892 by Eli Metchnikoff, meaning “big eaters” in Greek,
based on phylogenetic studies of phagocytic cells in invertebrates and vertebrates that
ultimately led to his shared Nobel award [1, 2]. To perform these specialized functions,
macrophages must be able to undergo directional migration. Accumulating research has
demonstrated that macrophages form adhesion complexes, termed podosomes, to
migrate through complex extracellular matrices to reach sites of inflammation [3, 4, 5].
Previous work in our lab has demonstrated the localization of the formin FMNL1,
an actin-binding protein, to macrophage podosomes, in addition to indicating its
importance to macrophage adhesion and podosome stability. This dissertation will focus
on deciphering the importance of the podosomal formin FMNL1 for macrophage
migration in vitro and in vivo, as well as providing new insight into how FMNL1
modulates the actin cytoskeleton in macrophage podosomes.

Macrophages
History of Macrophage Discovery
Macrophages are best known for their capacity to perform phagocytosis, hence
also being termed “phagocytes”, an initial observation by Eli Metchnikoff. Early research
of phagocytic cells initially led to the proposed reticuloendothelial cell system (RES)
theory, categorizing reticulum cells, reticuloendothelia (phagocytic endothelia), and
2
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histiocytes (tissue macrophages) as cells that are derived from local tissues, related in
origin, and phagocytic [1, 6]. This was performed utilizing lithium carmide, a vital
staining dye, for phagocytic labeling [1, 6]. Future research proved faults in the RES
theory, since lithium carmide can be taken up through pinocytosis (cell drinking) of cells,
in addition to macrophage phagocytosis [1, 6]. Following studies utilizing [3H]-thymidine
autoradiography, the mononuclear phagocyte system (MPS) theory was founded,
suggesting that all macrophages are ultimately derived from blood monocytes [1, 6].
These early theories have paved the way in understanding macrophage differentiation
and tissue distribution, yet current research is arguably expanding upon the MPS
paradigm [1].

Macrophage Distribution
In the event of an immune crisis, macrophages are recruited to sites of
inflammation, derived from monocyte precursors circulating in the peripheral blood.
Additionally, there are a number of residential tissue macrophage populations that assist
in regulating tissue homeostasis, including Kupffer cells in the liver, Langerhans cells in
the skin, dust cells in the lung, microglia in the brain, and osteoclasts in the bone [7, 8].
These residential macrophage populations are also replenished in part from peripheral
blood monocyte precursors [7, 8].

Monocyte Tissue Entry from Circulation
The intricate process of extravasation begins with the release of proinflammatory
mediators from sentinel tissue cells, including residential macrophages, mast cells, and
memory T cells [9]. These proinflammatory molecules include cytokines and
chemokines such as TNFα, IL-1β, and monocyte chemotactic protein-1 (MCP-1), which
locally activate endothelial cells of the vasculature to express cell surface adhesion
3
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molecules on the luminal side, in addition to recruiting monocytes [9]. Subsequently,
rolling adhesion occurs through monocyte binding of endothelial cell-surface proteins,
such as P- and E-selectin, quickly followed by firm adhesions via integrins to mediate
diapedesis through the vascular wall to the interstitial tissue [9]. The process of
diapedesis likely acts as a critical “switch” in starting the differentiation process from
monocytes to macrophages (Figure 1) [10]. Once in the complex extracellular matrix,
monocytes can fully differentiate into macrophages to further mediate immune
responses [9].

Figure 1. Diapedesis of monocytes to interstitial tissues where they differentiate
into macrophages. Adapted from Janeway C, Travers P, Walport M, Shlomchik M.
2005. Immunobiology: The Immune System in Health and Disease. New York, New
York: Garland Science Publishing. p. 23, 80-84.
Macrophage Response to Damage / Inflammation
Macrophages “sample” their environment through various receptors. To initiate a
response, macrophages utilize a group of pattern recognition receptors (PRRs) that
recognize sequences that are evolutionarily conserved [11, 12, 13]. PRRs can be
membrane bound where they are expressed at the cell surface or at endosomal
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vesicles, or they can be cytoplasmic [13]. These receptors recognize pathogenassociated molecular patterns (PAMPs) to engage and clear pathogens, as well as
damage-associated molecular patterns (DAMPs) to respond to endogenous dangers,
such as cell death [13, 14, 15]. The most extensively studied PRRs include
transmembrane Toll-like receptors (TLRs), such as TLR4 [13]. Binding of its ligand
lipopolysaccharide (LPS), leads to varying cellular signaling responses depending on the
specific TLR activated [13]. The cytoplasmic tail of TLRs contains a domain to which
they recruit adaptor proteins to initiate different signaling cascades [13]. The signaling of
these receptors is separated into two specific pathways, including the MyD88-dependent
pathway, where dimerization of certain TLR receptors initiates the recruitment of MyD88
[16]. This is followed by signaling events leading to the activation of NFκB and MAPK
and ultimately promoting transcription and release of inflammatory cytokines [13, 16].
The other distinct TLR signaling pathway is the TRIF-dependent pathway, which is
initiated by TLR binding of double stranded RNA (dsRNA) or LPS [13, 16]. Binding of
these ligands recruits TRIP, which in turn activates the kinases TBK1 and RIPK1,
leading to the production of interferon type 1 and NFκB, to promote an activated state
and cytokine transcription [13, 16]. Macrophages also utilize transmembrane “Type I”
and “Type II” cytokine receptors where cytokine binding induces receptor dimerization,
leading to intracellular signaling events that activate JAK/STAT pathways [17, 18]. The
activation of these receptors promotes the localization of STATs to the nucleus for
transcription of numerous genes [18, 19]. These activated receptors also promote the
activation of other signaling kinases [18, 10].
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Macrophage Heterogeneity
Macrophages have been generally categorized into two classes depending on
how they are stimulated and function. More recently, many researchers have been
attempting to create additional classifications, which have ultimately created a lot of
confusion and debate in the field. Despite this, classically and alternatively activated
macrophages are the two major subtypes that are widely accepted. Classically activated
macrophages, also termed M1, are primarily activated by IFNγ or LPS, but can also be
activated by certain cytokines like TNFα [12, 13]. M1 macrophages produce reactive
oxygen and nitrogen intermediates as cytotoxic weapons against pathogens, and these
molecules are secreted after being formed by Nitric Oxide Synthase 2 (NOS2), which
can be transcriptionally regulated by NFκB and STAT1 [13, 16, 20]. M1 macrophages
are deemed proinflammatory, releasing inflammatory cytokines such as IL-1β or TNF,
producing effector molecules such as nitric oxide (NO) for microbial clearance, and
promoting T helper 1 (Th1) immunity to combat intracellular pathogens [12, 13, 21].
Alternatively activated macrophages, also termed M2, are formed when exposed to
cytokines such as IL-4, IL-13, or IL-10 [12, 13, 21]. Through binding of cytokine
receptors, the main STAT protein employed in M2 activation is STAT6 [18]. Upon
phosphorylation by Jak1, STAT6 localizes to the nucleus for transcription of a number of
genes, such as arginase-I, which is critical for production of proline, polyamine and
cytokines as well as inhibiting NO production [18]. There are numerous other signaling
molecules activated in relation to receptor binding of IL-4, IL-10, or IL-13, including PI3K
and Akt1 [18, 19]. M2 macrophages are considered to be important for wound repair
and inflammation resolution, producing TGFβ-1, polyamines to induce proliferation, and
proline to promote collagen production, as well as support Th2 immunity to eradicate
extracellular pathogens [12, 13, 21].
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Macrophage Differentiation
After monoctyes diapadese into peripheral tissues, they can be stimulated for
differentiation into macrophages by various signaling factors. Two well characterized
molecules that can drive macrophage differentiation are granulocyte-macrophage
colony-stimulating factor (GM-CSF) or macrophage colony-stimulating factor (M-CSF),
both of which are cytokines [22, 23]. M-CSF is expressed in most tissues ubiquitously
and is the biggest contributor to macrophage differentiation, while GM-CSF is described
to be expressed at high levels only during inflammatory events, but otherwise is found at
low basal levels [24]. These two differentiation cytokines have also been suggested to
elicit specific activation states of macrophages based on the cytokine profile produced,
with GM-CSF promoting more pro-inflammatory M1 macrophage differentiation, and MCSF promoting anti-inflammatory M2 macrophage differentiation [24, 25]. GM-CSF is
suggested to primarily regulate macrophage differentiation through the JAK2/STAT5
pathway, while M-CSF is thought to activate JAK1/STAT1-STAT3 for transcription and
expression of genes necessary for macrophage differentiation [22, 23]. Interestingly,
studies have demonstrated that the genes these cytokines regulate for differentiation
differ by only 17%, perhaps indicating why these different cytokines are suggested to
promote different macrophage activation states [24]. Furthermore, both of these
cytokines are commonly used for in vitro differentiation of human and murine monocytes
into macrophages for macrophage studies.

Phagocytosis (General)
Phagocytosis is a critical macrophage function, and it is a complex process
mediated by a number of different receptors that aid in engagement, internalization, and
degradation of foreign particles greater than 1 µm in diameter [26, 27]. There are two
main mechanisms for macrophage phagocytosis, complement-mediated and antibody7
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dependent phagocytosis [26, 28, 29]. However, there are a few key events that are
shared between different forms of phagocytosis, including actin polymerization at the site
of internalization after ligand binding to receptors occurs [28]. Once the phagosome is
internalized, the associated actin is lost and the phagosome interacts with microtubules
for trafficking to promote fusion with endosome-lysosome components for maturation
[28]. Although, numerous receptors, including PRRs, often act in tandem to aid in
phagocytosis, the extent to which Fcγ, complement, or mannose receptors are involved
primarily determine the mechanism by which phagocytosis occurs [26, 27, 28].

FcγR-mediated Phagocytosis
Fcγ receptor (FcγR) -mediated phagocytosis is a response mediated by
contributions of both the innate and adaptive immune systems. These receptors
recognize immunoglobulins, primarily IgG, and opsonize pathogens for recognition by
FcγRs [26, 28]. These transmembrane Fcγ receptors contain a cytoplasmic tail that is
important for signal transduction to initiate phagocytosis: the immunoglobulin gene family
tyrosine activation motif (ITAM) [28]. Src kinases are suggested to be important for
initial phosphorylation of ligand-bound Fcγ receptors, followed by recruitment and
activation of Syk, PI-3K, and PKC [28]. Activation of these kinases results in the
activation of numerous signaling cascades that lead to the transcription of proteins
necessary for phagocytosis, followed by rearrangement of the actin cytoskeleton [28].
Additionally, the GTPases Rac1 and Cdc42, as well as actin-binding proteins including
formins and Arp2/3 complex, have been demonstrated to play a critical role in
filamentous actin (F-actin) assembly necessary for phagocytosis [28, 30, 31].
Furthermore, FcγR-mediated phagocytosis is suggested to occur through the formation
of pseudopods that make up the phagocytic cup, which are guided by FcγRs in a zipperlike fashion around the opsonized particle, termed the “zipper model” [32]. Furthermore,
8
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during this process, additional membrane is required to support the quickly growing
engulfing pseudopods, so intracellular membranes are shuttled to the base of the
phagocytic cup [32].
CR3-mediated Phagocytosis
Complement-mediated phagocytosis (CMP) occurs primarily through utilizing the
complement receptor 3 (CR3), also known as the integrin αmβ2, which recognizes C3b
bound to the surface of pathogens [26, 28]. There are also other molecules utilized in
the complement pathway for opsonization, with their own respective receptors. However
C3b is the most abundantly expressed [29, 33]. CMP can be engaged via three different
pathways, the classical, alternative, and lectin pathways, where the vital step for all three
is to create C3-convertase to cleave the complement component C3 to C3b for
opsonization of the targeted particle [29, 33]. Opsonization occurs when the surface of
pathogens are bound with particles, such as C3b, for macrophage detection and
phagocytosis [29, 33]. These pathways utilize complement proteins that are found in the
serum; however, they differ in the mechanism to create C3-convertase, and ultimately
C3b [26]. The classical pathway utilizes complement proteins that bind to pathogen
bound antibodies, which initiates a signaling cascade that ultimately cleaves C3 to C3b
[29, 33]. The lectin pathway is triggered by the mannose-binding lectin protein, which
can bind to certain microorganisms, followed by association of the mannose-binding
lectin protein with serine proteases, C3-convertase is produced leading to the cleavage
of C3 to C3b [29, 33]. The alternative pathway, which is exclusively important for the
innate immune response, occurs in the absence of antibody or pathogen-bound proteins,
and is initiated by spontaneous hydrolysis of C3, followed by pathogen binding [29, 33].
This phagocytosis process is suggested to be more passive, without the formation of
pseudopodia, where complement-opsonized particles seem to sink into the cell, forming
phagosomes [28].
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Phagocytosis is a complex process that occurs via a variety of mechanisms to
recognize and engulf foreign particles or damaged cells. However, regardless of the
type of phagocytosis utilized, internalization and degradation of pathogens and cellular
debris are critical processes of the innate immune response that are indispensible.

Phagocytosis / Antigen Presentation
Macrophages are also classified as professional antigen-presenting cells (APCs),
important for priming the adaptive immune response [34]. All mammalian host cells
contain and express major histocompatibility complex (MHC) class I molecules, which
are used to present antigens of intracellular pathogens, such as viruses or bacteria, to
CD8+ T cells (killer T cells) for targeted death of the infected cell [27, 35]. Alternatively,
antigen presentation to CD4+ T cells (T helper cells) occurs via MHC class II molecules,
which aid in mediating the adaptive immune response by creating effector, memory, and
regulatory T cells, and are expressed only by APCs [27, 34]. Phagocytic cells are
particularly well suited for MHC class II presentation, as these molecules require
proteolytic degradation of foreign proteins before binding and presentation can occur
[34]. Before macrophages are activated, they express high amounts of MHC class II
molecules in endosomal-lysosomal compartments [34]. After activation with cytokines
such as IFNγ, macrophages can perform phagocytosis of pathogens, and then
subsequent fusion of the phagosome with endosomal-lysosomal compartments to create
phagolysosomes, where MHC class II molecules can be loaded with antigens for
presentation [27, 34]. These antigen-bound MHC class II molecules are then shuttled to
the plasma membrane to interact with CD4+ T cells [27, 34]. This macrophage process
is crucial for mediating an appropriate adaptive immune response.
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Macrophage Mediated Diseases / Clinical Relevance
Intracellular Macrophage Diseases
Macrophages serve an indispensible function in mediating host survival against
pathogens and maintaining tissue homeostasis. Conversely, macrophages also have
the propensity to exacerbate a wide range of diseases through a variety of mechanisms,
and these cells can even contribute to organ transplant rejection. Macrophages have
been demonstrated to be hosts and replication centers for a number of bacterial and
viral infections, including tuberculosis, Leishmaniasis, Tropheryma whipplei, and HIV
[36, 37, 38, 39]. These intracellular pathogens have developed mechanisms to avoid
either recognition or destruction by macrophages once they are internalized, such as
inducing DNA methylation to suppress genes important for the microbicidal pathway,
physically escaping the phagosome to reside in the cytoplasm, or blocking phagosomelysosome fusion [36, 37, 40]. Therefore, macrophages are key targets for drug
intervention to alleviate such intracellular infections.

Macrophages and Transplant Rejection
Advances in the medical field have enhanced organ transplantation to a fairly
common practice when they are required to be performed for survival, yet they remain
suboptimal due to the possibility of rejection [41]. It is established that macrophages
play a critical role in allograft acceptance and host integration by promoting
vascularization and tissue homeostasis, but these cells can also promote transplant
pathology [41, 42]. Macrophages contribute to three main categories of solid organ
rejection, including ischemia-reperfusion injury, acute allograft rejection, and chronic
allograft injury [41, 42]. Ischemia-reperfusion injury occurs during the harvesting and
transplantation process of an organ, where necrotic cell death and cellular apoptosis
occurs, releasing cellular constituents that can activate an inflammatory response [41,
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Chapter 1
42]. Host macrophages then infiltrate the tissue, causing tissue injury by releasing
inflammatory cytokines, proteolytic enzymes, and reactive oxygen and nitrogen
intermediates. However, after this initial detrimental cascade, macrophages can switch
to become anti-inflammatory and promote tissue repair [41, 42]. During acute allograft
rejection, within a short period of time after transplantation macrophages can induce an
inflammatory response similar to that seen during ischemia-reperfusion injury, but in this
case macrophages additionally stimulate a T-cell-mediated acute rejection response by
releasing T-cell activating cytokines, and presenting T-cells with allograft antigen [41,
42]. In events of chronic allograft injury, macrophages often take on a chronically
activated state, contributing to tissue fibrosis and arteriole destruction by releasing
proinflammatory cytokines and growth factors [41, 42]. Thus, macrophages play dual
roles in tissue transplants, having the capacity to promote tissue rejection and tissue
repair. However, their contributions to tissue rejection make them an ideal target to limit
failure of organ transplants.

Macrophages and Neurodegenerative Diseases
Macrophages are also predominant effector cells in certain neurodegenerative
disorders, including Alzheimer’s Disease (AD) and Multiple Sclerosis (MS). In AD,
buildup of insoluble fibrillar β-amyloid proteins in the extracellular matrix of the brain
cause inflammatory events suggested to be primarily regulated by macrophages [43,
44]. During these inflammatory events, the release of reactive oxygen and nitrogen
intermediates induce neurotoxic effects and senile plaque formation in the gray matter of
the brain, leading to neural degeneration [43, 44]. Interestingly, it is still unclear whether
residential macrophages (microglia) or monocyte-derived macrophages have the largest
contribution to this disease [43, 44]. MS occurs primarily in the white matter of the brain
and spinal cord, where demyelination of the axons occurs [45, 46]. Macrophages
12

Chapter 1
contribute to this disease by mediating an inflammatory response, where they undergo
phagocytosis of myelin and present myelin antigen to CD4+ T cells, which further
degrade the myelin sheaths surrounding axons [45, 46]. It is established in MS that
residential microglia and monocyte-derived macrophages contribute to disease
progression [45, 46]. Therefore, limiting macrophage infiltration is of great interest in
reducing progression of macrophage-mediated neurodegenerative diseases.

Macrophages and Diabetes
In addition to neurodegenerative diseases, the inflammatory response mediated
by macrophages plays a prominent role in multiple other diseases, including diabetes,
atherosclerosis, and rheumatoid arthritis. Remarkably, in obese individuals, 40% of the
cell population making up adipose tissue can be macrophages, termed adipose tissue
macrophages (ATMs) [47, 48]. ATMs contribute the majority of proinflammatory
cytokines, which in turn recruit more macrophages, increasing the inflammatory
response [47, 48]. The influx of activated ATMs propagates a chronic inflammatory state
which induces the release of cytokines that act upon other cells [47, 48]. This initiates
signaling cascades that promote insulin resistance in multiple tissues such as adipose,
muscle, and liver, which can ultimately lead to the onset of Type 2 diabetes [47, 48].
Macrophages have also been observed to aid in the development of Type 1 diabetes,
where macrophages first infiltrate the pancreas and promote inflammation and
subsequently prime CD4+ T-cells with antigen, leading to the destruction of insulinproducing β cells [47, 48]. Thus, inhibiting infiltrating macrophages from increasing the
ATM population or entering the pancreas are attractive means in decreasing the
chances of diabetes occurring.
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Macrophages and Atherosclerosis
In atherosclerosis, macrophages contribute to the formation of plaques in arterial
walls, where a build up of necrotic cells, lipids, and immune cells ultimately leads to
narrowing of the arterial lumen [49, 50, 51]. Macrophages promote the formation of
these lesions by infiltrating the vascular wall, where they become large resident foam
cells after engulfing lipids [49, 50, 51]. These foam cells create a state of chronic
inflammation, releasing cytokines to recruit additional immune cells, in addition to growth
factors such as TGFβ to promote proliferation of smooth muscle cells, leading to
thickening of the vascular wall [49, 50, 51]. Limiting macrophage infiltration into arterial
walls to reduce lesion formation and arterial pathology is an ongoing field of research.

Macrophages and Rheumatoid Arthritis
Macrophages additionally mediate a pro-inflammatory reaction in the onset of
rheumatoid arthritis (RA) [52, 53, 54]. One location that is a hallmark of RA inflammation
is the synovial cavities of joints, where activated macrophages infiltrate and recruit
additional macrophages and CD4+ T-cells [52, 53, 54]. Macrophages are suggested to
prime T-cell responses by presenting self-antigen to T-cells, as well as influencing
fibroblasts to promote the degradation of the synovial tissues [52, 53, 54]. During
progression of RA, subcutaneous nodules usually occur, which are mediated by the
infiltration of macrophages that promote inflammation [55, 56]. Moreover, RA is
observed to increase the risk of cardiovascular disease, where activated macrophages
mediate the degradation and narrowing of vascular walls similarly to atherosclerosis [57].
These studies have demonstrated that macrophages largely contribute to RA
progression, and are actively being pursued as targets for reducing the many
inflammatory events associated with RA.
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Macrophages and Cancer
Cancer is another devastating disease that macrophages have been found to
play a major role in propagating, and as such macrophages are used as a diagnostic
marker for poor prognosis if found at tumor sites [58]. Monocytes are recruited to tumors
by the secretion of chemokines such as MCP-1 by tumor cells, where monocytes can
then differentiate into tumor-associated macrophages (TAMs) [59, 60]. TAMs are
exploited by tumors to secrete growth factors that support tumor cell proliferation, tumor
cell survival, and angiogenesis to increase tumor blood flow [59, 60]. Moreover, TAMs
also favorably remodel the surrounding extracellular matrix using matrix
metalloproteinases, promoting intravasation of tumor cells into the peripheral circulation,
allowing tumor cells to extravasate to secondary metastatic sites [59, 60]. In addition to
their roles in promoting tumor growth and metastasis, TAMs have also been associated
with reducing the efficacy of some chemotherapeutic reagents in a variety of ways,
including the restriction of drug delivery to tumors by decreasing the leakiness of blood
vessels [59, 60]. Therefore, blocking macrophage infiltration into tumor sites is a top
priority in treating cancer, and is currently being pursued.

Macrophage Migration and Disease
The examples described above strongly solidify how unwarranted activation of
macrophages can have grave consequences in the progression of many debilitating
diseases, and thus identifying macrophages as a priority target for treating or preventing
the onset of diseases that affect a large portion of the global population. Furthermore,
these macrophage-mediated diseases share a common initiation event, where
macrophages must have the capacity to migrate to promote disease progression.
Therefore, macrophage migration may serve as an ideal target for such diseases where
macrophage infiltration corresponds with poor prognosis.
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Macrophage Migration
The field of macrophage migration research has been progressively gaining
interest and traction. It is now understood that macrophages contribute to the
progression of a number of diseases, and the breadth continues to grow. A better
understanding of macrophage migration can aid in developing new methods to target
and regulate macrophage-mediated ailments. Most of the foundational work on
macrophage migration has been performed in 2D environments, however, with
advances in technology, techniques, and animal models, the world of 3D macrophage
migration is currently being explored.

Random Motility versus Directional Migration
Macrophage motility is an essential process for the innate immune response and
can be described as occurring by two different mechanisms, random movement/motility
or directed migration, both relying on cytoskeleton remodeling [61]. Random motility
takes place when there is no intrinsic directionality, due in part to the lack of signaling or
environmental factors to cue a directional response [61]. Therefore, random motility
leads to non-stable cell polarization, where the leading edge can continually and rapidly
change [61]. It has been suggested that elevated levels of Rac1 activity are associated
with random migration, mediating peripheral lamellae formation associated with random
migration [62].
Alternatively, directed macrophage migration occurs primarily in the presence of
signaling or environmental factors that polarize the cell, leading to defined and stable
leading and trailing edges [62, 63]. Certain guidance cues can initiate directed
migration, usually presented as a gradient, including soluble chemoattractants
(chemotaxis), substrate-bound chemoattractants (haptotaxis), electrical fields
(electrotaxis), and substrate rigidity (durotaxis) [61]. Macrophages predominantly utilize
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chemotaxis during an immune response, expressing transmembrane G-protein-coupled
receptors (GPCRs) that recognize chemokines secreted by stromal and immune cells
during inflammation [64]. Chemokines are a group of small cytokines, that have their
own specific receptors, and are divided into four subfamilies based on the position of
cysteine residues, categorized as CXC, CC, C and CX3C [64, 65, 66]. In particular, two
chemokines are well characterized for their influence on directed macrophage migration,
including the CC chemokine, monocyte chemoattractant protein-1 (MCP-1), and the
CXC chemokine, interleukin-8 (IL-8) [64, 65]. Random motility may be employed by
residential macrophages to explore and sample the tissue environment for any indication
of infection, damage, or cell death, however, it is important to note that during an
immune crisis, macrophages primarily utilize directed migration to resolve immune
disturbances [61, 64, 65, 66].

Macrophage Migration Modes
It has been suggested that macrophages utilize two separate modes of migration
in 3D environments due to heterogeneity of the environment, including amoeboid and
mesenchymal migration [67]. During migration through more porous / less dense
matrices macrophages utilize the amoeboid migration mode, whereas macrophages
displayed mesenchymal migration through more dense matrices (Figure 2) [4]. The
signaling events and cytoskeletal changes during these processes are vast, complex,
and diverse, and thus will not be discussed in detail here. Rather, a brief description of
some highlighted events will be described in this chapter.
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Figure 2. Macrophage migration modes display morphological differences
dependent on extracellular matrix density. Adapted from Wiesner, C., Le-Cabec, V.,
El Azzouzi, K., Maridonneau-Parini, I., and Linder, S. (2014). Podosomes in space:
macrophage migration and matrix degradation in 2D and 3D settings. Cell. Adh Migr. 3,
179-191.
Macrophage Amoeboid Mode
Amoeboid migration of leukocytes has been extensively studied and is fairly well
characterized. During amoeboid mode, macrophages display a rounded morphology,
relying primarily on the Rho / Rho-associated kinase (ROCK) signaling pathway, and this
process is integrin- and protease-independent [4, 68]. This mode of migration is quicker
than mesenchymal migration, ~10µm/min, which is crucial for rapidly targeting
pathogens for phagocytosis, and occurs in part, due to the non-essential interaction with
the extracellular matrix, so adhesion structures do not have to be made and resolved
[66, 69]. Furthermore, two modes of amoeboid migration have been reported, including
pseudopod-driven gliding or bleb-based protrusions from hydrostatic pressure [69].
Pseudopod-mediated amoeboid migration relies on actin cytoskeleton remodeling at the
leading edge, whereas bleb-based protrusions are not and are suggested to rely on actin
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cytoskeletal remodeling [69]. However, it seems likely that some actin-based
mechanism is occurring. The Rho/ROCK signaling pathway is utilized for actomyosin
contractility during amoeboid migration in the mid-portion of the cell, promoting growth of
actin fibers and activity of myosin II through phosphorylation of the myosin-binding
subunit (MBS), which inhibits myosin light-chain (MLC) phosphatase [66, 70]. Initially, in
amoeboid mode, polarization towards a chemoattractant occurs in response to the
activation of chemokine receptors, which are heterotrimeric GPCRs, followed by
signaling events at the leading edge to initiate the generation of actin filaments to move
the plasma membrane forward [66, 69]. Importantly, during amoeboid mode, stress
fibers are absent, strong adhesions are not made, and matrix degradation and
remodeling are unnecessary, in opposition to mesenchymal migration [67, 69, 71].

Macrophage Mesenchymal Mode
Macrophage migration through non-porous, denser matrices has been
associated with the mesenchymal mode. This relatively recent discovery is not well
understood or characterized in macrophages. Interestingly, macrophages are the only
other cells that have been suggested to utilize mesenchymal migration in addition to
tumor cells, although fibroblasts have been reported to use a very similar mode of
migration [72, 73]. This mode of migration is described to be much slower than
amoeboid, < 1µm/min, due to the necessity of interaction with and remodeling of the
extracellular matrix for migration [61]. During mesenchymal migration, macrophages are
similar to tumor cells in that they are described to have an elongated morphology,
require integrin receptor-mediated adhesions, and display protease activity [10]. Tumor
cells mesenchymal migration is suggested to be Src kinase-dependent, but in opposition
to amoeboid, independent of ROCK signaling, which has also been demonstrated in
macrophages [74, 75]. Moreover, tumor cells are suggested to utilize receptor tyrosine
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kinases (RTKs) instead of GPCRs for mesenchymal migration, but it seems highly likely
that macrophages utilize both of these receptor types during mesenchymal migration
since both cytokines and chemokines are strong macrophage chemoattractants [73].
Conversely to tumor cells, macrophages do not form stress fibers, nor do they
make focal adhesions that mature into large, long-lasting focal contacts during
mesenchymal migration in 2D studies [76]. Instead, in both 2D and 3D environments,
macrophages utilize smaller integrin-mediated adhesion complexes called podosomes,
which turn over rapidly and are not associated with stress fibers [10]. However, tumor
cells and transformed cells have been demonstrated to form podosome-like structures
termed invadapodia, in both 2D and 3D environments, that aid in mesenchymal
migration and are structurally and functionally similar to macrophage podosomes [77].
Ultimately, both macrophages and tumor cells must make strong adhesions and remodel
the extracellular matrix to reach inflammatory loci during mesenchymal mode migration.

Shared Features of Amoeboid and Mesenchymal Migration Modes
Despite some pointed differences between the two modes of macrophage
migration with their own defined hallmarks, both amoeboid and mesenchymal modes
utilize many similar signaling cascades during directed migration [73]. During both
pseudopod-based amoeboid migration and mesenchymal migration, macrophages
become polarized, with a leading edge stretched towards a chemoattractant as a result
of ligand binding, initiating signaling cascades to induce actin filament assembly at the
lamellipodia to push the plasma membrane forward [76]. Activated small Rho GTPases,
including Rac1 and Cdc42, are vital in mediating actin filament assembly at the leading
edge through actin-binding proteins such as WAVE (Scar) and the Arp2/3 complex [66,
69]. Important signaling events that occur in directional macrophage migration include
activation of Src kinase and p38 MAPK to trigger downstream protein activation, and
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PI3K activation, to promote membrane lipid modification of phosphatidylinositol-(3,4)bisphosphate (PIP2) to phosphatidylinositol-(3,4,5)-triphosphate (PIP3) [66]. These lipids
acts as a docking and activation site for additional proteins, such Akt or activators of
small Rho GTPases [66]. These modified lipid GTPase docking sites help regulate the
spatial and temporal activation of actin-modifying proteins at the leading edge [73].
These are some of the main signaling events that occur during migration, yet it is
important to point out that many other signaling cascades occur to alter the cytoskeleton
for macrophage migration.

Macrophage Migration Summary
As mentioned above, macrophages have historically been classified into two
categories based on their activation state, M1 or M2. Macrophages activated in vitro into
an M1 or “classically” activated state were reported to show no migration capacity,
whereas M2 or “alternatively” activated macrophages were reported to display both
amoeboid and mesenchymal migration [10]. This creates some confusion and
controversy in how macrophages are classified and to what capacity of migration they
have, yet in vitro studies fall short on how macrophage activation states are regulated in
vivo. Current research is in the process of generating a better understanding of how
macrophages function and interact with their surroundings in vivo, demonstrating that
macrophages maintain great plasticity, and can actively modify their activation state [4,
6]. These changes occur in response to the signaling cues and architecture of their
environment, which may allow macrophages to actively change their mode of migration
required to reach a point of interest [4, 6]. Moreover, interstitial tissues have been
demonstrated to be widely diverse in density, varying from meager fibrillar areas to very
dense connective tissue, signifying the architectural heterogeneity of the extracellular
matrix, and further detailing the need for both modes of migration [78, 79]. In
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conclusion, macrophage migration is a complex cellular process that requires a vast
array of signaling molecules, and cytoskeletal changes that are imperative for
propagating an appropriate immune response, but also for mediating many devastating
diseases.

Podosomes
Podosome Discovery
To navigate through the complex extracellular matrix to reach inflammatory foci,
macrophages must produce strong integrin-dependent adhesions, termed podosomes
[3, 4, 5, 10, 80]. Macrophage podosomes were first described in 1977, as small
membrane protrusions that resembled macrophage pseudopodia and looked like small
membrane feet [81]. Therefore, the appropriate term “podosome” was coined [81].
Davies WA and colleagues also utilized electron microscopy to establish that these
structures had a dense core of bundled actin filaments [81]. Other podosome studies
utilizing interference reflection microscopy (IRM) were able to determine that these small
structures formed in close contact with the underlying substratum [82]. Since these
initial studies, podosome research has progressed, ascribing function, associated
proteins, and a multitude of signaling mechanisms that occur at these structures.

Podosome Distribution
Macrophage podosomes have been described as being the most prominent
component of the macrophage actin cytoskeleton, with a dense central pillar of
filamentous actin and radial filaments that have been observed at the ultra structural
level in osteoclasts [83]. In 2D studies, they were observed to be evenly distributed
across the ventral surface in stationary macrophages and at the leading edge in
polarized macrophages, as well as the leading edge in 3D studies (Figure 3) [3].
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Podosomes have also been described in other cell types, yet are predominantly found in
cells of the myeloid lineage including macrophages, dendritic cells, and osteoclasts [83,
84]. Endothelial cells have been observed to form these structures following stimulation,
including aortic endothelial cells activated with VEGF or TGFβ, umbilical vein endothelial
cells after activation with PMA, and smooth muscle cells upon activation with PDGF [85,
86, 87]. These structures have also been described and studied in v-Src transformed
fibroblasts [82, 88]. Furthermore, podosomes have been observed to form different
organization patterns in cells other than macrophages, including rosettes, clusters, and
belt formations (Figure 3) [89]. Cumulatively, these studies have aided in the
understanding of podosome function and structure, but it remains unclear whether there
are functional or structural differences between macrophage podosomes and
podosomes observed in the other cell types. Furthermore, recent studies have begun to
define adhesion complexes formed in non-myeloid lineage cells as invadapodia in order
to minimize confusion [90].

Figure 3. Organization patterns of podosomes. Adapted from Veillat, V., Spuul, P.,
Daubon, T., Egana, I., Kramer, I., and Genot, E. (2015). Podosomes: Multipurpose
organelles? Int. J. Biochem. Cell Biol. 52-60.

23

Chapter 1
Podosome Initiation
In macrophages, podosomes are integrin-associated structures that have been
reported to exhibit association of the integrins β1, β2, and β3 [91, 92, 93, 94]. These
transmembrane receptors function as αβ heterodimers, and are essential components
that initiate podosome formation and link proteins of the extracellular matrix to the actin
cytoskeleton [95, 96]. These integrins bind to multiple proteins of the extracellular matrix
in order to promote podosome initiation and formation, including β1 to collagens and
laminins, β2 to ICAMs, and β3 to vitronectin, fibronectin, and fibrinogen [95]. Upon
integrin ligand binding and activation, a short cytoplasmic tail subsequently interacts with
intracellular ligands to act as a docking site and initiate a signaling cascade that
activates and recruits proteins for the assembly of podosomes, and these signaling
events remain an active field of study [98, 99]. It is understood that in leukocytes,
integrin signaling is the major contributor to podosome initiation, while in other cell types,
cytokines, chemokines, and phorbol esters have been demonstrated to initiate signaling
cascades for podosome initiation and formation [99, 100]. Nonetheless, integrins are a
necessity for podosome formation and interaction with the extracellular matrix in
macrophages.

Podosome Structure
The hallmark of podosomes is the dense pillar-like actin filament core,
approximately 0.5 µm in width and 1.0 µm in height, which is tethered to the cortical
actin cytoskeleton underlying the plasma membrane by radial actin filaments. However,
a vast array of additional proteins have been associated with podosomes [83].
Furthermore, studies have reported a “cloud” of diffuse F-actin and monomeric actin (Gactin) encircling the dense actin core, acting as a reservoir of actin for the dynamic
podosome core [101, 102]. A recent proteomic analysis of macrophage podosomes has
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identified 203 proteins that are associated with these adhesion complexes, aiding in
signaling, structural support, and actin modification [103]. These proteins were found
either localized to the core, or in a ring-like structure around the actin-rich core spanning
approximately 1.0 µm in diameter, giving resemblance to a bullseye [84, 103].
Trademark ring proteins of podosomes include the scaffolding proteins, vinculin, talin,
and paxillin, which are commonly used as secondary markers to F-actin core staining for
podosome observation [84, 104]. There have been a few studies that have reported the
necessity of a few podosomal proteins for formation and function of podosomes,
determined via siRNA mediated knockdown or targeted deletion murine models. These
include actin-associated proteins such as filamin A, Lasp-1, gelsolin, FMNL1, and
WASP, and signaling molecules including Src kinase, integrin linked kinase (ILK),
hematopoetic cell kinase (Hck), and p21-associated kinase 4 (PAK4) [4, 80, 102, 104,
105, 106, 107, 108, 109]. Furthermore, nonmuscle myosin IIA has been described to
localize to macrophage podosomes, adding contractile forces to regulate core growth
[110, 111]. There are a variety of hypothesized podosome models, but much still
remains to be determined regarding how most podosome-associated proteins are
activated, localized, and mechanistically function (Figure 4).

Figure 4. Hypothesized model for podosome structure. (Side View) Adapted from
Veillat, V., Spuul, P., Daubon, T., Egana, I., Kramer, I., and Genot, E. (2015).
Podosomes: Multipurpose organelles? Int. J. Biochem. Cell Biol. 52-60.
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Podosome Signaling
There are numerous signaling pathways in leukocytes that have been described
to have some degree of contribution to the formation, maintenance, and function of
podosomes [99, 100]. The most extensively characterized signaling events are
phosphorylation of podosomal components, and more specifically, tyrosine
phosphorylation from Src family kinases (SFKs) [99, 100, 102]. Src is likely the
predominant kinase found at these structures, where engagement of its SH3 domain
with the cytoplasmic tail of the activated αVβ3 integrin has been reported to activate Src,
and its SH2 domain has also been shown to be important for Src podosome targeting
[102, 112]. Src has been suggested to activate proteins necessary for rearrangement of
the podosomal actin cytoskeleton, including cortactin, WIP, WASP, and Syk [100]. For
example, activated Syk has been suggested to subsequently activate the guanine
exchange factor (GEF) Vav3 for Rac1 activation [100]. Various additional proteins that
are critical for podosomes are substrates for Src phosphorylation, including paxillin, tks5,
and dynamin2 [99, 102]. Another critical tyrosine kinase found at podosomes is Pyk2, a
homolog of FAK expressed only in neuronal and hematopoietic cells, which is thought to
interact with and activate the GEF Vav1 for Rac1 activation [100, 113, 114].
Furthermore, Pyk2 has been suggested to be critical for PI3K activation and RhoA
pathways [100]. Additionally, the leukocyte-specific tyrosine kinase Hck has been
demonstrated to localize to macrophage podosomes, and was found to be critical for
podosome formation [80]. Hck has also been indicated to interact with and activate
WASP, WIP, and Vav1, suggesting some redundancy in tyrosine kinase substrates at
podosomes [100]. These findings confirm the necessity of tyrosine phosphorylation at
podosomes.
Another form of phosphorylation found to play a role in podosome formation and
stability is serine/threonine phosphorylation, however, these signaling events are not
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well understood in leukocyte podosomes. The serine/threonine kinase PAK4 has been
demonstrated to localize to macrophage podosomes in a complex with αPIX, and PAK4
can also interact with Cdc42 and Rac1, which are necessary GTPases for actin
dynamics in podosomes [100]. Furthermore, the serine/threonine kinase Akt was shown
to be a major signaling factor in macrophage migration, and was reported to be crucial to
podosome formation in non-myeloid cells, so it is highly likely that Akt signaling plays a
pivotal role in macrophage podosomes [100, 115]. Thus, these observations strongly
suggest that serine/threonine phosphorylation is important for podosome formation.
PI3K is suggested to be a downstream signaling molecule of Pyk2, Src, and
also cytokine signaling, and this kinase is fundamental to podosomes as it modifies
membrane lipids that interact with multiple podosomal components [18, 106, 116]. As
previously mentioned, PI3K is crucial for converting phosphatidylinositols to
phosphoinositides, including phosphatidylinositol 3-phosphate (PI(3)P),
phosphatidylinositol 3,4-biphosphate (PI(3,4)P2), and phosphatidylinositol 3,4,5triphosphate (PI(3,4,5)P3) [116]. Of these, PI(3,4)P2 has been suggested to interact with
gelsolin, vinculin, α-actinin, and WASP, which are all critical for podosome stability and
dynamics [116, 117, 118, 119, 120]. While the localization of phosphoinositides to
macrophage podosomes is not well established, they have been found to be associated
with podosome-like structures in cancer cells termed invadapodia [116]. Furthermore,
signaling molecules vital for regulating actin polymerization in podosomes are GEFs,
which are also reported to bind to phosphoinositides [121]. Therefore, PI3K, and
ultimately modified lipid membrane proteins are likely critical to macrophage podosomes.
In addition to kinase activity and phosphorylation events, ion signaling has been
recently reported to play a role in podosome formation. It has been demonstrated that
the intracellular voltage-gated sodium channel NaV1.6 is critical for proper podosome
formation in macrophages [122]. The mechanism behind this is not yet understood, but
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NaV1.6 is hypothesized to interact with calcium channels, which can influence calciumdependent proteins such as gelsolin [122]. Calcium signaling has also been reported to
be important for macrophage podosome formation, as the calcium release-activated
calcium channel Orai1 and its accessory molecule STIM1, as well as small-conductance
Ca2+ -activated SK3 channels were found localized to the core of podosomes [123].
Moreover, the calcium-binding molecule Iba1 has been reported to localize to
macrophage podosomes, where it was observed to cross-link actin filaments in a
calcium-dependent manner [123]. Thus, ion signaling is becoming a growing field of
interest in regards to podosome formation and regulation.
Small Rho-GTPases are yet another group of signaling molecules that are
extremely important for podosome formation and dynamics. The most extensively
characterized Rho-GTPases at macrophage podosomes are Rac1, Rac2, and Cdc42,
which are key regulators of actin-associated proteins located at podosomes, including
FMNL1 and WASP [99, 100, 104, 107]. WASP interacts with and activates the Arp2/3
complex for actin polymerization at podosomes, while we have proposed that FMNL1
polymerizes or bundles un-branched actin filaments at the core [104, 107]. Additionally,
RhoA has been suggested to be important for podosome formation and stability
presumably utilizing a ROCK-dependent pathway, yet this has drawn controversy by
others who have suggested macrophage migration to be ROCK-independent and that
elevated levels of activated RhoA cause destabilization of podosomes [75, 100]. This
discrepancy may indicate that there is a threshold of activated RhoA that mediates
podosome stability. Additional GTPases that have been implicated in podosome
formation are Arf6 in leukocytes and RhoU in osteoclasts, but their contributions are not
well understood [100]. Nonetheless, GTPases play a key role in regulating podosome
formation, stability, and resolution.
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An important aspect of appropriate GTPase function includes the regulation of
these proteins, in which they are activated by guanine nucleotide exchange factors
(GEFs), inactivated by GTPase activating proteins (GAPs), and sequestered from
membrane into the cytosol by guanine dissociation inhibitors (GDIs) [99, 100].
However, the means by which these proteins are regulated at podosomes is not well
established. Three GEFs have been reported to associate with leukocyte podosomes,
including Vav1 and FARP2, which activate Rac1, and αPIX, which activates both Cdc42
and Rac1 [100]. Since multiple GEFs interact with phosphatidylinositides, and these
membrane-bound lipids have been associated with podosomes, this localization of
GTPase activators is likely one mechanism in how GTPases are spatially and temporally
regulated at macrophage podosomes [116]. However, little is known regarding
podosome regulation by GAPs and GDIs, thus the podosome field would greatly benefit
from a deeper understanding of the mechanism of these proteins [100].

Podosome Lifespan
Podosomes have been determined to be very dynamic and short-lived compared
to similar adhesion structures, with a turnover rate ranging from 2 to 12 minutes [101,
124]. This is in stark contrast to invadapodia, an analogous structure in transformed
cells, which have been observed to be stable for hours [125]. Additionally, podosomes
have the capacity to form either de novo or via fission of a pre-existing podosome into
two daughter podosomes [124]. Podosomes are also described to dissipate either by
fusion into other existing podosomes or by disintegration [124]. Two subpopulations of
podosomes have been described in monocyte-derived cells, including “precursor”
podosomes that are located more peripherally, and are larger and less stable [126].
Alternatively, “successor” podosomes are reported to locate more centrally and are
smaller and more stable [126]. However, it remains to be determined if there are
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compositional or mechanistic differences between the two populations [126].
Furthermore, in 2D assays, macrophages were observed to form 20 to more than 100
podosomes with a quicker lifespan (2-5 min.), while in 3D studies macrophages were
reported to form fewer than 10 podosomes per cell that exhibit a lengthier lifespan (>5
min.) [126]. Nonetheless, these studies have demonstrated that macrophage
podosomes form in both 2D and 3D environments [126]. Since macrophages are
required to rapidly respond to stimuli, the quick dynamics of these structures may
promote faster mesenchymal migration in comparison to other cells that utilize longerlived adhesion complexes for mesenchymal migration.

Podosome Function
Macrophage podosomes have been found to be important for macrophage
adhesion to proteins of the extracellular matrix, and to a greater extent migration (Figure
5) [4, 104]. Macrophage podosomes were first described to be necessary for directed
migration in macrophages derived from patients suffering from Wiskott-Aldrich
syndrome, who lack expression of the Wiskott-Aldrich syndrome protein (WASP) [107].
Loss of WASP was associated with absence of podosomes in these macrophages, and
these cells could not respond to chemotactic cues, although, random motility was not
affected [107]. Furthermore, this study indicated that Cdc42, an activator of WASP, is
critical for podosome formation, and also revealed the importance of the Arp2/3
complex, since WASP can associate and activate its actin assembly capabilities [107].
Additional studies evaluating dendritic cells from chronic myeloid leukemia (CML)
patients reported an absence of podosomes in these cells, corresponding with defects in
chemokine-induced migration [127]. Thus, it is well established that podosomes are
required for proper chemotactic responses of myeloid cells.
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Figure 5. Functions of macrophage podosomes. Adapted from Veillat, V., Spuul, P.,
Daubon, T., Egana, I., Kramer, I., and Genot, E. (2015). Podosomes: Multipurpose
organelles? Int. J. Biochem. Cell Biol. 52-60.
Remodeling of the extracellular matrix is another critical process for macrophage
migration through dense matrices, and matrix degradation has been observed where
podosomes form adhesions with matrix proteins (Figure 5) [128, 129]. Macrophage
podosomes have been reported to release proteases such as matrix metalloproteinases
that degrade matrix proteins in 2D assays, including MMP-2, MMP-9, and MT1-MMP,
yet studies of MMPs and other matrix proteolytic enzymes in association with
podosomes has not been thoroughly investigated in 3D environments [80, 126].
However, since it has been suggested that podosomes are only formed in vivo during
mesenchymal migration, and during this mode of migration proteolysis of the matrix must
occur, it is likely that proteolytic enzymes are associated with podosomes in 3D
environments [5]. Albeit, it is now well established that localized matrix degradation
occurs at podosomes, it will be of interest to determine how proteases are trafficked to
macrophage podosomes.
Podosomes have also been reported to perform mechanosensing, whereby
mechanical signals from the environment are converted into biochemical responses
within the cell [126, 130]. This mechanotransduction has been reported to occur with
talin, which has been observed to undergo conformational changes in response to forces
exerted by the adhesion complex, exposing a binding site for vinculin, and aiding in
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creating protrusive force for the F-actin core [126, 130]. Furthermore, other studies
have reported that substrate rigidity was associated with an increased protrusive force of
macrophage podosomes, indicative of mechanosensing activity [131]. These studies
have begun to demonstrate the intricacies and dynamic behaviors of podosomes and
how they change and interact with their environment.
It has been recently suggested that podosomes play a role in antigen
presentation [132]. This was observed in podosomes that were located in softer
substrates that allow them to progress into protrusive structures, promoting subsequent
localization of PRRs [132]. These podosomal PRRs can elicit localized antigen uptake,
followed by antigen processing and presentation to T-cells, mediating an adaptive
immune response [132]. However, these studies were performed in vitro, so it remains
unclear as to whether similar results would be observed in an in vivo environment [132].
Nonetheless, this study has revealed another possible role to the growing list of
podosome functions, further emphasizing the importance of these structures, particularly
within macrophages.

Podosome Interaction with Microtubules
Podosomes were initially identified by their dense actin core and association with
the actin cytoskeleton, however, they have since been suggested to interact with the
microtubule network as well. In macrophages, initial studies reported that podosome
formation is dependent on microtubules, and that WASP may link microtubules with
podosomes through its association with Cdc42 interacting protein 4 (CIP4) [133].
Subsequent studies further identified that microtubule plus ends interact with podosomes
via the kinesin-like-family (KIF)1C plus-end directed microtubule motor protein, and that
this interaction is required for proper podosome dynamics and formation [110].
Furthermore, it has been recently demonstrated that tubulin acetylation is important for
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microtubule targeting of podosomes, the number of podosomes formed, and ultimately
decreasing macrophage matrix-degradation capacity [134]. These studies have shed
light on the interactions and influence different cytoskeletal systems have on each other,
and how they may be regulating one another.

Podosome Actin Cytoskeleton Modulators
The dense actin core is the most prominent feature of the podosome, and it is
interconnected with the cortical actin cytoskeleton via radiating actin filaments [83].
Therefore, it is not surprising that these structures contain a variety of proteins required
for modulating the actin cytoskeleton, such as actin filament nucleation, polymerization,
capping, bundling, and severing. As such, an in depth macrophage podosome
proteomic analysis has identified specific proteins important for these processes at
podosomes, and these proteins will be described below [103].
Actin filament nucleation is necessary to initiate F-actin growth at podosomes,
and proteins found at macrophage podosomes that have been demonstrated to be
nucleation promoting factors (NPFs) when activated, including WIP, WASP, cortactin,
and the Arp2/3 complex [103, 135]. WIP is a multi-domain protein, allowing it to bind to
WASP, cortactin, and F-actin in its active state [135]. This interaction with WASP
prevents WASP degradation, and allows Cdc42 bound WASP to bind and activate the
Arp2/3 complex [135]. Cortactin is also an activator of the Arp2/3 complex, and when
this entire complex is formed it can bind to the side of actin filaments and promote the
nucleation of branched daughter actin filaments [135, 136]. Moreover, it has been
recently suggested that the Arp2/3 complex has the capacity to nucleate un-branched
actin filaments when interacting with the protein SPIN90, but this protein has not yet
been identified at podosomes [137].

33

Chapter 1
Additional proteins found at macrophage podosomes that are likely important for
actin filament polymerization are EVL and VASP, which have been reported to enhance
actin filament elongation by blocking the binding of capping proteins to the growing
barbed end [103, 138]. In addition, gelsolin and cofilin have been observed at
podosomes, and both of which have been demonstrated to act as actin filament severing
proteins, important for creating free barbed ends where polymerization can occur [103,
139]. The capping protein CAPZ, which is necessary for barbed end capping of actin
filaments, has also been suggested to localize to podosomes, however, gelsolin can act
as a barbed-end capper as well [103, 106, 140]. Lastly, multiple F-actin bundling
proteins have been found at macrophage podosomes, which are critical for adding
structural integrity to podosomes, including Lasp1, Filamin A, palladin, supervillin, and αactinin [4, 103, 105, 141, 142, 143]. Coronin was another protein detected in the
proteomic analysis of podosomes, and it is thought to both protect actin filaments from
cofilin disassembly, as well as recruit the Arp2/3 complex to the sides of filaments to
increase actin filament polymerization [103, 144].
Thus, there are many factors involved in regulating actin dynamics at
podosomes, and it is probable that these proteins might serve other functions to those
described above. It is also likely that this proteomic analysis missed some proteins
important for regulating actin dynamics at macrophage podosomes, as the actinbundling protein fascin has been reported to localize to macrophage podosomes, but
was not identified in the proteomic study [103, 145]. One other actin-associated protein
that this proteomic analysis described to localize to macrophage podosomes was the
formin FMNL1, verifying our previous findings [103, 104]. However, it is still unclear how
this actin-associated protein regulates actin at macrophage podosomes.
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Formins
Formin History
Formins are actin-associated proteins that serve as critical modifiers of the actin
cytoskeleton. Initial studies starting in 1982 on the limb deformity (ld) gene uncovered a
novel family of proteins that that were required for normal formation of murine limbs and
kidneys, which led to the naming of these proteins “formins” in 1990 [146, 147, 148,
149]. Further research has demonstrated that some formins are also expressed as
multiple isoforms, found to be evolutionarily conserved in eukaryotes, and determined to
be multi-domain proteins, yet it was not until 2002 that formins were discovered to have
the capacity for nucleation and polymerization of unbranched actin filaments at their
barbed ends [150, 151, 152]. The interest in formins has blossomed into a large and
active field of study, as they have been described to play critical roles in many cellular
functions such as cytokinesis, polarity, adhesion, migration, signaling and vesicular
transport by modifying and interacting with the actin and microtubule cytoskeletons as
well as signaling proteins [153, 154, 155, 156, 157]. However, much remains to be
determined about formins, including how these proteins are spatially and temporally
regulated, translocated to cellular structures, and specifically function in vivo.

Formin Classifications
Formins have been studied in a number of organisms, including yeast (S. pompe
and S. cerevisiae), flies (D. melanogaster), worms (C. elegans), fish (D. rerio), mice (M.
musculus), and humans (H. sapiens), however this dissertation will focus on mammalian
formins unless otherwise noted [152]. To date, 15 mammalian formins have been
described, which have been classified into 7 different groups based on phylogenetic
domain analysis, including the Diaphanous-related formins Dia1, Dia2, and Dia3, which
exhibit two, three, and seven different isoforms, respectively (Figure 6) [158, 159].
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Another group includes Disheveled-associated activator of morphogenesis, DAAM1 with
three isoforms, and Daam2 with one [158, 159]. A third group, Formin-like proteins
FMNL1, FMNL2, and FMNL3, exhibit three, two, and three isoforms, respectively, [158,
159]. The Inverted formins are another group, with INF1 which has one isoform and
INF2 which has two isoforms [158, 159]. An additional group includes the FH1/FH2
domain-containing proteins FHOD1 and FHOD3, with one and two isoforms, respectively
[158, 159]. Moreover, the Formin FMN1 possesses four isoforms, while FMN2 has only
one [158, 159]. Lastly, the formin Delphilin is the only member of its group and displays
only one isoform [158, 159]. Interestingly, the only two formins found on the same
chromosome are DAAM1 and INF2, located on chromosome 14 [158, 159]. Thus, it can
be inferred that given the number of mammalian formins with differing splice variations,
many diverse mechanisms of regulation exist to determine which specific formin is
utilized for any specific cellular functions. Furthermore, it is very possible that new
formins or splice variants of currently described formins have yet to be discovered.

Figure 6. Domains of mammalian formins. Adapted from Campellone, KG., Welch,
MD. 2010. A nucleator arms race: cellular control of actin assembly. Nature Reviews
Molecular Cell Biology. 11:237-251
Formin Domains / Activation / Structure
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The characterization of formins has determined these multi-domain proteins to be
fairly large in size, all greater than 1000 amino acids in length and ranging between 120
and 220 kDa [152, 160]. The best characterized domain found in each of the
mammalian formins is the formin homology 2 (FH2) domain, which is approximately 400
amino acids in length, well conserved between formins, and is observed to function as
the actin binding domain [160]. Each mammalian formin also possesses an N-terminal
formin homology 1 (FH1) domain upstream of the FH2 domain, containing poly-proline
repeats that interact with profilin, varying in number and size between formins [160].
Among mammalian formins, there is a subgroup of formins that contain domains for selfregulation, called Diaphanous-related formins (DRFs) (Figure 6) [161]. The DRFs
consist of the Dia, Daam, FMNL, and FHOD formins, and unless otherwise noted, these
will be the focus of the remainder of this dissertation, as the formin of interest in the work
described here is a member of this formin family [161].
DRFs are autoinhibited via the interaction of their N-terminal diaphanous
inhibitory domain (DID), described to be located within the formin homology 3 (FH3)
domain, and the C-terminal diaphanous auto-regulatory domain (DAD) [160, 161]. The
FH3 domain consists of the DID, a dimerization domain (DD), coiled-coil domain (CC),
and armadillo repeat regions [162]. This inhibitory interaction between the DID and DAD
domains has been best described in Dia1, where it is suggested that the DAD domain
consists of an amphipathic helix with an MDxLLxxL motif followed by a variable basic
region that interacts with a hydrophobic surface patch within the armadillo repeat regions
of the FH3 domain [160,161]. To alleviate this inhibitory state, activated small Rho
GTPases can bind to the GTPase binding domain (GBD), located N-terminally to the
FH3 domain, via a complementary hydrophobic surface [160, 161]. DRF-activating
GTPases include RhoA, RhoB, RhoC, Cdc42, Rac1, Rac2, and Rac3, and they are also
suggested to interact through electrostatic interactions with the FH3 domain. However,
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while specificity of GTPases is usually displayed, it is not well understood [160, 161]. It
is suggested that activated GTPases bind and activate formins by displacing the DAD
from its interactions with the FH3 domain, but this mechanism is also poorly understood
[161].
GTPase binding allows formins to unfold, exposing the FH1 and FH2 domains,
where the FH2 domain can then form a homodimer [160, 162]. This dimerization occurs
in a head-to-tail fashion with an FH2 domain of an identical activated formin, suggested
to create a “donut” shape (Figure 7) [160, 162]. This interaction was first described in
depth from studies of the yeast formin Bni1p FH2 domain crystal structure, which is
highly conserved with mammalian formins, and FH2 homodimerization was later
confirmed in crystal structures of DAAM1 and Dia1 [163, 164, 165]. The dimerization of
the FH2 domain is described to occur from regions at both ends termed “lasso” and
“post”, where the post region of one FH2 domain interacts with the lasso region of
another like-FH2 domain [163]. The FH2 domain is observed to be primarily α-helical,
where different helices of the post and lasso regions interact with each other through
extensive hydrogen bonds, in addition to helices interacting with hydrophobic grooves
[163]. Further enhancement of formin dimerization occurs between the DDs of each
formin, where α-helices of each formin DD interacts with each other, forming a helix
bundle [161]. Therefore, autoinhibition is suggested to block interactions of the FH2
domain with another activated like-FH2 domain, since these regions are buried from
exposure due to protein folding [163, 164]. However, it has also been reported that
FMNL2 autoinhibition by the DID and DAD domain does not inhibit FH2 domain activity,
and moreover FMNL2 and FMNL3 are capable of forming heterodimers at their FH2
domains [166]. These observations suggest that there is still much to be discovered
regarding the function and regulation of formins.
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Figure 7. Dimerization of two identical, activated formins. Adapted from
Chesarone, M.A., DuPage, A.G., and Goode, B.L. (2010). Unleashing formins to
remodel the actin and microtubule cytoskeletons. Nat. Rev. Mol. Cell Biol. 1, 62-74.
Formin Biochemistry / Function
Formins have been best characterized for their capacity to interact with the actin
cytoskeleton via nucleating actin filaments and interacting with the barbed end of actin
filaments, including processive elongating and protecting barbed ends from capping
proteins [160, 167]. Additionally, the rate of processive elongation varies between
formins and can be slower than the growth of free barbed ends [168]. The area between
the lasso and post region of each FH2 domain contains a “coiled-coil”, “knob”, and
“linker” region [167, 168]. The knob region is proposed to contribute to hydrophobic and
electrostatic interactions with actin subunits similarly to the post region [167, 168]. The
coiled-coil region is between the post and knob, while the linker region is between the
knob and lasso region, adding flexibility to the FH2 domain [167, 168]. Furthermore,
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each FH2 domain is observed to contain an isoleucine and lysine residue that are critical
for these actin subunit interactions, which has been demonstrated for Dia1, Dia2,
FMNL1, FMNL2, and DAAM1 [167, 168]. Currently, it is not completely understood how
formins nucleate actin filaments, or if this process indeed occurs in vivo [167]. Most
studies have assessed nucleation in vitro, utilizing parameters that are atypical in cells,
such as exploiting monomeric actin, when in fact profilin-bound actin monomers are the
predominant form found in cells and are observed to be unfavorable for nucleation by
the FH2 domain [167]. However, it has been suggested that formins overcome this
profilin inhibition of nucleation via aid from other formin domains or by associating with
nucleation promoting factors (NPFs), including adenomatous polyposis coli (APC)
protein, or WASP Homology 2 (WH2) domain containing proteins, such as Spire [167].
Thus, much work will be needed to fully understand the protein-protein interactions,
domain assistance, and mechanisms that are used for nucleation by the FH2 domain.
During elongation, it is suggested that the FH2 domain stays in contact with the
barbed ends of actin filaments, making transient, alternating interactions with barbed end
actin subunits within the inside of the dimer donut [167, 168]. During an “open state”,
each FH2 domain of the dimer utilizes the transient interactions with the post and knob
regions to alternate binding of subsequent actin subunits [167, 168]. By blocking
capping proteins, the FH2 dimer allows actin monomers to join the growing barbed end,
followed by the lagging FH2 domain that moves forward and binds to the newly added
subunit of the filament. This process of formin-dependent F-actin elongation has been
termed the “stepping second” hypothesis [167, 168]. These processive movements in
stabilizing newly added actin subunits to the growing filament is associated with the
open state of the FH2 dimer, which is followed by a “closed state” that is proposed to act
as a capper, inhibiting actin subunit addition (Figure 8) [167, 168]. The ratio of time that
the FH2 dimers spend in the open state versus the closed state has been termed the
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“gating factor” of formins, which varies significantly between formins, ranging from 0 to 1,
or completely inhibited to uninhibited elongation, respectively [167, 168]. The existing
models depicting how the process of elongation occurs have been continually modified
as new information develops and formin research progresses, and will undoubtedly be
modified again. These previous models include the “stair-stepping”, “screw”, and
“ratcheting” models, based on crystal structures and the interactions of the FH2 domain
with the barbed end of actin filaments [167, 169, 170].

Figure 8. Model for formin processive elongation. Adapted from Campellone, KG,
Welch MD. 2010. A nucleator arms race: cellular control of actin assembly. Mol Cell Biol
11: 237-251
Filament elongation rates have been reported to generally be enhanced by the
formin FH1 domain [160, 167, 168]. The FH1 domain contains poly-proline repeats,
which vary in number and size between formins, and have the capacity to bind profilinbound actin monomers [160, 167, 168]. It is suggested that the FH1 domain then
shuttles actin monomers towards the growing barbed end of the actin filament for
filament incorporation [160, 167, 168]. The variability in size and number of the polyproline repeats in the FH1 domain have been found to directly impact the extent to which
this domain increases filament elongation [150, 157, 158].

41

Chapter 1
In addition to promoting actin nucleation and F-actin elongation, it has also been
reported that some DRFs, including FMNL1 and Dia2, can bundle actin filaments
utilizing their FH2 domains[159, 171]. However, the mechanism by which this occurs is
not completely understood. Despite this, it was suggested that FHOD1 bundles actin
filaments via its FH2 dimer interacting with one filament, while the region located Nterminally to the FH1 domain interacts with adjacent actin filaments [161]. Furthermore,
some DRFs contain WH2-like motifs downstream of the FH2 domain, including FMNL1,
FMNL2, FMNL3, and Dia1 [166, 172]. WH2 domains possess actin binding capabilities,
and depending on the number of tandem repeats, can have different influences on actin,
including binding monomeric actin, nucleating filaments, enhancing barbed-end
polymerization, capping, and severing actin filaments [173]. Therefore, it is likely that
this domain may aid in actin filament bundling by some formins. It has also been
demonstrated that some DRFs have the capacity for actin filament severing, although
this mechanism is not well understood [166, 174]. Interestingly, the WH2-motifs of
FMNL3 have been reported to aid in actin filament polymerization, bundling, and
severing, indicating a multitude of functions for this newly identified domain that is found
in some DRFs [166, 174]. Thus, it has become increasingly clear that formins are
capable of modifying the actin cytoskeleton in a wide variety of ways, which are all likely
to be critical for actin cytoskeleton regulation in vivo.
DRFs have also been suggested to regulate microtubule dynamics and certain
signaling pathways, however these remain incompletely understood and are actively
being pursued [157, 162, 167]. Currently, it has been proposed that the DRFs Dia1,
Dia2, Dia3, and FMNL1 directly associate with microtubules, either on the sides, or at
plus ends by putative interactions with plus-end proteins such as APC or EB1 [162, 167,
175]. Dia3 has also been reported to be necessary for microtubule attachment to
kinetochores [162, 167]. It is suggested that these microtubule interactions are not
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dependent on FH2 domain dimerization or actin nucleation, indicating that another
formin domain may be necessary for these interactions [162]. DRFs have also been
reported to promote microtubule acetylation, affecting post-translational modifications of
microtubules and their stability [162, 167].
Signaling pathways including Src and the serum response factor (SRF), which
mediates transcription of a variety of genes, have been implicated to be influenced by
DRFs [157]. It has been reported that the SH3 domain of Src has the ability to interact
with proline-rich sequences of the FH1 domain, and that Dia1 is necessary for Src
localization to focal adhesions [157]. Moreover, actin polymerization by DRFs has been
suggested to be crucial for activation of SRF-dependent transcription [157]. This is
proposed to occur by DRF-mediated depletion of the G-actin pool, which activates
myocardin-related SRF co-factor protein (MAL), as its inhibition is regulated via
interactions of monomeric G-actin with its RPEL motifs [157]. This activation of MAL is
followed by its interaction and activation of SRF, which is then capable of transcription
[157]. These additional functions that formins exhibit further highlight the complexity of
these proteins and signify the necessity for further studies to fully understand their
cellular functions.

Formin Localization
DRFs have been implicated as essential components for modulation of the actin
cytoskeleton, and to further emphasize this, they have been demonstrated to localize at
many actin-dependent cellular structures, such as filopodia, lamellipodia, adhesion
complexes, phagocytic cups, actin-tracks, and even the nucleus [167]. Dia1, Dia2,
FMNL2, and FMNL3 have all been observed to localize to the tips of filopodia, which are
thin, elongated protrusions of the plasma membrane that contain dense parallel bundles
of actin filaments and are important for probing the extracellular environment [167, 176].
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The lamellipodium is the leading sheet-like cellular protrusion that contains vast dendritic
arrays of actin filaments [176]. Dia1, Dia2, and FMNL2 have all been reported to
localize within this structure [167]. In phagocytic cells, such as macrophages, the
phagocytic cup relies on actin cytoskeleton modification, where formins Dia1 and FMNL1
have been suggested to localize [30, 167]. Adhesion structures are additional actin-rich
complexes, and focal adhesions have been reported to exhibit localization of Dia1,
FHOD1, and DAAM1 within the focal adhesion-stress fiber interface, and Dia1, Dia2,
and Dia3 have been reported to mediate the formation of invadapodia within transformed
cells [167, 177]. Moreover, FMNL1 has been demonstrated to localize to macrophage
podosomes [104]. F-actin tracks have also been found to be critical for proper vesicular
trafficking, and Dia1, Dia2, and FMN2 have been reported to be essential for this
process [167, 178]. Dia1 and FHOD1 have also been described to localize within the
nucleus, where they are assumed to partake in regulation of the nuclear actin
cytoskeleton [167, 179]. Moreover, FHOD1 and FHOD3 have been reported to be vital
for the maintenance of contractile filaments in muscle cells [180, 181]. Additionally,
DRFs have been observed to associate with multiple microtubule based structures, as
previously described. These examples of DRF localization suggest their importance in
many cellular structures, yet also indicate some redundancy in their localization. This
likely reflects varying functions provided by each formin, or that specific formins are
utilized within varying cell types, as it has been demonstrated that different cell types
display different expression profiles of formins [182]. Furthermore, with the growing field
of formin research, it is likely that formins will be found to be important for other cellular
structures and functions.
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Formins and Disease
A variety of human diseases have been associated with irregular formin function,
including cancer, deafness, mental impairment, and infertility [183]. However, the exact
mechanism by which improper formin functions lead to such diseases has yet to be
resolved [183]. Individuals with mutations of Dia1 often suffer from myelodysplastic
syndromes (MDSs) or non-syndromic deafness [183]. Furthermore, more recently, loss
of Dia1 has been reported to potentially cause microcephaly (MCP), intellectual
disability, vision impairment, and short stature [184]. Mutation of Dia3 has been reported
to cause premature ovarian failure (POF), leading to infertility [183]. Additionally,
chromosomal deletion of Dia2 has been observed in some samples of metastatic
prostate cancer [183]. Furthermore, increases in formin expression have been
associated with cancer progression and poor prognosis, where FMNL2 and FMNL3 have
been shown to have increased expression levels in metastatic colorectal cancer [183,
185]. Over expression of FMNL1 has also been reported in lymphoid malignancies, and
is indicative of a poor prognosis in basal type breast cancer [186, 187]. Thus, as formin
research progresses, it is becoming increasingly clear that these proteins play critical
roles in cellular functions, and consequently, aberrant formin function is associated with
a variety of human diseases.

Formin Murine Knockout Models
The age of genetic modification has catapulted our understanding of protein
functions, mechanisms, and requirements for cellular processes as well as organism
development and survival. A variety of eukaryotic organisms have been utilized for
genetic manipulation of formins for in vitro and in vivo research, which have all been
essential to progress our understanding of formin function. However, since this
dissertation focuses on mammalian DRFs, only murine formin models will be described
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here. To date, reported murine formin knockout (KO) models include Dia1, Dia2, Dia3,
DAAM1, FHOD3, and FMN1, all of which have been generated and studied as null
mutations, and have presented a variety of phenotypical characteristics [188, 189, 190,
191, 192, 193].
Remarkably, deletion of Dia1 has been reported to be non-lethal, with no
variation in development or morphology from wild-type (WT) littermates at birth [188,
194]. However, Dia1 KO mice exhibited an age-dependent onset of myeloproliferative
defects, including splenomegaly, hypercellular bone marrow, and extramedullary
hematopoiesis [188, 194]. Furthermore, studies on T-cells from Dia1 KO mice
demonstrated a significant reduction in T-cell proliferation, adhesion, and migration
[188]. The null mutation of Dia2 in mice has been reported to be embryonic lethal, with
survival and development ceasing at embryonic day 11.5 (E11.5) [189]. These animals
displayed severe anemia, multinucleated erythroblasts, and disruption of cytokinesis
during erythropoiesis [189]. Interestingly, even though Dia3 KO mice have been
generated, these mice have not been phenotypically characterized. Rather, these mice
were characterized after generating double KO mice with Dia1, which is the first study to
analyze a double formin KO in mice [190]. However, the lack of a reported phenotype of
Dia3 KO mice indicates that Dia3 KO mice are likely normal, viable animals that display
no abnormalities on their own. In the double KO studies with Dia1 and Dia3 however, it
is suggested that tangential migration of cortical and olfactory inhibitory interneurons is
disrupted [190]. While Dia3 KO mice displayed a WT phenotype, this suggests that Dia1
is the primary regulator of the actin dynamics associated with this function [190].
DAAM1 KO mice have been reported to display severe defects in heart
development, resulting in embryonic and neonatal lethality [191]. These studies
indicated the importance of DAAM1 in regulating F-actin for cytoskeletal function in
cardiomyocytes, which is essential for normal heart morphogenesis, as well as in
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embryonic fibroblasts [191]. Interestingly, FHOD3 KO mice also demonstrate embryonic
lethality by E11.5 due to improper heart development [192]. FHOD3 was determined to
be critical for actin dynamics that properly organize sarcomeres during heart
development [192].
While FMN1 is not a DRF, it will be presented here, as few formin KO models
have been generated thus far. FMN1 was the first formin described and named for its
effects on limb formation [193]. FMN1 KO mice were reported to be viable, yet
displayed limb development defects and kidney aplasia, verifying earlier observations
[193]. This study also suggested that FMN1 is a repressor of bone morphogenetic
protein (Bmp) signaling, resulting in the malformation of limbs, however the mechanism
of this remains unknown [193].
Studies of formins utilizing murine KO models have greatly aided in
understanding the importance and necessity of these proteins for cellular functions
during development as well as maintaining homeostasis throughout life which are
beyond the scope of in vitro studies. Furthermore, murine formin KO models have led to
the identification of novel models for human diseases, such as human myeloproliferative
syndrome (MPS) and MDS, since the Dia1 KO model shares a very similar phenotype to
clinical pathology observed in humans caused by mutations of Dia1 [194]. However,
much remains to be determined in the actual mechanism these formins are utilizing to
modulate the actin cytoskeleton and how loss of formin expression leads to disease
phenotypes within these in vivo models. Thus, with the impact and contributions that
murine models have had thus far, the formin field would greatly benefit from additional
KO murine models for the remaining mammalian formins.
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FMNL1
Previous studies in our lab have focused on the integrin αVβ3, and how this
receptor mediates adhesion and migration of leukocytes [195]. Further studies in our lab
identified that leukocyte podosomes had the capacity for generating un-branched actin
filaments in vitro, and contained high sequence homology to formins [196]. These
studies led to our novel discovery that the formin FMNL1 localizes to macrophage
podosomes, and is necessary for podosome stability and macrophage adhesion in vitro
(Figure 9) [104]. This dissertation will focus on the formin FMNL1 and therefore some
highlighted contributions to our understanding of FMNL1 will be summarized here.

Figure 9. FMNL1 localizes to the dense actin cores of macrophage podosomes
similarly to the Beta-3 integrin. Adapted from Mersich AT, Miller MR, Chkourko H,
Blystone SD. 2010. The Formin FRL1 (FMNL1) Is An Essential Component of
Macrophage Podosomes. Cytoskeleton. 67:573-585
FMNL1 Activation / Biochemistry / Structure
The formin FMNL1 is suggested to be predominantly expressed in hematopoietic
cells [197]. FMNL1 is a fairly large protein, with approximately 1100 amino acids [171].
Additionally, FMNL1 has been demonstrated to exhibit 3 different isoforms, which are Cterminal splice variants, including FMNL1α, FMNL1β, and FMNL1γ [197, 198]. FMNL1

48

Chapter 1
has been demonstrated to exhibit promiscuity with the activated GTPases that it
interacts with, including Cdc42, Rac1, and RhoA, making it difficult to determine how this
protein is regulated [30, 198, 199]. This protein has also been suggested to have the
capacity to nucleate, elongate, bundle, and sever actin filaments in vitro, although,
FMNL1 has been described as a poor actin filament polymerizer, suggesting that this is
not the primary function of this formin in vivo [171, 174]. Additionally, FMNL1 is one of
the few formins that has been reported to have high affinity for side binding of actin
filaments, supporting its capacity for bundling actin filaments [171]. Furthermore, this
side binding mechanism seems to be independent of residues of the FH2 domain
described to be indispensible for barbed end binding [171]. Thus, it is suggested that
basic regions on the outside of the FH2 domain of FMNL1 may promote electrostatic
interactions with the acidic surfaces of actin filament sides [171]. However, specific
residues for this have not been identified. Recent crystallography studies of FMNL1
have demonstrated that this protein forms homodimers through dimerization of the coiled
coil domain [200]. FMNL1 has also been reported to contain two WH2-like motifs near
its C-terminus, which could potentially contribute to its role as a modulator of the actin
cytoskeleton [166, 201]. Thus, much still remains to be determined regarding how
FMNL1 functions within cells.

FMNL1 Localization / Modifications / Function
FMNL1 has been reported to localize to varying structures within different cell
types, hinting at its possible functional diversity. In hematopoietic cells, FMNL1 has
been suggested to be N-terminally myristoylated, allowing FMNL1 to localize to the
plasma membrane and induce membrane blebbing [202]. Another post-translational
modification that has been proposed to occur to FMNL1 within macrophages after INF-γ
stimulation is phosphorylation of Ser-7, Ser-184, and Ser-1021, yet the purpose of this
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remains to be determined [203]. In Hela cells, FMNL1 has been reported to be critical
for the structural maintenance of the Golgi complex [204]. In macrophages, FMNL1 has
been found to localize to the phagocytic cup and phagocytic pseudopods during
phagocytosis [30, 31]. FMNL1 has also been reported to function as a strong inducer of
microtubule acetylation, and is important for reorientation of the microtubule organizing
center (MTOC) in T-cells [175, 205]. Moreover, FMNL1 has been reported to be critical
for actin assembly and spindle organization during mouse oocyte meiosis [199]. Reports
have additionally indicated that FMNL1 contributes to the migration and proliferation of
leukemic cells [206]. Furthermore, FMNL1 has been suggested to localize to myofibrils,
and correspondingly, FMNL1 is essential for myofibril repair after damage [208]. In
addition to our reports that FMNL1 localizes to the apex of the dense actin cores within
macrophage podosomes, and is essential for adhesion, these data suggest that FMNL1
can display a wide variety of cellular functions and locations (Figure 10) [104].

Figure 10. Z-stack analysis of FMNL1 localizing to the apex of the dense actin
core of macrophage podosomes. Adapted from Mersich AT, Miller MR, Chkourko H,
Blystone SD. 2010. The Formin FRL1 (FMNL1) Is An Essential Component of
Macrophage Podosomes. Cytoskeleton. 67:573-585
FMNL1 Binding Partners
Studies have suggested that FMNL1 can form complexes with different proteins.
One report suggested that FMNL1 forms a complex with srGAP2, which uses its SH3
domain to bind to the FH1 domain of FMNL1 and inhibits FMNL1 function, which was
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proposed to be primarily actin filament severing [208]. These srGAP2 experiments were
performed in HeLa cells, HEK293T cells, and a macrophage-derived cell line [208]. The
interactome of FMNL1 has also been reported for hematopoietic cells, interestingly with
differing results [197]. This interactome study suggested that FMNL1 forms an essential
interaction with AHNAK1, a scaffold protein important for plasma membrane repair, and
that this interaction induced membrane localization [197]. However, the interaction of
FMNL1 with srGAP2 was not identified in this study, conflicting with previous findings
[197]. Despite this, these studies indicate that FMNL1 has the potential to interact with
various proteins that may affect its localization and/or function, and thus further studies
may reveal additional binding partners for FMNL1.

Hypothesis / Significance
Despite various studies investigating the function, localization, and structure of
FMNL1, these reports have only begun to shed light on FMNL1, and much remains to be
discovered. We have demonstrated that FMNL1 is localized to macrophage podosomes
and is important for podosome stability and macrophage adhesion. However, it remains
unclear whether FMNL1 is critical for macrophage migration. With our previous findings
that FMNL1 localizes to macrophage podosomes, and the emerging data indicating that
podosomes are required for macrophage migration, we have hypothesized that FMNL1
is critical for macrophage migration.
Testing this hypothesis has been approached from two different standpoints: 1)
utilizing in vitro techniques to analyze FMNL1 in primary human macrophage migration,
and 2) developing a novel murine model to genetically deplete FMNL1 in order to
analyze macrophage migration in vivo. The goal of this project has ultimately been to
determine if FMNL1 is a feasible target for chemotherapeutic intervention to reduce
unwarranted infiltration of macrophages in macrophage-mediated diseases.
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Abstract
Macrophages play a crucial role in detecting, regulating, and resolving immune
crises, requiring migration through complex extracellular matrices. Unwarranted
macrophage inflammatory activity potentiates kidney disease, rheumatoid arthritis, and
transplant rejection. Proper remodeling of the actin cytoskeleton, especially at adhesion
structures, is essential to the translocation of macrophages. Macrophages form actinrich adhesions termed “podosomes”, giving them the capacity to make contacts with the
substratum for traction through interstitial tissues. Macrophages express multiple
formins, including FMNL1, Dia1, and Fhod1, with potential to impact actin remodeling
involved in migration. Formins are a family of proteins that are best known for modifying
the actin cytoskeleton via nucleation, elongation, bundling, and/or severing actin
filaments. In this study we demonstrate that the formin FMNL1 is a key regulator of
podosomes and is required for normal macrophage migration. Additionally, this is the
first study to demonstrate defects in primary human cell migration resulting from specific
formin silencing. Pharmacologic inhibition of all formin activity results in a significant
decrease in podosome formation and normal macrophage migration. Furthermore,
targeted suppression of FMNL1 results in decreases in macrophage migration similar to
inhibition of all expressed macrophage formins. These novel findings suggest FMNL1
as a possible chemotherapeutic target to hinder macrophage migration, which could
offer an innovative method for limiting unnecessary macrophage-mediated inflammation.
We hypothesize that formins are required in podosome actin dynamics to support
macrophage migration.
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Introduction
Macrophages form actin-dense adhesion structures termed “podosomes”. These
contain a dense pillar-like actin core that is tethered to the cortical actin cytoskeleton
with radial actin filaments [1]. Recent proteomic analysis of macrophage podosomes
has identified over 200 proteins, including signaling, linking, and actin-associated
proteins [2]. Podosomes were first described as small membrane domains resembling
macrophage feet [3]. These structures are enriched with multiple types of integrins,
making intricate contacts with the extracellular matrix and mediating adhesion [4, 5].
Numerous integrin-associated proteins alter the dynamics of podosomes. With a rapid
turnover rate between 2 and 12 minutes, podosomes form either de novo or through
fission of pre-existing podosomes while terminating their lifespan via fusion or
disintegration [6]. These adhesion structures have also been implicated in migration, as
their absence has been observed to lead to defects in chemokine-induced migration [5,
8]. Furthermore, podosomes have been shown to be present in migrating macrophages
in both a 2D and 3D environment, indicating their importance for adhesion and migration
[9, 10]. Podosomes have also been shown to be directly associated with matrix
degradation and remodeling through release of metalloproteinases [11]. An
accumulation of research strongly implicates that podosomes are critical for macrophage
migration; however the signaling pathways and functional mechanisms associated with
these structures requires further study.
Formins are actin-binding proteins that have the capacity for nucleating,
polymerizing, capping, severing and/or bundling actin [12, 13, 14]. These proteins
perform these functions in homodimeric form, through conserved formin homology 2
domains (FH2) [15]. There are 15 known mammalian formins, which are categorized
into 7 different groups by domain and phylogenetic relationships [16]. Substantial effort
has begun to define the functions of these proteins in vitro; however the study of the
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cellular function of formins remains limited. Formins have been implicated in variety of
cellular processes including cell division, adhesion, migration, vesicular transport,
polarity, and signaling [17, 18, 19, 20, 21].
Previous studies in our lab have identified that the formin FMNL1 (formin-like 1)
is associated with macrophage podosomes and is localized to the apex of the pillarshaped dense actin core [22]. FMNL1 was first isolated from mRNA in murine brain and
spleen samples [23]. Two separate isoforms were identified, (α and β), and were
hypothesized to play an important role in macrophage function [23]. Interestingly,
FMNL1 has been observed to have the ability to perform actin filament nucleation,
polymerization, bundling and severing in vitro [24, 25, 26]. To date, FMNL1 has been
observed to have three isoforms, (α, β, and γ), but specific functions of these splice
variants have not been ascribed [23, 27]. Other studies have suggested FMNL1 is
important for the structural integrity of the golgi complex and also for membrane
localization for induction of blebbing [27, 28].
We have previously reported that FMNL1 is associated with macrophage
podosomes [22]. FMNL1 was shown to be necessary for podosome stability. siRNAmediated suppression of FMNL1 resulted in a decrease in podosome number, abnormal
podosomal actin dynamics, and a subsequent loss of macrophage adhesion. In these
studies, it was not determined whether FMNL1 had any role in macrophage migration or
whether other formins contributed to macrophage adhesion or podosome dynamics.
Since it is imperative for macrophages to make podosomes to migrate through the
extracellular matrix, these exciting observations led us to test whether FMNL1 is
necessary for macrophage migration. In this study, we have determined that FMNL1
plays a pivotal role in the migration of human peripheral blood monocyte-derived
macrophages.
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Materials & Methods
Except were noted, all culture reagents were from Invitrogen (Carlsbad, CA,
USA) and all plasticware from Corning Incorporated (Corning, NY, USA).

Macrophage isolation and differentiation. Peripheral blood was drawn into a 60ml
syringe containing 7.5 ml of 6% Dextran (Pharmacosmos, Holbaek, Denmark) in HBSS -for red blood cell sedimentation, and 5.625 ml of 96 mM sodium citrate (Sigma-Aldrich,
St. Louis, MO, US) in HBSS – as an anti-coagulant. The blood was then transferred to
50 ml conical tubes for red blood cell sedimentation for 30 minutes at room temperature.
Plasma and white blood cells were removed and placed on top of Ficoll-Paque PLUS
(Amersham Pharmacia Biotech AB, Uppsala, Sweden) in a 50 ml conical tube and
centrifuged at 3000g at 4°C for 30 minutes. The buffy coat layer was removed and
washed in HBSS -- at 1000g at 4°C for 10 minutes. Monocyte pellets were resuspended
in complete media (RPMI-1640 containing 20% FBS (Gemini Bio-Products, West
Sacremento, CA, USA), 2 mM glutamax, 50 µg/ml gentamicin (Sigma-Aldrich, St. Louis,
MO, USA)), and induced to differentiate with 125 pg/ml GM-CSF (Berlex, Seattle, WA,
USA). Monocytes were cultured in complete media and allowed to differentiate into
macrophages at 37°C and 5% CO2. Macrophages were used between day 5 and day
10 of culture.

Formin inhibition and adhesion assays with SMIFH2. Adherent macrophages were
washed quickly using ice cold 10 mM EDTA (Sigma-Aldrich, St. Louis, MO, USA) in
HBSS- -, and then 5 ml of ice cold 10 mM EDTA in HBSS- - was added to the flask and
placed at 4°C for approximately 10 minutes. The bottom of the flask was smacked to
help break adhesion of macrophages, and macrophages were gently detached from the
flask using a disposable cell scraper. Macrophages were removed from flask and
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transferred to a 50 ml conical tube and washed twice with complete media.
Macrophages were resuspended in 5 ml complete media and counted using a
hemocytometer (Reichert, Buffalo, NY, USA). Macrophages were plated in 24 well
plates containing glass coverslips (Fisher Scientific, Pittsburg, PA, USA) at a density of
120,000 cells/ well. Macrophages were allowed to adhere to the glass coverslips
overnight. Small molecule inhibitor of the FH2 domain (SMIFH2) (Sigma-Aldrich, St.
Louis, MO, USA) inhibitor was diluted into multiple concentrations in complete media,
including 5 µM, 10 µM, 20 µM, 30 µM, and DMSO as a vehicle control (Sigma-Aldrich,
St. Louis, MO, USA). Media was aspirated from wells containing macrophages and
replaced with regular complete media and treatment medias in duplicate at 10 minute
intervals to allow counting at each treatment condition. Adhered macrophages were
counted at the center of each coverslip using a 20X objective at 0, 15, 30, 60, and 120
minutes for each treatment. The student’s T-test was performed for statistical analysis.

To determine viability, in parallel samples, media was aspirated from wells
containing macrophages and replaced with regular complete media and treatment
medias. Plates were placed back in incubator for 16 hours, the timespan used for
migration assays. After the 16 hour time point, media was collected for each treatment
and adhered macrophages were lifted and collected as previously described and added
to collected media. Macrophage viability was performed for each treatment using trypan
exclusion (Sigma-Aldrich, St. Louis, MO, USA).

Podosome analysis. Macrophages were prepared as previously described. SMIFH2
inhibitor was diluted in complete media to a concentration of 30 µM with DMSO as a
vehicle control. Media was aspirated from wells containing macrophages and replaced
with regular complete media and treatment medias. Plates were placed back in
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incubator for two hours. Macrophages were then fixed using 3.7% ice cold
formaldehyde (Fisher Scientific, Fair Lawn, NJ, USA) for 1 hour at 4°C followed by
permeabilization using ice cold 0.002% NP-40 (BMD Biosciences Inc, La Jolla, CA,
USA) in PBS for 10 seconds. Macrophages were then treated with blocking buffer in
PBS containing 0.01% Triton X-100 (Fisher Scientific, Pittsburg, PA, USA) and 3% goat
serum (Invitrogen, Carlsbad, CA, USA) in PBS for 30 minutes at room temperature.
Macrophages were stained with rhodamine phalloidin (Cytoskeleton, Denver, CO, USA)
at [1:10,000] in PBS for 30 minutes, washed with PBS five times, and the coverslips
were then mounted on glass slides (Globe Scientific, Paramus, NJ, USA) using an antifading solution. Using a Nikon Eclipse E800 fluorescent microscope (Nikon, Melville,
NY, USA) equipped with a Hamamatsu ORCA-ER digital camera (Bridgewater, NJ,
USA) with NIS-Elements software, macrophages were imaged, analyzed, and quantified
for either exhibiting at least five podosomes per cell (actin-dense structures with a
diameter of approximately 0.5 µm as described by Mersich et al. 2010., or having less
than five podosomes per cell. The student’s T-test was performed for statistical
analysis.

Macrophage migration. Macrophages were prepared as previously described.
Macrophages were removed from flasks and transferred to a 50 ml conical tube and
washed twice with RPMI with gentamicin. Macrophages were resuspended in 1 ml
RPMI with gentamicin and counted using a hemocytometer. Transwell permeable
polycarbonate support inserts with 5.0 µm pores were placed into wells of a 24 well
plate. 600 µl of complete media was added into the lower chamber. The upper chamber
was loaded with 175,000 macrophages resuspended in RPMI with gentamicin and either
SMIFH2 inhibitor, DMSO, or nothing to a final volume of 100 µl. The migrations assays
were placed in the incubator for 16 hours. After which, the media was removed from the
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upper well of the inserts and the membranes were fixed in 3.7% formaldehyde in PBS at
4°C for 1 hour. The inserts were allowed to air dry for 1 hour. Polycarbonate
membranes were stained using a Diff-Quick staining kit (IMEB Inc.,San Marcos, CA,
USA) following the manufacturer’s protocol. The inserts were then placed upside down
and allowed to dry overnight. Membranes were cut from the transwell inserts and placed
upside down on glass slides, covered with a drop of immersion oil (Cargille Laboratories,
Cedar Grove, NJ, USA), and covered with a coverslip. Microscopy on the membranes
was performed using light microscopy with a 40X objective and five different fields-ofview were counted for each membrane. The student’s T-test was performed for
statistical analysis.

siRNA knockdown of FMNL1 in macrophages. Macrophages were transduced with
small interference RNA molecules targeting FMNL1 (Ambion, Inc, Austin, TX, USA)
using the INTERFERin transduction reagent (PolyPlus Transfection, New York, NY,
USA). Three unique target sequences were used for FMNL1 along with a scramble
oligo for control. Macrophages prepared as above following 5-10 days of differentiation
were seeded 1 day in advance of siRNA transduction in T25 flasks at ~2.0 x 106
macrophages in 5 ml complete media. On the day of transduction, complexes of siRNA
and INTERFERin were prepared in 400 ul of serum-free media following the
manufacturer’s protocol. A concentration of 600 nM siRNA in 4 ml of media was used to
replace the media in the T25 flask. Macrophages were cultured with siRNA for 72 hours
and harvested as described above for Western blot analysis or migration assays as
previously described. For Western blot analysis, 150 µg of each macrophage lysate was
prepared with sample buffer, loaded into a 10% SDS polyacrylamide gel, and resolved
using electrophoresis. Separated proteins were transferred from the gel to a PVDF
membrane (Millipore, Billerica, MA, USA), blocked with 3% BSA (Lampire Biological
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Laboratories, Pipersville, PA, USA) in TBS (Fisher Scientific, Fair Lawn, NJ, USA) buffer,
and then probed for FMNL1 using mouse monoclonal 2369E4a (Santa Cruz, CA, USA)
and transaldolase goat polyclonal T-20 (Santa Cruz, CA, USA) for a loading control.
The student’s T-test was performed for statistical analysis.
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Results

Global inhibition of formins suppresses macrophage migration. We have
previously reported that FMNL1 was required for normal podosome dynamics in
macrophages [22]. siRNA-mediated depletion of FMNL1 decreased macrophage
adhesion. Several formins have been ascribed roles in the migration of various cell
types. To determine whether either FMNL1 or other formins affect macrophage
migration, we first assessed migration following treatment with SMIFH2, a general formin
inhibitor. Studies have shown SMIFH2 to have a concentration-dependent effect on
formin mediated assembly of filamentous actin with a half-maximum inhibition at
approximately 15 µM [29]. When compared with non-treated macrophages, there was a
9.1% and 34.7% decrease in the number of macrophages that were observed to migrate
across a barrier when treated with 20 µM and 30 µM SMIFH2 respectively, as seen in
Figure 1. These results imply that at the reported working concentration of SMIFH2,
normal macrophage migration is disrupted when formin function is inhibited.
Interestingly, although there is a substantial decrease in migration at 30 µM, treatment
does not completely inhibit migration.

FMNL1 contributes to macrophage migration. Previous studies in our lab have
shown that the formin FMNL1 plays an important role in macrophage adhesion and
podosome stability [22]. As pharmacologic inhibition of all macrophage formins
suppressed migration, we directly assessed the contribution of FMNL1 to formin activity
in macrophage migration. Human macrophages were treated separately with 3 different
FMNL1 targeting oligos or scrambled siRNA for 72 hours for Western blot and migration
analysis in parallel. Using a modified Boyden chamber, siRNA treated macrophages
were subjected to the migration assay and cells that moved through the porous barrier
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were quantified as described in Methods. The targeting oligos si2226, si2227, and
si2228 showed a 70.7%, 57.7%, and 65.8% reduction in FMNL1 protein expression,
respectively, as compared to transaldolase loading control as shown in representative
Western blots in Figure 2B. This decrease in FMNL1 caused a 46%, 39.3%, and 41.1%
reduction in macrophage migration, respectively, as shown in Figure 2A. The similarity
in decreased macrophage migration following inhibition of all formins (Figure 1) and
specific suppression of FMNL1 (Figure 2A) suggests that FMNL1 is the formin exhibiting
the largest role in macrophage migration.

SMIFH2 suppresses macrophage podosomes. Human macrophages were plated on
glass coverslips at identical densities and treated with 30 µM SMIFH2 or DMSO. After 2
hours of inhibitor treatment, macrophages were fixed, permeabilized, and stained with
rhodamine phalloidin for actin visualization to quantitate podosomes. Podosomes were
identified by staining for associated proteins including talin, vinculin, and paxillin as
previously described [22, data not shown]. Using fluorescent microscopy, macrophages
exhibiting podosomes were quantitated as described in Methods. Treatment with
SMIFH2 at concentrations of 5 µM caused a significant decrease in the numbers of
macrophages displaying podosomes as shown in Figure 3A. At concentrations above 5
µM, podosome number decreased at each consecutive timepoint from 15 minutes to 2
hours (data not shown). Further, at 30 µM, SMIFH2 caused remaining adhered
macrophages to exhibit few to zero podosomes as observed in Figure 3B. These
observations correlate well with our previous demonstrations that siRNA mediated
knockdown of FMNL1 suppresses podosome number in macrophages and in
macrophage cell lines. Additionally, these results aid in explaining the loss of adhesion
in SMIFH2 treated cells due to the significant loss of podosomes. It should be noted
that these data underestimate the SMIFH2 effects on podosome numbers as cells
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eventually detach and are lost from analysis as significant podosome losses are
incurred.

SMIFH2 induces macrophage detachment. To determine if inhibition of formin
function using SMIFH2 affects the stabilization of macrophage adhesion, a dose and
time dependent assay was performed. In this study, we replaced media in wells
containing glass coverslip-adhered macrophages at identical density with media
containing varying concentrations of SMIFH2. Macrophage de-adhesion was assessed
after 15, 30, 60, and 120 minutes and in a dose dependent manner by SMIFH2. We
determined that SMIFH2 at 30 µM reduced adherent macrophages by >50% within 120
minutes of treatment with no effect on cell viability, as shown in Figure 4. Therefore, we
determined that the previously reported working concentration of SMIFH2 was the same
for primary human macrophages. Our studies suggest that inhibition of formins induces
macrophage de-adhesion. This is consistent with a model where continual podosome
dynamics are dependent on formins such as FMNL1 and required for adhesion and
likely migration.
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Discussion
Macrophages are crucial for appropriate immune responses to combat the invasion
of pathogens and promoting wound healing. For macrophages to reach sites of
inflammation and tissue damage, they must have the capacity to firmly adhere and
migrate through complex extracellular matrices. This macrophage targeting mechanism
is reliant on the proper formation and functioning of podosomes. Studies performed on
Wiskott-Aldrich syndrome (WASP) models have reported that the lack of the protein
WASp causes a loss of podosome formation [30]. These macrophages were observed
to still exhibit random motility, however directed migration was largely diminished [8].
Additionally, studies on dendritic cells from chronic myeloid leukemia (CML) patients
showed absence of podosomes and defects in cell migration [7]. These studies support
for a requirement for podosomes in resolving immune perturbations, and highlight
questions of how these adhesion structures are created, regulated, and utilized for
macrophage migration. In the studies discussed in this manuscript, we propose that the
formin FMNL1 is important for podosome stability and is also a key component of the
macrophage migration machinery.
Previous studies in our lab have indicated that FMNL1 is an indispensible protein
for normal macrophage podosome dynamics. These findings were obtained via
knockdown of FMNL1 protein expression and analysis of cell adhesion using light
microscopy [22]. After these studies were performed, an inhibitor of formins, SMIFH2,
was identified, characterized, and made commercially available. This inhibitor was
described to halt the function of formins through targeting the actin binding motif within
the formin homology 2 domain (FH2), preventing formins from nucleating, elongating,
and attaching to the barbed end of actin filaments [29]. SMIFH2 has also been utilized
in studies suggesting that formins play an important role in actin filaments that are
generated for protrusive forces in interstitial migration of neutrophils [31]. The availability
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of SMIFH2 has allowed us to determine whether formins play a role in macrophage
migration.
We demonstrated that SMIFH2 treatment of macrophages significantly reduces
their macrophages capacity to migrate across a porous barrier. These data indicate that
formins play a critical role in cellular changes during migration. However, this
observation could result from an array of formin associated events including actin
cytoskeleton remodeling, signaling, or even adapter protein functions. It remains unclear
which actin regulating events most formins may be performing in different cell types at
any given time. Another interesting aspect of this data is that macrophage migration
was not inhibited completely. This suggests some aspects of macrophage migration use
podosomes, but additional mechanisms must exist, because all podosomes are lost by
formin inhibition with 30 µM SMIFH2, but only 50% of macrophage migration is inhibited.
This may mean that formins are important for optimal migration, or alternatively, formins
may be important for a certain mode of migration such as mesenchymal or amoeboid
[32, 33]. Forcing cells into a single mode of migration may retard efficiency and there
may be variation in mechanisms used between different modes of migration.
Macrophages have been observed to use two modes of migration in heterogeneous
environments, where mesenchymal migration is employed for dense tissue and
amoeboid migration for less compact tissue [34]. Furthermore, studies have
demonstrated that macrophages lose their capacity for mesenchymal migration
coincident with loss of podosomes, but amoeboid migration seems to be unperturbed
[11, 34, 35]. Our observation is not without its own caveat though, as SMIFH2 inhibits all
formins, making it hard to distinguish which macrophage formin or formins is/are
contributing to migration. Nonetheless, this exciting data reveals that formins due
indeed have an important role in a macrophage’s ability to migrate normally.
Alternatively, the partial inhibitory effects of SMIFH2 may suggest a dual role for formins
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wherein one is dependent on actin binding and inhibited by SMIFH2 while another is
independent of actin binding and unaffected by SMIFH2.
We have previously reported that multiple formins, including Dia1, Dia3, FHOD1,
FMNL2, and FMNL1, are expressed at high mRNA levels in human macrophages [36].
We have performed Western blot analysis on human macrophage lysates indicating high
protein levels of multiple formins (data not shown). However, little is known about most
of the functions of these formins in macrophages. Dia1 and FMNL1 have been
implicated in phagocytosis and we have shown FMNL1 is critical for adhesion, but the
other formins have yet to be characterized for their function and localization [22, 37, 38].
Since we have shown FMNL1 to be vital to macrophage adhesion and podosome
stability, it seems likely to also be important for migration. It has yet to be determined
whether the function of any specific formin directly impacts macrophage migration.
Studies have shown that stationary and polarized macrophages form podosomes in 2D
analysis and that macrophages form podosomes in 3D environments during
mesenchymal migration [30, 39]. Additionally, as previously mentioned, studies on
macrophages that have no WASp are incapable of directed migration, and do not form
podosomes [8]. We have shown that the loss of FMNL1 expression in macrophages
causes loss of podosomes [22]. Therefore, we examined the effects on macrophage
migration when FMNL1 expression is reduced.
In our study we observed a significant decrease in macrophage migration across
a porous barrier when FMNL1 protein levels were knocked down via siRNA. This
observation ties together our previous observations that reduction of FMNL1 expression
causes a loss in podosome stability and formation. Another interesting observation is
that the reduction in macrophage migration using the formin inhibitor at 30 µM was
34.6%, and the average of the three siRNA targeting oligos was 42.1%. This suggests
that FMNL1 is more than likely the largest contributing formin to macrophage migration.
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Since we have shown FMNL1 to localize to podosomes, and when it is knocked down
podosomes are lost, we have further verified the necessity not only for FMNL1 in
macrophage migration, but also for normal podosome dynamics. In accordance with our
previous studies using siRNA knockdown of formins, we also observed that
pharmacological manipulation of formins similarly effects podosome stability and
adhesion in macrophages. It was interesting to observe that macrophage adhesion and
podosome stability were affected by formin inhibition and siRNA-mediated knockdown of
FMNL1 similarly. This is the first study to demonstrate changes in primary human cell
migration caused by specific silencing of an individual formin. These exciting findings
delineate the necessity of formins in macrophage migration and highlight FMNL1 as an
important formin in this process.
As this research has shed some light on the requirement of formins in migration,
many other questions remain to be investigated. It is still unclear how FMNL1 is
recruited to macrophage podosomes. It has been suggested that spatial and temporal
regulation of FMNL1 is controlled by small Rho GTPases, including Rac1, and CDC42
[23, 40]. This would theoretically lead to the effector proteins of GTPases, guanine
nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs), being the
regulators of formin activation and localization. How these proteins are up or downregulated at podosomes remains an active area of research. Another interesting, yet
unknown event is the exact actin-associated mechanism(s) that FMNL1 is performing at
the macrophage podosome. Due to limited technology to observe these functions in live
cells and because FMNL1 has been observed to exhibit every formin attribute in vitro, it
remains difficult to definitively determine the mechanism of FMNL1 at podosomes. As
previously mentioned, podosomes are dynamic structures that turn over rapidly and
during their lifespan both grow in size and then dissolve [6]. It seems probable that
FMNL1 is critical in the maturation and stabilization of podosomes at their peak level of
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adhesion as we have demonstrated FMNL1 loss causes significantly reduced podosome
numbers with corresponding loss of adhesion. Therefore, we hypothesize FMNL1 is
either polymerizing de novo actin filaments and possibly being the driving force of the
center actin pillar, or FMNL1 is bundling existing actin filaments in the core to maintain
podosome structure during the adhesion lifespan. We do not yet have sufficient
information to determine if FMNL1, or any other formin, is limited to one or many
different functions in cellular environments.
Our observations support FMNL1 as a target for chemotherapeutic intervention
to inhibit macrophage migration. The work presented in this paper strongly suggests
that the formin FMNL1 plays a prominent role in this immune process. Further studies
on FMNL1 in this process may pave the way to understanding and attenuating
macrophage mediated diseases such as atherosclerosis and rheumatoid arthritis.
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Figure 1. SMIFH2 effects on macrophage migration. Human macrophages were
treated with SMIFH2 and challenged to cross a porous barrier as described in Methods.
Macrophages that migrated through the barrier were quantified using light microscopy
after performing differential staining. Shown are averages with (+/-) standard deviation
of the mean of four experiments performed in duplicate with five cell counts per sample.
Asterisks between groups indicates a p<0.05.
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Figure 2.
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Figure 2. siRNA targeted deletion of FMNL1 significantly reduces macrophage
migration. A. Human peripheral blood monocyte derived macrophages were
challenged to migrate across a porous barrier using a modified Boyden-chamber in
tandem following siRNA mediated reduction of FMNL1 as described in Methods.
Macrophages that migrated through the barrier were quantified using light microscopy
after performing differential staining. Shown are averages with (+/-) standard deviation
of the mean of four experiments with five macrophage counts per sample. Asterisks
indicates p<0.05. B. Western blot analysis of FMNL1 protein levels in macrophage
lysates performed in parallel to migration analysis using transaldolase as a loading
control. The Western blot is a representative of three experiments with equivalent
outcomes.
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Figure 3.

Figure 3. SMIFH2 effects on macrophage podosomes. A. Human macrophages
were treated with multiple concentrations of SMIFH2 and podosomes were counted as
described in Methods. Shown are averages with (+/-) standard deviation of the mean of
four experiments performed in duplicate with 100 cell counts per sample. Asterisks
indicates p<0.05. B. Macrophages were stained with rhodamine phalloidin for actin
visualization following 30 µM SMIFH2 as described in Methods. These images are
representative of six experiments performed in duplicate with cell analysis of 100 cells
per each sample. Scale bar is 10 µm.
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Figure 4.

Figure 4. SMIFH2 induces macrophage detachment. Human macrophages were
treated with multiple concentrations of SMIFH2 and attached macrophages remaining at
each time point were quantified by visual counting as described in Methods. The graph
is a representative of six experiments performed in duplicate with similar outcomes.
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Abstract

Over the past two decades, researchers have struggled to efficiently express
foreign DNA in primary macrophages, impeding research progress. The applications of
lipofection, electroporation, microinjection, and viral-mediated transfer typically result in
disruptions in macrophage differentiation and function, low expression levels of
exogenous proteins, limited efficiency and high cell mortality. In this report, after
extensive optimization, we present a method of expressing large tagged proteins at high
efficiency, consistency, and low cost using lentiviral infection. This method utilizes
laboratory-propagated 2nd generation plasmids to produce efficient virus that can be
stored for later use. The expression of proteins up to 150 kDa in size is achieved in 3070% of cells while maintaining normal macrophage differentiation and morphology as
determined by fluorescent microscopy and Western blot analysis. This manuscript
delineates the reagents and methods used to produce lentivirus to express exogenous
DNA in murine bone marrow-derived macrophages sufficient for single cell microscopy
as well as functional assays requiring large numbers of murine bone marrow-derived
macrophages.
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Introduction
Macrophages are white blood cells (leukocytes), which are essential components
of the immune system. Macrophages play key roles in innate and adaptive immune
responses as immediate responders to eliminate microbial infections, promote wound
healing, and present antigen to lymphocytes. Macrophages are derived from circulating
monocytes which, upon activation, diapedese through the vascular wall and differentiate
into macrophages. After terminal differentiation macrophages can migrate through
complex extracellular matrices to sites of injury or infection to elicit an immune response.
As essential components of both innate and adaptive immunity, efforts to fully
understand macrophage functions involve in vitro studies of primary macrophage
populations. Murine macrophages are generally purified for in vitro study utilizing two
different methods. One approach entails harvesting bone marrow and differentiating
multipotent stem cells into murine macrophages (BMDM’s) in culture using cytokines
such as murine monocyte colony-stimulating factor (MCSF) or granulocyte-macrophage
colony-stimulating factor (GMCSF) [1]. Murine macrophages can also be isolated by
inducing peritonitis and by harvesting murine macrophages that infiltrate the peritoneal
cavity, which can be directly assayed or cultured [1].
To study the structures and proteins that mediate macrophage function it is
advantageous for researchers to have the ability to express constructs in these cells,
including shRNA and exogenous DNA. Macrophages and macrophage cell lines are
notoriously difficult to manipulate genetically. With many studies utilizing knock-out (KO)
mouse generated macrophages, the ability to trace molecular mechanisms relies on
reconstitution with wild type (WT), mutant, and truncated versions of the deleted protein.
Most techniques utilized cause detrimental effects to macrophage differentiation and
viability. One likely reason for the difficulty of expressing exogenous DNA within
macrophages is that these cells undergo terminal differentiation [2]. Terminal
96

Chapter 3
differentiation of macrophages from precursor cells causes macrophages to adopt a
quiescent state, no longer undergoing proliferation [2]. Reliable and stable expression of
exogenous DNA requires gene integration into the genome; however this process is very
difficult if not impossible in cells that no longer proliferate. Therefore, the most common
available methods of introducing exogenous DNA in primary differentiated macrophages
permit only non-integrated transient expression. Early reported studies and methods
used to attempt DNA delivery and transient expression in primary murine macrophages
include liposomal transfection, ionic precipitation, electroporation, and chemical
transfection. However, the dawn of gene delivery viruses has yielded numerous
advances in research and has begun to be utilized for macrophage research.
Multiple reports have claimed to express exogenous DNA in primary murine
macrophages and murine macrophage cell lines. An early report detailed an approach
to express exogenous DNA in primary murine macrophages utilizing and optimizing
various methods [3]. Rupprecht et al. performed calcium-phospate,
diethylaminoethyl(DEAE)-dextran, and lipofection, using an enzyme assay to determines
expression profiles, and concluded that DEAE-dextran was optimal [3]. However,
another study performed a few years later by Thompson et al. incorporated additional
reagents and techniques to optimize expression in a murine macrophage cell line to
measure expression using a luciferase assay. The results of this study correlated with
reports of Ruprecht et al. concluding that electroporation yielded optimal DNA
expression, while DEAE-dextran was the least efficient technique [4]. These studies
were in agreement that lipofection was very ineffective, however neither study measured
actual expression efficiency levels, and Thompson et al. reported over 75% cell death
with their optimal DNA expression technique [3, 4].
Dokka S. et al. attempted to optimize lipofection techniques utilizing protamine
sulfate to enhance lipid-mediated transfection of murine macrophage cell lines and
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additionally compared these with other transfection techniques that have been reported
to be successful by other investigators [5]. Protamine sulfate is suggested to condense
DNA for easier nuclear permeability as well as containing a nuclear localization
sequence, which promotes trafficking of transfected DNA into the nucleus [6]. Dokka et
al. also utilized the luciferase assay to assess transfection efficiencies and reported that
lipofection combined with protamine sulfate yielded high expression levels in comparison
to other transfection techniques, with little effect on cell viability [5]. Thus, there is
extensive controversy found regarding these reported techniques utilized for effective
transfection and expression of exogenous DNA in primary murine macrophages and
murine macrophage cell lines.
Additional techniques have been described to aid in the expression of exogenous
DNA in a murine macrophage cell line by blocking the silencing of foreign DNA caused
by methylation after DNA has been delivered inside macrophages [7]. 5-azacytidine is a
chemical that blocks the methylation of DNA by inhibiting DNA methyltransferases [7].
In one study, DEAE-dextran combined with 5-azacytidine was found to be more efficient
than several liposomal reagents, concluding that DEAE-dextran was optimal for gene
delivery, yet DEAE-dextran alone was reported to have poor efficiency [7]. To our
knowledge, this is the only documented report utilizing 5-azacytidine to express
exogenous DNA in macrophages. In our own studies 5-azacytidine treatment on murine
macrophage cell lines or primary macrophages did not increase foreign DNA expression
efficiencies [data not shown].
Electroporation is another method that has been reported to effectively deliver
DNA into murine macrophages. This method uses electrical current to deliver charged
particles, such as DNA through the plasma membrane of cells to reach the cytoplasm for
expression. A variation to electroporation has been more recently developed, termed
“nucleofection”, that is purported to be better suited for DNA transfer into macrophages,
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offering more system adjustments such as voltage and cell-specific reagents for
electroporation permitting additional optimization. Using nucleofection, Van De Parre et
al. compared transfection efficiencies of DNA, dsRNA, and mRNA of green fluorescent
protein (GFP) using a murine macrophage cell line. Interestingly, they showed that DNA
and dsRNA caused extensive cell death through causing apoptosis and no expression of
GFP was observed [8]. However, mRNA was observed to have GFP expression
efficiencies up to 75% with little effect on cell viability, as evaluated by flow cytometry
and Western blot analysis [8]. Another group showed success in using the nucleofection
technique to transfect shRNA and DNA constructs into a murine macrophage cell line in
two different studies [9, 10]. They transfected a macrophage cell line with GFP-tagged
shRNA and using fluorescent microscopy to detect GFP expression generated a stably
transfected macrophage cell line [9,10]. Knockdown of protein levels were
demonstrated by Western blot analysis, yet efficiency levels of exogenous DNA
expression were not specified [9, 10]. These studies have suggested that the more
advanced electroporation system has a substantial impact on increasing exogenous
DNA expression in murine macrophage cell lines. The use of nucleofection on primary
cells seems unfeasible as primary murine BMDM’s have a short lifespan, and are
unlikely to survive a drug selection process to create a stable cell line.
The use of virus-based gene delivery into cells has gained much momentum
over the last decade. Reports of increased efficacy in DNA delivery and expression in
both murine macrophage cell lines and primary murine macrophages, utilizing viral
systems, have begun to phase out other common techniques used for DNA transfection.
The two most frequently used viral systems used for expressing exogenous DNA in
murine macrophages are adenovirus and lentivirus; however, adenovirus can only be
used for dividing cells, and thus is not suitable for primary bone marrow-derived
macrophages. Moreover, variations in techniques and/or reagents have been utilized in
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efforts to increase lentiviral transduction efficiency, including polybrene and/or
spinfection, also termed spinoculation [11,12]. Spinfection is thought to help sediment
viral particles to increase virus contact with cell membranes, while polybrene reduces
charge repulsion between viral particles and the cell membrane [11,12]. A study by
Cunnick et al. demonstrated lentivirus transduction efficiency between 30% and 50% in
murine bone marrow-derived macrophages determined using fluorescent microscopy
[13]. Interestingly, this group reported that polybrene did not increase lentiviral
transduction efficiencies [13]. Pan H. et al. demonstrated the use of a lentiviral system
with a dual promoter, allowing for targeted and inducible expression in specific cells of
macrophage lineage [14]. This study reported high expression efficiency in murine
macrophage cell lines and bone marrow-derived macrophages, however multiple rounds
of cell sorting was required to achieve this, which can ultimately have a detrimental
impact on cell viability [14].
Prior to developing and optimizing the method presented here, we utilized a
complete virus producing kit from Clonetech (Cat # 631247). The expression vector
ultimately utilized in our method is derived from the Clontech system. The complete
Clontech kit exploited a 4th generation packaging system, which allotted for a higher
degree of safety, due to 4 recombination events being required for release of replicating
virus. In our hands, this system did not produce infectious virus that was capable of
expressing quantifiable exogenous DNA in primary macrophages. Additionally the use
of four packaging vectors was probably less efficient in transferring viral DNA in to the
293T cells for viral production. These packaging vectors are purchased pre-mixed,
requiring repeated purchasing instead of having the opportunity to propagate the vectors
in lab, increasing lab expenses. Fortunately the expression vector containing GFP was
compatible with a different packaging system that was commercially available and can
be propagated in the lab. We also initially attempted to concentrate virus utilizing a
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concentration solution for lentivirus from Clontech (Cat # 631231), however this proved
to be cytoxic to primary macrophages. We report here an efficient, consistent,
inexpensive protocol of exogenous DNA expression in primary murine bone marrowderived macrophages, using lentivirus transduction. This 2nd generation system would
require two recombination events during viral production for release of replicating virus
and is considered by the CDC to be a BSL-2 level activity, suitable for most tissue
culture containment hoods. While higher generation viral systems may be suitable for
many cell types, macrophages required a more simplistic viral packaging system to
produce virus of sufficient infectivity.
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Materials
Reagents
(Harvesting, Culturing, and Differentiating Bone-Marrow Derived Macrophages)
- L929 Cell Line (Sigma-Aldrich, cat # 85011425-1VL)
- DMEM (Life Technologies, cat # 12800-017)
- FBS (Gemini Bio-Products, cat # 100-500)
- Glutamax (Life Technologies, cat # 35050-061)
- Penicillin-streptomycin, liquid (Life Technologies, cat # 15140-122)
- 50ml Conical Tube (Corning Falcon, cat # 352098)
- 3ml Syringe with 25G needle (Becton, Dickinson and Company, cat #
309570)
- EDTA (Sigma-Aldrich, cat # E1644)
- DPBS (Life Technologies, cat # 21600-010)
- Ammonium Chloride (Sigma-Aldrich, cat # A9434)
- Potassium Bicarbonate (Fisher Scientific, cat # P235)
- 75 cm2 Vent Cap Flask (Corning, cat # 3276)
- 225 cm2 Vent Cap Flask (Corning, cat # 3001)
- Sterile water (Baxter Healthcare Corporation, cat # 2F7114)
- 500ml 0.45µM Acetate Vacuum Filter/Storage Bottle System (Corning,
cat # 430770)
- Surgical scissors (Harvard Apparatus, cat # 522474)
- Moloney Forceps (Harvard Apparatus, cat # 523407)
- Halstead-Mosquito Curved Hemostats (Harvard Apparatus, cat #
728967)
- 190 Proof Ethanol (Ultra Pure, cat # 190CSGP)
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(Lentivirus Production)
- Lenti-X 293T Cell Line (Clonetech Laboratories Inc., cat # 632180)
- pLVX-AcGFP1-C1 Vector (Clonetech Laboratories Inc., cat # 632155)
- psPAX2 Vector (Addgene, ID # 12260)
- pMD2.G Vector (Addgene, ID # 12259)
- 225 cm2 Vent Cap Flask (Corning, cat # 3001)
- T75 Vent Cap Flask (Corning, cat # 3276)
- Cover Glasses, 12mm Circles (Fisher Scientific, cat # 12-545-80)
- 24 well plate (Corning, cat # 3524)
- Ultracentrifuge Tubes (Beckman Coulter, cat # 344060)
- Parafilm (Fisher Scientific, cat # 13-374-10)
- JetPEI with 150mM Sodium Chloride solution (Polyplus, cat # 101-10N)
- DMEM (Life Technologies, cat # 12800-017)
- FBS (Gemini Bio-Products, cat # 100-500)
- Glutamax (Life Technologies, cat # 35050-061)
- Penicillin-streptomycin, liquid (Life Technologies, cat # 15140-122)
- 1.7ml Microcentrifuge tube (Corning, cat # 3622)
- 250ml 0.45µM Acetate Vacuum Filter/Storage Bottle System (Corning,
cat #430768)
- Single beam balance (OHAUS Harvard Trip Balance)
(Bone Marrow-Derived Macrophage Lentiviral Infection)
- 25 cm2 vent cap flask (Corning, cat # 430639)
- HBSS- - (Sigma-Aldrich, cat # H9269)
- EDTA (Sigma-Aldrich, cat # E1644)
- Cell Scraper (Corning, cat # 3010)
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(Bone Marrow-Derived Macrophage Microscopy)
- 24 well plate (Corning, cat # 3524)
- Cover Glasses, 12mm Circles (Fisher Scientific, cat # 12-545-80)
- HBSS- - (Sigma-Aldrich, cat # H9269)
- EDTA (Sigma-Aldrich, cat # E1644)
- Cell Scraper (Corning, cat # 3010)
- DAPI (Invitrogen, cat# D1306)
- 37% Formaldehyde (Fisher Scientific, cat # F-79)
- NP-40 Alternative (Calbiochem, cat # 492016)
- Goat Serum (Life Technologies, cat # 16210-064)
- Triton X-100 (Fisher Scientific, cat # BP-151)
- Polyvinyl Alcohol (Sigma-Aldrich, cat # P-8136)
- Glycerol (Sigma-Aldrich, cat # G-9012)
- DABCO (Fischer Scientific, cat # AC112471000)

Equipment
- Hemacytometer (Reichert Bright-Line)
- Tabletop Centrifuge (Labnet HERMLE Z 400 K)
- Ultracentrifuge (Beckman Coulter Optima L-90K Ultracentrifuge)
- Orbital Shaker (HOEFER SCIENTIFIC INSTRUMENT Red Rotor PR70)
- Fluorescent Microscope: (Nikon Eclipse E800 fluorescent microscope equipped
with a Hamamatsu ORCA-ER digital camera, Leica SP-5 Laser Scanning
Confocal fluorescent microscope)
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Recipes
- ACK Buffer: 150mM Ammonium Chloride, 10mM Potassium Bicarbonate, 10µM
EDTA in sterile water
- 50mM EDTA in PBS Buffer: 10mM EDTA in PBS
- 50mM EDTA in HBSS- - Buffer: 10mM EDTA in HBSS- - L929 Cell Line Media: DMEM with 10% FBS, 2mM Glutamax, 10 units/ml
Penicillin, 10µg/ml Streptomycin
- Lenti-X 293T Cell Line Media: DMEM with 10% FBS, 2mM Glutamax, 10
units/ml Penicillin, 10µg/ml Streptomycin
- Bone Marrow-Derived Macrophage Wash Media: DMEM with 2% FBS, 2mM
Glutamax, Penicillin 10 units/ml, Streptomycin 10µg/ml
- Bone Marrow-Derived Macrophage Adhesion Exclusion Media: DMEM with
10% FBS, 2mM Glutamax, 10 units/ml Penicillin, 10µg/ml Streptomycin
- Bone Marrow-Derived Macrophage Differentiation Media: DMEM with 10%
FBS, 15% L929 cell supernatant, 2mM Glutamax, 10 units/ml Penicillin, 10µg/ml
Streptomycin
- 70% Ethanol Solution: 70 ml of 100% EtOH with 30 ml sterile water
- Fixing Solution: PBS with 3.7% formaldehyde final concentration
- Permeabilization Solution: PBS with 0.002% NP-40
- Blocking Solution: PBS with 3% heat-inactivated goat serum and 1% TritonX100
- Mounting Solution: (Gelvatol) 24 ml of distilled H2O with 9.6 g PVA, 19.05 ml
glycerol, 48 ml Tris pH 8.5, 2.5% DABCO
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PROCEDURE
All reagents and materials used during viral production, harvesting,
concentrating, and infection are should be used in a sterile tissue culture hood equipped
with ultra-violet light for decontamination. Treatment with 15% bleach was used as an
additional decontamination measure.

Transfection of 293T-X cells for virus production.
1a. The 293T-X cells are maintained using DMEM + 10% FBS + 1%
penicillin-streptomycin + 10mM glutamax. Cell passage should be
performed before cells reach full confluency using trypsin. During the
first wash of cell passage, an equal volume of complete media must
be added to cells in trypsin to allow for proper cell pelleting.
2a. To transfect plasmids for viral production, 293T-X cells are cultured in
225 cm2 flasks. Cells should be at ~90% confluency for transfection.
Two 225 cm2 flasks of 293T-X cells should be cultured and
transfected for each virus.
3a. On the day of 293T-X cell transfection, media should be removed
from cells, and cells should be supplemented with 20 ml of fresh
complete media.
4a. Transfection is performed using the transfection reagent JetPEI
according to the manufacturer’s protocol. The final contents of the
transfection solution should be 1 ml of 150mM Sodium chloride JetPEI
solution, 10 µg of the pLVX-vector, 20 µg of the pMD2.G vector, 30 µg
of the psPAX2 vector, and 100ul of JetPEI reagent.
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5a. Add the transfection solution to the cells in 225 cm2 flasks in a dropwise manner and then swirl the media in the flasks to mix the
transfection solution with the media.
6a. Place the flasks back in the incubator at 37°C with 5% CO2.
7a. After 6 hours, replace the transfection media with 40 ml of fresh
complete media and place flasks back into the incubator.
8a. Harvest viral media after 72 hours. Pool together viral media from
identical flasks and add to a 250ml 0.45µM acetate filter flask to filter
the viral media to remove any debris or cells in suspension.
9a. Ultracentrifuge tubes are then filled with 13 ml of the filtered viral
media and balanced using the single beam balance after being placed
into the buckets of a SW40Ti rotor.
10a.

Centrifuge the viral media at 100,000 x g for 2 hours at 4°C, with a

SLOW brake setting.
11a.

After centrifugation, carefully remove buckets and transfer to

hood. Remove the ultracentrifuge tubes from the rotor buckets and
gently pour off supernatant. Add 500 µl of bone marrow-derived
macrophage media to each tube. Wrap the top of each tube with
parafilm and store at 4°C overnight.
12a.

After overnight incubation, place tubes on orbital shaker at 100

rpm at room temperature for 1 hour.
13a.

Transfer tubes to a sterile tissue culture hood and remove

parafilm. Pass media through a 5 ml serological pipet to break up
remaining pellet, and pool together resuspended viral pellets from
identical transfections.
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Harvesting, culturing, and differentiation of murine bone marrow-derived macrophages
for viral infection.
1b. In our experiments, mice were sacrificed between the ages of 5 and 9
weeks using CO2.
2b. Spray mice down with 70% ethanol and pin mice down to dissection
mat with the abdomen facing down.
3b. Using forceps and surgical scissors, remove the femur and tibia and
place them in a 10 cm petri dish containing wash media.
4b. After removal of leg bones, in a sterile tissue culture hood further
remove any remaining muscle tissue from the leg bones.
5b. Using surgical hemostats to hold and cut the ends off of each femur
and tibia using surgical scissors. Using wash media in 3 ml syringes
equipped with a 25 G needle flush the bone marrow from each bone
into a 50 ml conical tube.
6b. Centrifuge the bone marrow for 5 minutes at 1000 rpm at room
temperature.
7b. Wash the pellet with 5 ml of 10 mM EDTA in PBS.
8b. Centrifuge the bone marrow for 5 minutes at 1000 rpm at room
temperature.
9b. Resuspend the pellet with 3 ml of ACK buffer and incubate for 2
minutes to lyse RBCs.
10b.

After the incubation time, immediately add 10 ml of wash buffer to

prevent lysis of bone marrow cells.
11b.

Centrifuge the bone marrow for 5 minutes at 1000 rpm at room

temperature.
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12b.

Resuspend the pellet with 20 ml of adhesion exclusion buffer, and

transfer the cells to a 10 cm petri dish, and place dish into an
incubator at 37°C with 5% CO2 for 2 hours.
13b.

Gently swirl media in the dish, and then carefully remove media

with unattached cells while leaving any observable pieces of tissue.
14b.

Centrifuge the unattached bone marrow cells for 5 minutes at

1000 rpm at room temperature.
15b.

Resuspend pellet with 40 ml of bone marrow-derived

differentiation media and plate cells evenly between two 75 cm2
flasks. Incubate at 37°C with 5% CO2. (Follow this dilution of cells per
number of mice used.)
16b.

Allow cells to differentiate into BMDM’s for 6 days. Add 5 ml of

warm fresh differentiation media to each flask on day 4.

Viral infection of murine bone marrow-derived macrophages.
1c. Cells must be removed from 75 cm2 flasks on day 6 of BMDM
differentiation. Using ice cold 10 mM EDTA in HBSS--, wash the
adhered cells once with 5 ml, then add 8 ml to each flask and place of
4°C for approximately 10 minutes.
2c. Firmly tap the bottom of the flasks to break adhesion and also use a
cell scraper to gently lift any remaining adhered cells.
3c. Add the cells to a 50 ml conical tube and centrifuge for 5 minutes at
1000 rpm at room temperature.
4c. Resuspend the pellet in 5 ml of differentiation media and centrifuge for
5 minutes at 1000 rpm at room temperature.
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5c. Using a hemacytometer, count the BMDMs and plate 1.0 x 106 cells
per 25 cm2 flasks in 4 ml of differentiation media. Macrophage
viability is typically in excess of 95% by Trypan blue exclusion.
Incubate at 37°C with 5% CO2.
6c. After allowing the cells to adhere for approximately 16 hours, remove
differentiation media and replace with a total volume of 4 ml viral
infection media. Use the entire virus concentrated from both 225 cm2
flasks for one 25 cm2 flask of BMDMs. Average titer used was 1.5 x
10^6 PFU for GFP alone and 1.0 x 10^5 PFU for GFP-FMNL1β and
GFP-FMNL1γ. Place flasks into an incubator at 37°C with 5% CO2.
7c. Add 2 ml fresh macrophage differentiation media after 48 hours.
8c. After 72 hour of viral infection, cells are ready for experimental
analysis.

Performing microscopy on virally infected murine bone marrow-derived macrophages.
1d. After 72 hours cells must be removed from 25 cm2 flasks. Using ice
cold 10 mM EDTA in HBSS--, wash the adhered cells once with 5 ml,
then add 8 ml to the flasks and place in 4°C for approximately 10
minutes.
2d. Firmly tap the bottom of the flasks to break adhesion and use a cell
scraper to gently lift any remaining adhered cells.
3d. Add the cells to a 50 ml conical tube and centrifuge for 5 minutes at
1000 rpm at room temperature.
4d. Resuspend the pellet in 5 ml of differentiation media and centrifuge for
5 minutes at 1000 rpm at room temperature.
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5d. Using a hemacytometer, count the BMDMs and plate cells in 24 well
plates containing glass coverslips in each well. Macrophage viability
is typically in excess of 95% by Trypan blue exclusion. Add a total
volume of 0.5 ml of cells in differentiation media. Incubate at 37°C
with 5% CO2.
i. For dispersed cells, plate at 2.5 x 104 cells per well.
ii. For dense cells, plate 1.0 x 105 cells per well.
6d. After approximately 16 hours, prep cells for microscopy by washing
wells twice with PBS and adding 0.5 ml of ice cold fixing solution.
Incubate at 4°C for 1 hour.
7d. Wash coverslips with twice with ice cold PBS.
8d. Permeabilize cells by adding ice cold permeabilization solution for 10
seconds followed by three washes with ice cold PBS.
9d. Add blocking solution to wells at room temperature for 30 minutes.
10d.

Wash wells twice with room temperature PBS.

11d.

Add DAPI at room temperature for approximately 5 minutes.

12d.

Wash wells five times with PBS.

13d.

Mount coverslips, cell side down, on glass slides with 8 µl of

mounting solution.
14d.

Prior to imaging, store slides overnight in a slide box at 4°C to

allow mounting solution to set.
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Anticipated Results
The methods detailed here offer an optimized lentiviral system for expressing
exogenous DNA in extremely hard-to-transfect cells (BMDM’s) with efficiencies of ~70%
with GFP alone and ~30% with large GFP-tagged proteins, as determined by visual
counting of fluorescent microscopy (Fig. 2) and Western blotting (Fig. 3). For
expression efficiency shown in Figure 2, cells were visualized and counted at a higher
magnification (60x) than are shown in Figure 1. This was necessary due to the discreet
localization of FMNL1γ to macrophage podosomes. Fluorescent cells due to GFP-alone
were easily visible at all magnifications (Fig. 1-2). The inset images in Figure 2 show the
difference in fluorescence distribution between GFP and GFP-FMNL1γ. GFP is broadly
distributed throughout the cytoplasm while GFP-FMNL1β is found in punctuate
structures of the ventral surface, an adhesion structure termed a podosome.
Fluorescent microscopy may not be sufficient to detect extremely low levels of
expression in cells, thus these reported expression efficiencies may underestimate the
actual number of expressing cells. Flow cytometry may be a more accurate method to
determine actual expression levels, but was not available for this study. Furthermore,
viral production may be less efficient with large, GFP-tagged proteins, so increasing the
number of flasks or media harvests from the 293TX packaging cells producing virus for
concentration can increase the amount of virus. We have also periodically performed
virus titers using both an ELISA-based assay to quantify levels of virus specific protein,
and traditional plaque assays. Both methods appear to underestimate the total virus
transduction occurring, as measured by microscopy. Two important components that
contribute to the success of this protocol are concentrating the lentivirus and using it
quickly after production without any freeze/thaw cycles.
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The GFP-tagged proteins described in these experiments are splice variants of
the formin, FMNL1. Formins are actin-associated proteins that perform multiple actin
cytoskeleton regulating events including actin filament nucleation, polymerization,
bundling, and/or severing [15,16,17]. FMNL1 is a large protein with 1069 amino acids,
making it approximately 110 kDa, and with a GFP tag (26 kDa) this protein is
approximately 136 kDa. 3 different isoforms of FMNL1 have been identified, and we
have shown expression of two of these using our lentiviral system (Fig. 3) [18,19]. PCR
was used to copy Superscript-derived cDNA encoding the FMNL1 isoforms from purified
macrophage RNA. Oligonucleotides specific to the 5’ end of FMNL1γ (accession
FJ534522) and FMNL1β (accession BC001710) incorporated a Xba1 restriction site in
frame with initiating methionine. Oligonucleotides specific for the 3’ end of each FMNL1
isoform were engineered to include a BamH1 restriction site. Following PCR, the
product was subjected to Xba1 and BamH1 restriction and ligated into Xba1/BamH1
restricted pLVX-AcGFP1-C1 for viral production. Therefore, this expression system is
well suited for expressing large proteins in primary murine bone marrow-derived
macrophages with high efficiency (Fig. 3). Moreover, this system permits expression of
full-length proteins that are fluorescently labeled, making this ideal for studies in primary
murine macrophages derived from murine KO models.
Moreover, there are a few additional benefits to utilizing our developed lentiviral
system for expressing exogenous DNA. For example, this system can be applied
towards the expression of fluorescently labeled proteins in non-macrophage cell lines, as
we have used this system to reach nearly 100% efficiency in HeLa, U2OS, and MDA cell
lines (data not shown). In addition, our method incorporates transforming competent E.
coli with viral vectors, allowing for unlimited propagation. Thus, our method is very costeffective as it does not require the constant purchasing of viral vector packaging mixes.
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Also, the lentivirus produced from this procedure can be frozen and used at a later date;
however, freeze/thaw cycles will likely affect some of the viral infectivity. Additionally, it
may be possible to increase BMDM expression efficiency by performing a secondary
transduction 48 hours after the initial transduction, however this would require producing
an exceptionally large volume of virus for each independent experiment.
Another very important aspect of our expression system is that it can yield high
enough expression efficiencies to perform functional assays that require large numbers
of cells. This would prove to be difficult if not impossible using other systems because of
their lower expression efficiencies, where functional assays often require a large portion
of the cell population to express the exogenous DNA for measurement and
quantification. On another note, attempts to use this protocol to express foreign DNA in
primary human peripheral blood monocyte-derived macrophages yielded poor
expression efficiencies. However, more extensive optimizing could potentially permit
higher expression levels in primary human macrophages.
Therefore, in this report, we fully detail how to produce infectious lentivirus with
the capacity to express exogenous DNA in primary murine bone marrow-derived
macrophages at high efficiencies, consistently, and at low cost. This easily adaptable
protocol will have a profound effect on enlightening and enhancing the field of
macrophage biology with more efficient and comprehensive studies working on
macrophage structures and proteins.
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Figures
Figure 1.

Figure 1. Lentivirus transduction provides high expression efficiency. Murine
bone marrow-derived macrophages expressing GFP were visualized utilizing fluorescent
microscopy. Cells were plated at 1.0 x 105 cells per well on glass coverslips in complete
media to observe expression. BMDM’s were fixed, permeabilized, and stained with
DAPI for nuclear visualization. Field was imaged using 20x objective.
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Figure 2.

Figure 2. Lentivirus transduction provides high expression efficiency. Murine
bone marrow-derived macrophages expressing nothing (Control), GFP, GFP-FMNL1β,
or GFP-FMNL1γ through lentiviral transduction were quantified utilizing confocal
fluorescent microscopy. The graph is representative of 4 separate experiments. The
inset depicts a macrophage expressing evenly distributed GFP (left), and GFP-FMNL1γ
which localizes to punctate podosomal structures (right). Scale bar is 20 µm. The inset
image was taken using a 60x objective. Total and green cells in each transduction group
were counted at this magnification to derive expression efficiency since the punctuate
distribution of GFP-FMNL1 is not visible at lower magnifications.
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Figure 3.

Figure 3. Lentiviral transduction of murine bone marrow-derived macrophages
express exogenous protein high enough for Western blot detection. Western blot
analysis of GFP and GFP-FMNL1 tagged protein levels in BMDM lysates. Lysates were
resolved on a 10% SDS polyacrylamide gel and then transferred to a PVDF membrane,
incubated with mouse anti-GFP followed by donkey anti-mouse HRP conjugate or rabbit
anti-FMNL1 and goat anti-transaldolase, followed by corresponding HRP conjugate and
exposure after treatment with ECL solution. Macrophages transduced with virus
expressing GFP or GFP-FMNL1 isoforms show the select presence of each protein in
full length form when lysates are blotted for the presence of GFP. Western blot analysis
was also performed for FMNL1, where exogenous GFP-FMNL1β can be visualized at
136kDa, above endogenous FMNL1 at 110 kDa. Transaldolase is shown as a loading
control.
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Trouble shooting

Table 1.

Step

Problem

Cause

Suggestion

4a

Poor
transfection of
293TX cells

Poor DNA quality

EtOH precipitation of constructs

Low yield of
bone marrow

Poor flushing of
bones

Flush bones from both ends to
ensure total harvest

Poor BMDM
growth or
differentiation

Low concentration of
MCSF in media

Wait 10 to 14 days to collect L929
supernatant
Do not use L929 supernatant older
than 3 months

Short time with
EDTA solution
Poor scraping to lift
cell

Ensure full 10 minutes. of incubation
at 4°C
Scrape flasks thoroughly

5b

16b

1c , 2d

Low yield of
cells
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Abstract
Macrophages contribute to both innate and adaptive immune responses required
for long-term survival. Macrophages utilize podosomes for directional migration to sites
of inflammation or infection. In opposition to the necessity of macrophages for immune
surveillance, unwarranted activation proceeded by migration and accumulation in tissues
also mediates the progression of a number of diseases. Therefore, intervention of
macrophage migration in such disorders has strong potential for alleviating
pathogenesis. We have previously shown the formin FMNL1 to be associated with
macrophage podosomes and plays an integral role in macrophage migration in vitro.
Formins are actin-binding proteins necessary for changes in the actin cytoskeleton. We
have now developed a novel murine model, genetically targeting FMNL1 for depletion.
Widespread depletion of FMNL1 is observed to be lethal, where targeted depletion in
macrophages is not. In this report, we demonstrate that FMNL1 is required for normal
residential macrophage tissue populations and also macrophage migration in vitro and in
vivo, and we have identified a specific splice variant of FMNL1 to be responsible. We
have also determined a plausible model of how FMNL1 may be modulating the actin
cytoskeleton in these adhesion complexes. These observations, in addition to others
presented in this report, strongly implicate FMNL1 as a target for pharmaceutical
intervention to reduce macrophage migration in diseases influenced by macrophage
infiltration, such as atherosclerosis and rheumatoid arthritis.
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Introduction
Pathogen infiltration and wound repair are mediated by rapid immune cell
intervention. Cells of the immune system that are imperative for this process include
macrophages, which are derived from precursor cells known as monocytes. These
precursor cells circulate in the blood until stimulated to diapedese into the peripheral
tissues followed by differentiation. Critical macrophage functions include phagocytosis
of pathogens and cellular debris, immune cell recruitment through release of cytokines
and chemokines, and priming the adaptive immune response via antigen presentation
[1, 2, 3]. In addition, most tissues contain populations of residential macrophages that
aid in clearing sites of inflammation and promoting tissue homeostasis [1, 4].
Residential macrophage populations include Kupffer cells, microglia, osteoclasts,
Langerhans cells, alveolar and splenic macrophages located in the liver, brain, bone,
skin, lung, and spleen, respectively [4]. Ultimately, regardless of origin, macrophages
must migrate through complex extracellular matrices to resolve disturbances of the
immune system.
Macrophages are essential for long-term host survival and are the first defenders
in most immune crises. However, unwarranted activation, migration, and infiltration into
tissues has been implicated in a number of diseases including diabetes, rheumatoid
arthritis (RA), organ transplant rejection, atherosclerosis, and cancer progression [5, 6,
7, 8, 9, 10]. In RA, macrophages have been identified as major contributors to proinflammatory factors at sites of inflammation and synovial tissue degradation [7, 11, 12].
In atherosclerosis, in addition to producing pro-inflammatory factors, macrophages
contribute to the formation of plaques through vessel infiltration and subsequently
becoming residential foam cells due to their uptake of lipids [9, 13, 14]. A subset
macrophage, termed tumor-associated macrophages (TAMs), has been linked to the
progression of cancer, interfering with therapeutic intervention and indicating poor
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prognosis [10]. TAMs aid tumors in a variety of ways, including releasing growth factors
and cytokines to stimulate angiogenesis, and favorably remodeling the extracellular
matrix to allow for increased tumor cell invasion and metastasis [10]. Thus, excessive
macrophage invasion into tissues can result in severely detrimental impacts to the host.
In light of this, discovery-based research to modulate macrophage activity is currently
under investigation via various approaches including gene therapy, targeted apoptosis
inducers, or regulation of gene transcription [15, 16, 17, 18]. Targeting proteins involved
in macrophage migration may permit early intervention in deleterious inflammatory
diseases mediated by unwarranted macrophage activities.
To migrate to sites of interest, macrophages form adhesion structures termed
“podosomes”, which are actin-dense protrusions that interconnect with the cortical actin
cytoskeleton, and make contacts with extracellular matrix proteins via integrins [19, 20,
21]. These adhesion complexes not only act as anchor points to support migration, but
have also been shown to release metalloproteinases that aid in matrix degradation and
remodeling [22]. Historically, macrophage podosomes have been studied in 2D
environments. However, more recent studies have shown macrophage podosomes to
be essential for macrophage migration in 3D environments [22, 23]. Macrophage
podosomes consist of more than 200 different proteins involved in signaling, linking, and
scaffolding, as well as actin-associated proteins [24]. However, only a few of these
macrophage podosome-associated proteins have been studied in detail to understand
their importance and function within podosomes in vitro, and relatively little is known
regarding how these proteins contribute to macrophage functions in vivo [24].
Regulation of the actin cytoskeleton is an imperative function for many
macrophage processes, including migration. Macrophage podosomes rely on actinassociated proteins for filament assembly, maintenance, and disassembly as these
actin-rich structures rapidly turnover [25]. We have previously demonstrated that the
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formin FMNL1 localizes to the dense actin core of macrophage podosomes [26].
Formins are a family of actin-binding proteins that function as homodimers, dimerizing in
a head-to-tail fashion at a conserved formin homology 2 domain (FH2), and have been
demonstrated to nucleate, elongate, cap, bundle, and/or sever actin filaments [27, 28,
29, 30]. Interestingly, FMNL1 has been reported to be capable of performing each of
these actin filament regulating events in vitro [31, 32, 33]. Three isoforms of FMNL1
have been identified in macrophages, including FMNL1α, FMNL1β, and FMNL1γ, which
deviate in sequence near the C terminus [34, 35]. Furthermore, FMNL1 has been
reported to be primarily expressed in hematopoietic cells [35]. Some formins, including
FMNL1, contain WH2-like motifs near the C-terminus, which are predicted to be involved
in barbed-end binding of actin filaments [36, 37]. FMNL1 is part of the diaphanousrelated formin (DRF) family which are regulated by autoinhibitory domains located at
each terminus that release through interactions of small Rho GTPases with the GTPase
binding domain (GBD) [38]. Based on current knowledge and limited technology, it
remains unclear how FMNL1 specifically modulates the actin cytoskeleton in
macrophages. Therefore, this has made it difficult to develop accurate models and
determine accurate mechanisms of how FMNL1 is functioning and regulated in
macrophages.
In this report, we have developed the first murine knockout model of the formin
FMNL1. Remarkably, all existing murine formin knockout models have been developed
within the past decade. Null mutations of Dia1, Dia2, DAAM1, FHOD3, and FMN1 have
been researched individually, and result in varying degrees of severity, ranging from
animal viability to cellular functions [39, 40, 41, 42, 43]. In this report, we determined
that while global depletion of FMNL1 was embryonic lethal, targeted depletion of FMNL1
from macrophages was not, providing us with a tool to investigate the functional
significance of FMNL1 in primary macrophages, both in vitro and in vivo. Herein we
125

Chapter 4
demonstrate the necessity of FMNL1 for proper macrophage functions including
podosome formation, resident macrophage tissue distribution, and macrophage
migration in vitro and in vivo. These observations suggest that FMNL1 is critical for both
proper embryonic development and modulation of actin in macrophage podosomes, a
process essential for suitable adhesion formation and promoting a proper immune
response. Furthermore, these studies strongly reveal FMNL1 as a potential target for
pharmaceutical intervention to treat diseases caused by unwarranted macrophage
infiltration through inhibition of migration.
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Materials & Methods
All murine experiments were performed under IACUC approved protocols. All
antibodies used were purchased from Santa Cruz (Dallas, TX) and used at [1:1000]
unless noted otherwise.

Generation of FMNL1 floxed mice
Conditional FMNL1 knockout mice were generated using standard methods [44].
Briefly, homologous recombination occurred in C57BL/6 ES cells using an FMNL1targeting replacement vector comprised of a 5’ homologous arm of 5525bp containing
FMNL1 exons 2 and 3 and a 3’ homologous arm of 5956bp containing FMNL1 exons 4 –
9, flanking the neomycin selection cassette. Exons 4, 5, and 6 were flanked with loxP
sites, and the reporter and selection cassettes were flanked with short flippase
recognition target (FRT) sites. The beta-galactosidase reporter cassette and neomycin
selection cassette were removed by utilizing flippase-mediated (FLP) recombination
through breeding heterozygous FMNL1 floxed mice with FLP expressing mice (B6.CgTg(Pgk1-FLPo)10Sykr/J) . Viable mice with inserted loxP sites flanking exons 4, 5, and 6
of the FMNL1 gene (floxed) were backcrossed 8 times with C57BL/6 mice before
beginning crosses with Cre recombinase expressing mice. Homozygous FMNL1 floxed
mice were crossed with mice expressing Cre recombinase under the adenovirus Ella
promoter (B6.FVB-Tg(Ella-cre)C5379Lmgd/J) for widespread deletion of FMNL1.
Additionally, FMNL1 floxed mice were crossed with mice expressing Cre recombinase
under the Lyz2 promoter (B6.129P2-Lyz2tm1(cre)Ifo/J), commonly called LysMcre mice, to
generate viable mice with myeloid cell-specific depletion of FMNL1. All mice used were
generated on a C57BL/6 background. Appropriate genotypes of experimental animals
were verified from purified macrophage cultures. Genotyping for Cre recombinase
expression (Lyz2 and EIIa) was performed in accordance with the protocol and primers
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recommended by The Jackson Laboratory (Bar Harbor, ME). Floxed FMNL1 mice were
genotyped using four PCR primers. Wild type alleles were amplified using forward
primer 5’- GCTTACATGGGCATTCCTGTATGC-3’ and reverse primer 5’AGGGTGGGTGCCTACCTACATGC-3’. FMNL1 floxed alleles and Cre-mediated
excision events of exons 4, 5, and 6 were determined using forward primer 5’CGCATAACGATACCACGATATCAACAAG-3’ and reverse primer 5’CCTGAACTCAGGAGTGTCAGC-3’.

Peripheral blood analysis
Peripheral blood analysis was performed by adapting previously described
methods [45]. Briefly, peripheral blood was collected into EDTA-coated capillary tubes
via sub-mandibular vein puncture (Sarstedt, Numbrecht, Germany). Peripheral blood
was analyzed for leukocytes, erythrocytes, and thrombocytes using a Hemavet 950FS
(Drew Scientific, Dallas, TX).

Tissue morphology and residential macrophage tissue distribution
Hemotoxylin & Eosin (H&E) tissue staining
Tissue morphology was observed via H&E staining of various tissues. Dissected
tissues were fixed in 4% paraformaldeyde (PFA) in PBS, and sectioning and staining
were performed commercially (American HistoLabs Inc., Gaithersburg, MD). Tissue
sections were analyzed using a Nikon Eclipse 400 microscope (Nikon, Melville, NY)
equipped with a SPOT RT3 camera (Diagnostics Instruments, Inc., Sterling Heights, MI)
using SPOT Imaging software to capture and analyze images.
Immunofluorescent tissue staining
Immunofluorescent microscopy of residential macrophage populations in the liver
(Kupffer cells) was performed using a protocol adapted from Watson NB et al. 2015 [46].
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Briefly, dissected liver sections were snap frozen in optimal cutting temperature (OCT)
media (Sakura Finetek USA, Torrance, CA) and stored at -80°C. Liver sections were cut
using a cryostat (Leica Microsystems CM1900, Wetzlar, Germany) at 6 µm, adhered to
glass slides, and stored at -80°C. Prior to staining, sections were fixed and
permeabilized using a [50:50] mixture of ice cold acetone and methanol for 20 min. at
-20°C. Sections were air dried and blocked in 10% goat serum in PBS overnight at 4°C,
followed by overnight incubation with 10% goat serum containing anti-F4/80 antibody
[1:200] (BioLegend, San Diego, CA) at 4°C. Tissue sections were incubated in 10%
goat serum containing TRITC-conjugated secondary [1:500] (Jackson ImmunoResearch,
West Grove, PA) at room temp for 2 hrs, followed by a 5 min. incubation with DAPI
[0.0001 µg/ml] (Invitrogen, Carlsbad, CA) in PBS. Anti-fading mounting solution was
used to cover sections with glass coverslips. Microscopy was performed on a Nikon
Eclipse E800 fluorescent microscope equipped with a Hamamatsu ORCA-ER digital
camera. Images were analyzed using NIS-Elements software.

Murine bone marrow isolation and macrophage differentiation
During in vitro studies, purified bone marrow-derived macrophages (BMDMs)
were generated following a previously described protocol by Miller MR and Blystone SD.
2015 [Chapter 3]. Briefly, bone marrow was harvested from mice sacrificed when
between 5 and 11 weeks old. Bone marrow stem cells were cultured with DMEM
supplemented with 10% FBS, 1% penicillin-streptomycin (pen/strep), 10 mM glutamax
and 15% L929 supernatant containing recombinant M-CSF (complete media), unless
noted otherwise. Fresh complete media was added to cells every 4 days. Murine bone
marrow-derived macrophages were used for experiments between days 10 and 16 of
culturing.
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Western blot analysis
Formins
Protein detection was performed as previously described in Miller MR and
Blystone SD. 2015 [47]. Briefly, BMDM lysates from each genotype were loaded equally
and separated on 9% SDS-PAGE gels, and transferred to PVDF membranes. The
membranes were blocked with 3% BSA in TBS and incubated with anti-FMNL1 (SigmaAldrich, St. Louis, MO), anti-Dia1 (Abcam, Cambridge, UK), anti-Dia2, anti-FHOD1, antiFHOD3, or anti-transaldolase antibodies. The membranes were then incubated with
secondary antibodies conjugated to horseradish peroxidase (HRP) and exposed onto
film using ECL solution. Densitometry analysis of protein bands was performed using a
BIO-RAD ChemiDoc MP imaging system (Bio-Rad Laboratories Inc., Hercules, CA)
equipped with Image Lab 5.2 software (Bio-Rad Laboratories Inc., Hercules, CA).
Phosphorylation signaling
Protein phosphorylation levels were assessed using Western blot analysis as
described above with the addition of 2 mM activated sodium vanadate (Sigma-Aldrich,
St. Louis, MO, USA). Macrophage lysates were separated on 10% SDS-PAGE gels and
transferred to PVDF membranes. The membranes were blocked, incubated with antiphosphotyrosine 4G10 mAb (Millipore, Billerica, MA), and exposed as described above.

Macrophage migration assay
Macrophage migration assays were performed as previously described in Miller
MR and Blystone SD. 2015 [47]. Briefly, macrophages were washed and resuspended
in DMEM with pen/strep (serum free). Macrophages were counted using a
hemocytometer, and added to the transwell migration assay at 105 macrophages per
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transwell insert, following the manufacturer’s protocol. Complete media was added to
the lower chamber and cells were allowed to migrate for 16 hrs at 37°C. Media was
removed from the upper well of the inserts and insert membranes were fixed, dried, and
stained using a differential staining kit. The inserts were dried overnight and mounted
onto glass slides. Microscopy was performed on the insert membranes as previously
described by Miller MR and Blystone SD. 2015 [47].
Formin inhibition with SMIFH2
Macrophage migration assays were performed as described above. However,
macrophages were treated with either vehicle control, DMSO (Sigma-Aldrich, St. Louis,
MO, USA), or the formin inhibitor SMIFH2 (Sigma-Aldrich, St. Louis, MO, USA).
SMIFH2 was diluted in complete media to yield a final concentration of 30 µM in cell
suspensions used for the migration assay. The migration assays were analyzed as
described above.

In vivo inflammation model
Peritoneal macrophages were harvested after inducing peritonitis using methods
adapted from Ezekowitz RA 1985 [48]. Briefly, peritonitis was induced by thioglycollate
injections into the peritoneal cavity. 72 hrs post injection cells were harvested from the
peritoneal cavity. Peritoneal cells were counted using a hemocytometer and plated onto
glass coverslips in 24 well plates at 2 x 106 cells per well in 1 ml DMEM with 10% FBS,
1% pen/strep, and 10 mM L-glutamine supplement. Harvested peritoneal cells were
adhered to glass coverslips via centrifugation at 1250 x g with slow brake for 20 min at
37°C. Cells were fixed and permeabilized as described above. Peritoneum-infiltrating
macrophages were quantified as a percentage of total cells by immunoflourescence
microscopy. Briefly, anti-F4/80 and TRITC secondary antibodies were used to detect
macrophages and DAPI staining was performed for total cell population visualization.
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Images were captured using a Nikon Eclipse E800 fluorescence microscope (Nikon,
Melville, NY, USA) fashioned with a Hamamatsu ORCA-ER digital camera (Bridgewater,
NJ, USA). The NIS-Elements software was used to analyze captured images.

Podosome analysis
Macrophages were prepared for microscopy as previously described in Miller MR
and Blystone SD. 2015 [Chapter 3]. Briefly, macrophages were fixed, permeabilized,
and stained with rhodamine phalloidin (Cytoskeleton, Denver, CO, USA) at [1:10,000] in
PBS for F-actin visualization. Macrophages adhered to coverslips were mounted to
glass slides using an anti-fading solution. Images were captured using a Nikon Eclipse
E800 fluorescent microscope fashioned with a Hamamatsu ORCA-ER digital camera
and analyzed using NIS-Elements software for quantification of macrophages exhibiting
podosomes, as described by Mersich AT et al. 2010, and analyzing podosome width
[26]. In addition, podosome height was imaged using a Nikon Ti microscope equipped
with a Perkin Elmer spinning disk laser (Perkin Elmer, Waltham, MA), and quantified with
Volocity Quantitation software.

Macrophage 2D motility
Macrophages were plated at 3.0 x 104 cells per dish onto 35-mm glass-bottom
dishes (Mat-Tek, Ashland, MA) in complete media as described above and incubated at
37°C and 5% CO2 for 24 hrs. Macrophage motility was analyzed over the course of 6
hrs capturing bright-field images every 10 min. using a Leica AF6000 LX deconvolution
microscope (Leica, Bannockburn, IL) equipped with a LUCA R EMCCD camera (Andor,
South Windsor, CT). Macrophage motility analysis was performed for distance traveled
and velocity using the ImageJ software (Bethesda, MD).
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RhoGTPase activity
Activation levels of Rac1, Cdc42, and RhoA were assessed as previously
described [49]. Briefly, protein concentrations were determined for macrophage lysates,
and identical concentrations were incubated with GST-RBD/GST-PBD bound beads
overnight at 4°C. GTP-bound RhoA, Rac1, and Cdc42 were separated using SDSPAGE electrophoresis. Total GTPase levels were determined by loading 1/20 of total
protein concentration used for pull-downs onto the gels that were also used for
separating active GTPases. Western blot analysis was performed using antibodies
against RhoA, Rac1, and Cdc42. Densitometry analysis of protein bands was performed
as described above.

Surface area analysis
Macrophages were treated with vital cell dye Calcein-AM as described by
Denholm EM and Stankus GP 1995. [50]. Briefly, macrophages were treated with
Calcein-AM and plated on 35-mm glass-bottom dishes at 106 cells per dish in 2 ml
complete media. Dishes were incubated at 37°C and 5% CO2 overnight. Media was
replaced with 2 ml fresh complete media and live fluorescent cell images were taken
using a Nikon Ti microscope equipped with a Perkin Elmer spinning disk laser. Volocity
Quantitation software was utilized to quantitate surface area of the macrophages.

Macrophage phagocytosis assays
Non-specific phagocytosis
Macrophages were plated at 2.5 x 104 cells per well in 1 ml complete media and
allowed to adhere for 24 hrs as described above. Media was replaced with 500 µl fresh
complete media, 10 µl of 0.4% trypan blue (Sigma-Aldrich, St. Louis, MO) in PBS was
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added to each well, and macrophages were incubated at 37°C and 5% CO2 for 48 hrs.
Macrophages were fixed and mounted on glass slides using immersion oil. Differential
interference contrast (DIC) microscopy was performed on a Nikon Eclipse E800
fluorescent microscope equipped with a Hamamatsu ORCA-ER digital camera. Images
were analyzed using NIS-Elements software.
C3R-mediated phagocytosis
Macrophages were plated as described above. Media was replaced with 500 µl
fresh serum-free media and cells were serum-starved at 37°C and 5% CO2 for 1 hr.
After serum starvation, 4 µg of opsonized Escherichia coli BioParticles conjugated to
Alexa Fluor 488 (Molecular Probes, Eugene, OR) was added to each well and
macrophages were incubated at 37°C and 5% CO2 for 3 hrs following the manufacturer’s
protocol. Non-internalized bioparticle fluorescence was quenched by aspirating media
and incubating macrophages with 300 µl of 0.4% trypan blue in PBS to each well for 1
min at room temperature. Macrophages were fixed, permeabilized, stained with
rhodamine phalloidin for F-actin visualization, mounted on glass slides with anti-fade
solution, and analyzed as described above.
FcγR-mediated phagocytosis
Macrophages were plated as described above. Media was replaced with 500 µl
fresh complete media. 25 µl of latex beads coated with FITC-labeled rabbit-IgG
(Cayman Chemical, Ann Arbor, MI) was added to each well and cells were incubated at
37°C and 5% CO2 for 24 hrs following the manufacturer’s protocol. Non-internalized
fluorescent beads were quenched as described above. Macrophages were fixed,
permeabilized, stained with rhodamine phalloidin for F-actin visualization, and mounted
on glass slides with anti-fade solution as described above. Images were captured and
analyzed as described above.

134

Chapter 4

Generation of FMNL1 isoform cDNAs
Human macrophages were derived from peripheral blood monocytes as
previously described by Miller MR and Blystone SD. 2015 [47]. Whole-cell RNA was
extracted and purified from primary human macrophages with the RNeasy Mini Kit
(Qiagen, Hilden, Germany). Primary human macrophage cDNA was generated from
RNA using the SuperScript III First-Strand Synthesis System for RT-PCR (Life
Technologies, Carlsbad, CA). Full-length FMNL1 was cloned into a previously
generated pEGFP vector from primary human macrophage cDNA [51]. FMNL1α
(Accesion: NM_005892), FMNL1β (Accession: BC001710), and FMNL1γ (Accession:
FJ534522) were cloned from primary human macrophage cDNA via PCR. A NotI site
was introduced into each isoform following the stop codon at the C-terminus via PCR
mutagenesis and was used in conjunction with a BsiWI site for transfer to pEGFPFMNL1. The N-terminal XbaI site and C-terminal BamHI site were used to transfer
FMNL1β and FMNL1γ into pLVX-AcGFP-C1 (Clontech, Mountain View, CA). All FMNL1
constructs were verified by DNA sequencing.

Generation of FMNL1γ mutant
Two substitution mutations, I720A and K871A, were generated to eliminate actin
binding, by PCR sewing into the FMNL1γ isoform. For the I720A mutation, primers used
for the first reaction were forward primer 5’- CCGAATGCCACTCTTGAACTGGGTGGC3’ and reverse primer 5’- CGCAGGGTGGCGGCCAAGTTCTTGGCCCGG-3’. The
second reaction primers were forward primer 5’CGGGCCAAGAACTTGGCCGCCACCCTGCG-3’ and reverse primer 5’CGAGGCTGATCAGCGGGTTTAAACG-3’. The combining reaction primers were
forward primer 5’- CCGAATGCCACTCTTGAACTGGGTGGC-3’ and reverse primer 5’135
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CGAGGCTGATCAGCGGGTTTAAACG-3’. For the K871A mutation, the primers used
for the first reaction were forward primer 5’- CCGAATGCCACTCTTGAACTGGGTGGC3’ and reverse primer 5’-GCTTGCGATCAGTCGAGGCCATCTCCAACAGC-3’. The
second reaction primers were 5’- GCTGTTGGAGATGGCCTCGACTGATCG-3’ and
reverse primer 5’- CGAGGCTGATCAGCGGGTTTAAACG-3’. The combining reaction
primers were forward primer 5’- CCGAATGCCACTCTTGAACTGGGTGGC-3’ and
reverse primer 5’- CGAGGCTGATCAGCGGGTTTAAACG-3’. The PCR product
containing both substitution mutations was inserted into the pLVX-AcGFP-FMNL1γ
lentiviral vector between SfiI and Not1 sites. The GFP-FMNL1γ actin binding mutant
(ABM) was transformed into DH10β competent cells (Life Technologies, Carlsbad, CA),
and mutations were confirmed by DNA sequencing.

FMNL1 rescue, podosome localization, and macrophage migration reconstitution
Macrophages were infected with lentivirus coding for GFP, GFP-FMNL1β, GFPFMNL1γ, or GFP-FMNL1γ actin binding mutant (ABM) as previously described in Miller
MR and Blystone SD, 2015 with one modification [Chapter 3]. This modification included
a second viral transduction after 48 hrs, by replacing viral media with fresh equivalent
viral media. Infected macrophages were subjected to migration assays and analyzed as
described above. In parallel, infected macrophages were analyzed using fluorescent
microscopy as described in Miller MR and Blystone SD, 2015 [Chapter 3]. Modifications
to the previously described methods include staining with rhodamine phalloidin at
[1:10,000] for actin visualization, and using a SP5 scanning confocal microscope (Leica,
Bannockburn, IL) equipped with hybrid and standard photomultiplier tube detectors.
Image analysis was performed using the Leica Application Suite Advanced
Fluorescence (LAS AF) software. Additionally, one experiment was performed by
differentiating bone marrow-derived macrophages with recombinant murine GM-CSF
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[1:2000] (R&D Systems, Minneapolis, MN) to increase the number of macrophages
forming podosomes in order to assess rescue of podosome formation after viral
infection.

Statistical Analysis
The Student’s t test with two tails and equal variance was used to determine
significance above 95%. Results with a p-value of <0.05 were considered to be
significant for the purpose of this study.
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Results

Widespread depletion of FMNL1 is lethal, where FMNL1 depletion from myeloid
lineage cells is non-lethal.
To characterize the function(s) of FMNL1 in vivo, conditional FMNL1 knockout
mice were generated using a targeting vector for the FMNL1 gene (Fig 1). This vector
contained a beta-galactosidase reporter cassette and a neomycin selection cassette
between exons 3 and 4, flanked with FRT sites. Exons 4, 5, and 6 were flanked with
loxP sites, with the 5’ loxP site located downstream of the FRT site. Insertion of the
reporter and selection cassettes caused a frame shift, leading to an untranslatable
transcript for the FMNL1 protein, thus causing a null mutation. Therefore, the reporter
and selection cassettes were removed through FLP-mediated recombination to alleviate
the frame shift, leaving exons 4, 5, and 6 floxed, allowing for proper FMNL1 expression.
FMNL1 floxed mice bred with mice expressing Cre recombinase produces a frame shift
mutation in the FMNL1 allele by excising exons 4, 5, and 6, resulting in targeted deletion
of FMNL1. This approach creates a conditional knockout model for FMNL1.
Floxed FMNL1 mice were bred with EIIa Cre mice to generate mice with
widespread deletion of FMNL1. However, our data strongly suggests that widespread
deletion of FMNL1 is embryonic lethal at 95% confidence. Determination of this has
been performed using a standardized technique where generation of 28 pups from
heterozygous crosses without generating a homozygote is deemed lethal at a 95%
confidence interval [52]. This was observed after crossing FMNL1 fFMNL1(+/-) / EIIa
Cre (+/-) (heterozygous) mice, resulting in zero animals generated with the genotype of
FMNL1 fFMNL1(+/+) / EIIa Cre (+/+) (homozygous). These results demonstrate that
FMNL1 is a critical protein for development and survival.
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Since widespread depletion of FMNL1 was embryonic lethal, and our target
project was to analyze depletion of FMNL1 in macrophages, we bred floxed FMNL1
mice with LysMcre mice to generate animals devoid of FMNL1 in cells of the myeloid
lineage. Mice that were fFMNL1(+/-) / LysMcre(+/-) were capable of producing viable
fFMNL1(+/+) / LysMcre(+/+) progeny (Figure 1). fFMNL1(+/+) / LysMcre(+/+) (KO) mice
were used as experimental animals, since fFMNL1(+/-) / LysMcre(+/-) mice or
fFMNL1(+/+) / LysMcre(+/-) mice still expressed some measurable level of FMNL1
protein in comparison to fFMNL1(-/-) and LysMcre(-/-) (WT) mice (Figure 2). Depletion
of FMNL1 protein from macrophages derived from homozygous animals was further
verified by Western blot analysis of purified murine bone marrow-derived macrophages
(Figure 2). Expression of additional formins within macrophages was also analyzed
using Western blot analysis, demonstrating that depletion of FMNL1 did not affect
expression levels of other macrophage formins (Figure 2).
Initial characterization experiments were performed on mice generated by
crossing fFMNL1(+/-) / LysMcre(+/-) mice, to allow for direct comparison of littermates.
KO mice showed no deviation in gross phenotype, weight, or sex distribution from WT
littermates (data not shown). Additionally, KO mice were viable, fecund, and were aged
to 2 years alongside WT littermates. Peripheral blood analysis was performed on WT,
KO, fFMNL1(+/-) / LysMcre(+/-), and fFMNL1(+/+) / LysMcre(+/-) littermates, with no
significant changes observed (Figure 3). Tissue morphology was analyzed between WT
and KO mice using H&E staining of various tissues. No differences in tissue morphology
were apparent between WT or KO tissue samples, including lung and liver (Figure 4), as
well as kidney, bone, skin, small intestine, and large intestine (not shown), where
residential macrophages can be located. Interestingly, although the overall tissue
morphology was unaffected, immunofluorescent microscopy of anti-F4/80-stained tissue
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sections revealed a 38.6% reduction in residential macrophages (Kupffer cells) in KO
liver sections in comparison to WT (Figure 5). This suggests that FMNL1 is necessary
for normal populations of residential tissue macrophages.

FMNL1 is pivotal for macrophage migration in vitro and in vivo.
Previous studies in our lab demonstrated that FMNL1 is a critical protein involved
in macrophage migration in vitro using targeted siRNA-mediated knockdown of FMNL1
in primary human macrophages [47]. However, siRNA protein silencing does not
completely reduce protein expression and requires toxic transduction reagents. To
further assess the necessity of FMNL1 in proper macrophage migration we challenged
WT, fFMNL1(+/-) / LysMcre(+/-), fFMNL1(+/+) / LysMcre(+/-), and KO macrophages from
littermates to a migration assay using a modified Boyden chamber. Macrophages that
migrated through the porous membrane were quantified. In comparison to WT, only
FMNL1 KO macrophages displayed a 33.5% reduction in macrophage migration (Figure
6), verifying FMNL1 as an important protein for macrophage migration.
To evaluate if other formins are involved in macrophage migration, we utilized the
pan formin inhibitor SMIFH2 as previously described [47]. WT, fFMNL1(+/-) /
LysMcre(+/-), fFMNL1(+/+) / LysMcre(+/-), and KO BMDMs were treated with 30 µM
SMIFH2 and subjected to macrophage migration assays. Interestingly, all genotypes
showed a significant reduction in migration between vehicle (DMSO) and SMIFH2
treated macrophages (Figure 7). However, WT, fFMNL1(+/-) / LysMcre(+/-), and
fFMNL1(+/+) / LysMcre(+/-) macrophages displayed an average of 52.2% reduction in
migration, as opposed to a 14.7% reduction in migration between DMSO and SMIFH2
treated KO macrophages (Figure 7). These data suggest that while other formins may
contribute to macrophage migration, FMNL1 is likely the most important formin in this
process.
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While various approaches have been designed to test macrophage migration in
vitro, these assays can not recapitulate the microenvironment and breadth of signaling
cues that are encompassed in vivo. Thus, by genetically targeting and depleting FMNL1
specifically within myeloid cells, we have generated a novel model system allowing us to
evaluate the importance of FMNL1 in macrophage migration in the most physiological
environment possible. We utilized a standard murine inflammation model, whereby we
induced peritonitis, stimulating a macrophage-mediated inflammation response in the
peritoneal cavity [48]. Macrophages that migrated into the peritoneal cavity were
quantified, and we observed a 20.0% reduction of peritoneal macrophages from FMNL1
KO mice compared to WT mice (Figure 8). This demonstrates that FMNL1 is important
to a properly functioning macrophage inflammatory response, and strongly correlates
with our previous in vitro studies.
To further characterize the extent to which FMNL1 is involved in macrophage
locomotion, we evaluated WT and KO macrophage random motility in a 2 dimensional
(2D) environment. For this, we recorded videos of WT and KO macrophages plated on
glass-bottom dishes for 6 hrs. We observed no significant differences in macrophage
velocity or distance traveled (Figure 9), suggesting that FMNL1 is important for
directional movement such as chemotaxis, but not necessary for random motility.

FMNL1 is not required for macrophage phagocytosis.
FMNL1 has been suggested to play a prominent role in macrophage
phagocytosis [53, 54]. Having generated the first genetically targeted depletion of
FMNL1 specifically within macrophages, we tested whether macrophage phagocytosis is
altered in the absence of FMNL1. Macrophages phagocytose trypan blue particles
injected into animals as a colloidal solution [55]. Thus, we utilized this reagent to assess
if FMNL1 affects non-specific phagocytosis in vitro. We did not observe any differences
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in non-specific phagocytosis between WT and KO macrophages (Figure 10).
Macrophages can additionally perform receptor-specific phagocytosis, including C3 and
Fcγ receptor-mediated phagocytosis. We tested both C3 and Fcγ receptor-mediated
macrophage phagocytosis using fluorescently labeled opsonized E. coli bioparticles and
IgG- coated beads, respectively. Internalized particles/beads were distinguished from
external beads by quenching the fluorescence of external particles/beads. We did not
observe any differences in C3 and Fcγ receptor-mediated phagocytosis between WT
and KO macrophages (Figures 11, 12), suggesting that FMNL1 is not required for
macrophage phagocytosis.

FMNL1 is required for normal podosome formation, surface area, and GTPase
activity.
We have previously demonstrated that inhibition of formins cause significant loss
of macrophage podosomes [47]. We have also shown that siRNA-mediated silencing of
FMNL1 significantly reduces the number of podosomes formed in macrophages [26].
Therefore, we evaluated whether genetic depletion of FMNL1 impacts macrophage
podosome formation. WT and KO macrophages were fixed, permeabilized, and stained
as previously described [Chapter 3]. Macrophages forming podosomes were quantified
as previously described [26, 47]. Genetic depletion of FMNL1 resulted in a 47.8%
decrease in the number of macrophages forming podosomes in comparison to WT
(Figure 13). These data correlate well with previous studies in our lab using siRNAmediated silencing and SMIFH2. Interestingly, we found no differences in height or
width of the dense actin core of podosomes observed between WT or KO macrophages
(Figure 14), suggesting that there may be other proteins compensating for the absence
of FMNL1, some FMNL1 expression is in the few KO macrophages that form
podosomes, or FMNL1 does not contribute to the podosome core height or width.
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Previous studies reported that siRNA-mediated silencing of FMNL1 in prostate
cancer cells (PC3) resulted in increased in cell spreading [56]. We quantified cell
surface area between WT and FMNL1 KO macrophages using a membrane-permeable
live-cell dye, accompanied with live cell microscopy to capture images. Macrophages
lacking FMNL1 showed a 12.6% increase in cell surface area in comparison to WT
(Figure 15), verifying observations from Vega FM et al. 2011, and suggesting the loss of
FMNL1 causes aberrant effects to the actin cytoskeleton [56].
DRFs are regulated by activated (GTP-bound) GTPases and it has been
suggested that FMNL1 is regulated specifically by the Rho GTPases Rac1, Cdc42, and
RhoA [34, 53, 57]. Thus, to determine if these GTPases regulate FMNL1, activated
levels of Rac1, Cdc42, and RhoA were assessed in FMNL1 KO and WT macrophages
by comparing GST-RBD/PBD pull-downs with total GTPase expression determined by
Western blot analysis. Interestingly, increases of 34.5%, 42.0%, and 59.4% of activated
Rac1, Cdc42, and RhoA, respectively, were observed in FMNL1 KO macrophages
(Figure 16). These data suggest that FMNL1 is indeed a target for these activated
GTPases, as activity levels of these small effector proteins increased in the absence of
FMNL1. Furthermore, these data may offer possible insight into the increased cell
spreading observed, as these particular GTPases are involved in multiple mechanisms
which alter dynamics of the actin cytoskeleton.
To gain insight into possible signaling pathways that FMNL1 may be involved in,
we additionally analyzed if loss of FMNL1 causes changes in phosphorylation signaling.
We tested this utilizing sodium vanadate treatment during lysis of macrophages.
Lysates of WT and KO macrophages were evaluated via Western blot analysis and
probed for total phosphotyrosine. Remarkably, there were no differences in
phosphotyrosine levels observed (data not shown), indicating that FMNL1 is not involved
in phosphorylation signaling pathways in macrophages.
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Reconstitution of FMNL1 rescues macrophage migration.
To confirm that targeted depletion of FMNL1 disrupts macrophage migration,
FMNL1 KO macrophages were reconstituted with GFP or GFP-tagged FMNL1 as
previously described [Chapter 3]. FMNL1 has three isoforms: FMNL1α, FMNL1β, and
FMNL1γ, with varying suggested localizations and functions [34, 35]. We constructed
lentivirus with GFP-tagged FMNL1β or FMNL1γ isoforms for reconstitution using cDNA
from primary human macrophages (Figure 17). Expression of tagged full-length FMNL1
isoforms was verified via Western blot analysis of transduced FMNL1 KO macrophages
[Chapter 3]. Transduced macrophages, along with WT and untreated FMNL1 KO
macrophages, were subjected to migration assays as previously described.
Interestingly, macrophage migration was rescued specifically with GFP- FMNL1γ in
comparison to WT macrophages (Figure 18). Macrophages expressing GFP or GFPFMNL1β showed a significant decrease in migration compared to WT, consistent with
untreated FMNL1 KO macrophages. These data demonstrate that not only is proper
macrophage migration dependent on the formin FMNL1, but it is also isoform-specific.
We have previously shown that FMNL1 localizes to macrophage podosomes
[26]. Therefore, we analyzed macrophages transduced with GFP or GFP-FMNL1
isoforms to determine if podosome localization is isoform-specific. Macrophages were
fixed, permeabilized and stained with rhodamine phalloidin for actin visualization as
previously described. Using fluorescence confocal microscopy, we observed that only
the FMNL1γ isoform localized to macrophage podosomes, while the FMNL1β isoform
was diffuse throughout the cytoplasm similar to GFP alone (Figure 19). We also
observed that FMNL1γ transduction yielded an increased number of podosome-forming
cells, compared to GFP (Figure 20). These findings suggest that FMNL1γ localizes to
podosomes and is necessary for their formation.
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F-actin barbed-end binding of the FMNL1γ FH2 domain is not required for
macrophage migration.
After determining which isoform of FMNL1 localized to podosomes and is
required for normal macrophage migration, we wanted to gain insight into the
mechanism of FMNL1 at macrophage podosomes. We mutated two residues within the
FH2 domain of FMNL1γ, Ile 720 and Lys 871, that have been suggested to be critical for
proper actin binding at F-actin barbed-ends [32]. We inserted the FMNL1γ ABM into the
lentiviral vector to produce GFP-tagged FMNL1γ ABM. FMNL1 KO macrophages were
reconstituted with GFP, GFP-FMNL1γ, or GFP-FMNL1γ ABM as previously described
[Chapter 3]. Transduced macrophages, along with WT and untreated FMNL1 KO
macrophages, were subjected to migration assays as previously described.
Remarkably, macrophage migration was rescued with the GFP-FMNL1γ ABM in
comparison to WT macrophages, similar to GFP-FMNL1γ (Figure 21). These
observations indicate that barbed-end binding of the FH2 domain of FMNL1 is not
necessary for proper macrophage migration.
We also analyzed macrophages transduced with GFP-FMNL1γ ABM using
fluorescent confocal microscopy as described above. We observed that GFP-FMNL1γ
ABM localized to macrophage podosomes similarly to GFP-FMNL1γ (Figure 22). This
data demonstrates that the F-actin barbed-end binding capacity of the FH2 domain of
FMNL1 is not necessary for localization to macrophage podosomes.
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Discussion
Using a novel murine model for the genetic targeting and deletion of FMNL1, we
demonstrate that FMNL1 serves a critical role in embryonic development and moreover,
is essential to macrophage podosome formation, adhesion, and migration in vitro and in
vivo. Prior to this study, it was unclear whether FMNL1 was necessary for embryonic
development and survival. Here, we crossed FMNL1-floxed mice with EIIa Cre mice to
generate mice with global depletion of FMNL1. Our data demonstrated that global
depletion of FMNL1 is lethal, determined by the absence of animals with genotypes of
fFMNL1(+/+) / Ella Cre (+/+) produced from heterozygous crosses. After generating
over 28 progeny without any homozygotes, widespread FMNL1 gene deletion is
considered to be embryonic lethal with 95% confidence [52]. Although it has been
suggested that FMNL1 is not expressed during murine embryo development until after
day 15 (E15.0), there are still critical late-gestational changes that occur to the heart and
liver after E15.0 [34, 58, 59]. Coincidentally, recent studies have implicated FMNL1 as
indispensible in myofibril maintenance, which is vital to a developing heart [60].
Together, these findings indicate that FMNL1 maybe a necessary formin for embryonic
heart development to generate viable progeny. Alternatively, FMNL1 may also be
involved in actin modulation required during development in other organs, yet this
remains to be resolved. A more in-depth analysis of litters in utero would offer greater
insight as to what may be occurring during embryonic development when FMNL1 is
globally depleted. However, this was beyond the breadth of this study.
In comparison to widespread expression of Cre recombinase, using mice
expressing cell-specific Cre recombinase, we were able to generate viable mice with a
genotype of fFMNL1(+/+) / LysMcre (+/+) to study FMNL1 depletion in macrophages.
Importantly, this is the first murine conditional knockout model of a formin. Mice lacking
FMNL1 expression in myeloid lineage cells do not display any observable differences in
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anatomical features, weight, sex distribution, ageing, or tissue morphology, as compared
to WT littermates. Complete blood counts were also normal, indicating that FMNL1 does
not serve a role in hematopoiesis, correlating well with our previous works detecting
minimal expression of FMNL1 within circulating monocytes in comparison to fully
differentiated macrophages [26]. This also suggests that FMNL1 is not responsible for
cellular changes during macrophage differentiation, as this occurred normally in KO
macrophages. In addition to FMNL1, we have previously reported that other formins,
such as Dia1 and FHOD1, are expressed in macrophages, yet we did not observe any
expression changes of other formins when FMNL1 was depleted from macrophages
[61].
Almost every mammalian tissue contains a residential macrophage population.
Strikingly, tissue distribution of residential macrophages from mice lacking myeloidspecific FMNL1 expression was significantly reduced in the liver compared to WT.
Macrophages in the liver are termed “Kupffer cells” and are suggested to comprise up to
90% of the residential macrophages in the body, residing in the sinusoidal cavities of the
liver and adhering to the lumen [62]. Since we have previously demonstrated FMNL1 to
be important for macrophage adhesion and migration in vitro using siRNA-mediated
silencing of FMNL1, these results may suggest that loss of FMNL1 in macrophages may
reduce their ability to maintain strong adhesions with the sinusoidal lumen, as these cells
are under constant mechanical stress from persistent fluid flow through the sinusoids
[26, 47]. Interestingly, the diminished population of Kupffer cells did not appear to have
a detrimental impact to the animal, indicating that normal population density may not be
essential for survival under naïve conditions. However, all animals were raised under
barrier facilities to provide clean environments with limited pathological stresses. It
would be of interest to challenge these KO animals with infection or normally sub-lethal
amounts of toxins, as Kupffer cells are intimately involved in how the liver responds to
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such stresses [62]. These studies would provide further insight into the importance of
FMNL1 expression within macrophages during the context of infection or stress to the
host.
Prior to the development of our conditional FMNL1 knockout model in mice,
recent work by our lab indicated that FMNL1 is important for macrophage migration in
vitro, utilizing siRNA-mediated silencing of FMNL1 expression [47]. In the present study,
we demonstrate that genetically targeted depletion of FMNL1 significantly decreases
macrophage migration across a porous barrier, correlating well with our previous siRNA
knockdown studies. Additionally, double heterozygous macrophages were assed for
their migratory capacity, showing no deviation in migration as compared to WT
macrophages. This observation suggests that haploinsufficiency does not occur with the
loss of one functional FMNL1 allele, and that low levels of FMNL1 are sufficient to
perform the necessary actin-regulating events in macrophages. Interestingly, similar
results were observed in T-cells from Dia1 knockout mice, where heterozygous mice
displayed normal F-actin dynamics, opposed to significantly impaired F-actin assembly
observed in homozygous Dia1 knockout mice [39]. Notably, a similar study utilizing
short hairpin RNA to knock down Dia1 protein levels indicated no changes in T-cell Factin assembly [63]. These conflicting results strongly suggest minimal protein levels of
formins are sufficient for performing their cellular tasks, and thus incomplete silencing of
protein expression using siRNA or short hairpin RNA may not be ideal to study formin
function and necessity for cellular processes. Additionally, our macrophage-specific
FMNL1 depletion model provides a unique opportunity for pharmacological inhibitor
treatment without compounding toxicity from siRNA transduction reagents. Hence, we
utilized the pan formin inhibitor SMIFH2 at 30µM on KO and control macrophages and
analyzed macrophage migration. Global inhibition of formins significantly reduced
macrophage migration in all genotypes, yet to a much lesser extent in KO macrophages.
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This result indicates that additional formins are likely involved in mediating macrophage
migration, yet little is known regarding the functions of other formins in macrophages.
Since actin is regulated in many other cellular locations besides podosomes during
migration, it would be safe to assume that other formins indeed aid in macrophage
migration, but FMNL1 is a substantial contributor.
Macrophages migrate towards sites of inflammation. Thus, we were able to
assess the effect of FMNL1 loss on macrophage migration in vivo utilizing a standard
inflammation model. We demonstrated that depletion of FMNL1 from murine
macrophages results in a significant reduction in macrophage migration in vivo.
Although it can be challenging to interpret results of experiments performed under subphysiological conditions, these results are consistent with all of our previous results
indicating that FMNL1 is critical for proper macrophage migration. Furthermore, these
results suggest that targeting FMNL1 in vivo could substantially reduce unwarranted
macrophage infiltration in diseases mediated by macrophages. As such, it would be of
further interest to cross these tissue specific FMNL1 KO mice with available genetically
manipulated murine models of macrophage-mediated diseases, including
atherosclerosis and rheumatoid arthritis, to evaluate how loss of FMNL1 within
macrophages impacts disease progression long-term [ 64, 65].
Directed macrophage migration is facilitated by the presence of signaling and
environmental cues, sometimes presented in a gradient, including soluble
chemoattractant (chemotaxis), solidified chemoattractant (haptotaxis), or substrate
rigidity (durotaxis) in 2D or 3D environments, requiring stable and strong adhesions [66,
67]. In the absence of chemoattractant gradients, macrophages exhibit random motility,
which does not rely on strong, stable adhesions that occur within podosomes, as was
demonstrated in WASp (-/-) macrophages that are incapable of forming podosomes [66].
Rather, actin is regulated at cellular locations during random motility including the
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lamellipodium, lamellum, stress fibers, and filopodia, all of which have been shown to
have associated formins in cell types other than macrophages [68, 69, 70]. To address
if FMNL1 is involved in non-directional movement, we compared random motility of KO
and WT macrophages in a 2D environment and did not observe any significant
differences within both distance traveled and velocity. In conjunction with our directed
migration assays, these data suggest that FMNL1 is specifically important for modulating
actin at strong adhesion sites in macrophages (podosomes), yet is not necessary for
regulating actin at other sites during random motility.
A prominent function of macrophages is phagocytosis, and as such these cells
are commonly referred to as “phagocytes”. Interestingly, two independent studies
suggested that FMNL1 is required for different types of macrophage phagocytosis [53,
54]. In these studies, FMNL1 was reported to be stimulatory for FcγR-mediated
phagocytosis and coiling phagocytosis of Borrelia spirochetes, localizing to the
phagocytic cup and localizing to the phagocytic pseudopodia, respectively [53, 54]. Both
studies utilized siRNA-mediated silencing of FMNL1, which likely resulted in incomplete
depletion of FMNL1 protein levels. Conversely, these studies conflict with our own
results, as we demonstrate that FMNL1 KO macrophages did not differ in their abilities
to perform non-specific, CR3-mediated, or FcγR-mediated phagocytosis, in comparison
to WT. Our observations strongly support that FMNL1 is important for actin-modulating
events in macrophages other than phagocytosis, including adhesion and migration.
However, coiling phagocytosis may use different mechanisms that include FMNL1 which
our studies may not have exploited.
In this report, our studies involving the first use of a novel murine tissue specific
conditional knockout model of FMNL1 demonstrate that FMNL1 is indeed a pivotal
protein in mediating macrophage migration in vitro and in vivo. In addition, our results
may provide further insight as to how FMNL1 promotes migration, and how this protein is
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regulated and functions within macrophages. The number of podosome-forming
macrophages is significantly reduced among KO macrophages in comparison to WT.
This observation is in agreement with previous studies in our lab knocking down FMNL1
in macrophages via siRNA, where loss of podosomes was observed [Miller MR 2015].
These data suggest that FMNL1 is required for both normal actin dynamics within
podosomes, and proper podosome formation. Furthermore, loss of podosomes was
observed in macrophages isolated from Wiskott-Aldrich syndrome patients, which are
deficient in WASp protein expression, and lack the ability for directed migration [66].
Although we did not observe complete podosome loss in all KO macrophages, this may
be in part due to utilizing an enzyme based (Cre recombinase) model for targeting and
disrupting FMNL1 expression. While Cre-based conditional targeting is our best
available approach to genetically deplete FMNL1 since widespread deletion was lethal,
these systems sometimes lack 100% targeting efficiency. It is also possible that
additional actin-associated proteins compensated for the loss of FMNL1 in some of the
macrophages. It has been demonstrated that Arp2/3 localizes to macrophage
podosomes, and more recently, Arp2/3 has been suggested to have the ability to
generate unbranched actin filaments through interacting with proteins of the
WISH/DIP/SPIN90 family of actin regulators [71, 72]. This could compensate for loss of
FMNL1 if the primary function of FMNL1 in podosomes is F-actin polymerization.
Alternatively, if the primary function of FMNL1 is bundling actin filaments, a number of
podosome-associated actin filament bundling proteins could be upregulated to
compensate for depletion of FMNL1. Therefore, future studies could provide insight into
potential compensatory effects of additional actin-associated proteins.
Small Rho GTPases have gained attention in relation to formin research. DRFs
are regulated through interactions of their GTPase binding domain with active GTPases
[38]. The spatial and temporal regulation, in addition to localization influences that
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GTPases exert on formins, is extremely important in understanding how formins regulate
the actin cytoskeleton. In this study, we demonstrate that FMNL1 KO macrophages
have increased activation of RhoA, Rac1, and Cdc42, compared to WT. These
observations support previous studies, indicating that FMNL1 is fairly promiscuous with
which GTPases it may interact with [34, 53, 57, 63]. However, these observations make
it increasingly difficult to determine which guanine nucleotide exchange factors (GEFs)
and GTPase activating proteins (GAPs) are important for FMNL1 function. With these
factors in mind, determining how FMNL1 localizes to macrophage podosomes and its
function within podosomes remains a challenging area of research with room for
exploration. Coincidentally, we also observed an increase in surface area in
macrophages lacking FMNL1 expression in comparison to control. This has also been
demonstrated in previous studies of PC3 cells following siRNA-mediated silencing of
FMNL1, further validating our observations [56]. Together with our GTPase
observations, it is likely that KO macrophages are attempting to compensate the loss of
actin cytoskeleton regulation by increasing active GTPases associated with activating
FMNL1. One possible outcome to these elevations in active GTPases would include
increased actin dynamic at the lamellipodia, as Rac1 is associated with this structure
and function [73, 74]. Therefore, increases in Rac1 activity in the absence of FMNL1
may have a direct impact on increasing macrophage surface area as a result of
enhanced remodeling of the actin cytoskeleton at the lamellipodia. However, the other
activated GTPases may as well have an impact on the increase of macrophage surface
area.
Formins have been demonstrated to be involved in signaling pathways such as
Src and the serum response factor (SRF) [30, 75]. Phosphorylation plays a pivotal role
in signal transduction, therefore proteins upstream or downstream of possible FMNL1
signaling pathways have potential for changes in phosphorylation. Additionally, loss of
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podosomes, which contain many phosphorylated proteins, may impact the
phosphorylated states of such proteins. Furthermore, studies have suggested that
FMNL1 can interact with multiple proteins involved in varying signaling pathways and
cellular processes, including Akt, srGAP2, and AHNAK1 [76, 77, 78]. Nonetheless, we
did not observe any changes in protein tyrosine phosphorylation in FMNL1 KO
macrophages compared to WT. This data suggests FMNL1 is not important in signaling
involving tyrosine phosphorylation. However, additional studies will be required to
investigate if FMNL1 is involved in signaling events mediated by serine or threonine
phosphorylation.
In order to definitively identify cellular functions of proteins following analysis of
phenotypes resulting from loss of protein expression, an unparalleled approach is to
reconstitute the lost protein expression. Our targeted depletion model of FMNL1 from
macrophages permitted us the unique opportunity to perform FMNL1 reconstitution while
avoiding the negative impacts that result from targeting protein knockdown by
introducing siRNA with transduction reagents. This is of great value, as attempting
multiple treatments on primary macrophages can be detrimental to cell viability and
cellular processes, since primary cells can be sensitive to such treatments. We have
additionally optimized a lentiviral system that permits high enough expression efficiency
in primary murine bone marrow-derived macrophages to perform functional assays
requiring large numbers of cells, such as our previously described migration assay [47].
We demonstrate that reconstitution of KO macrophages with the FMNL1γ isoform
rescues macrophage migration across a porous barrier compared to WT, while the
FMNL1β isoform does not. Additionally, we observed that the FMNL1γ isoform localizes
to macrophage podosomes and rescues podosome formation, while the FMNL1β
isoform does not. These observations strongly suggest that macrophage migration and
actin dynamics at podosomes are regulated specifically by the FMNL1γ isoform, and
153

Chapter 4
furthermore, that localization to podosomes is likely due to the tail-end splice variation of
this isoform.
As a final point, we wanted to determine how FMNL1γ modulates the actin
cytoskeleton in macrophage podosomes. Crystal structure analysis and functional
studies of the yeast formin Bni1p have identified two residues in the FH2 domain that are
necessary for proper actin filament barbed-end association: Ile 1431 and Lys 1601 [79].
Fortunately, the approximately 400 residue FH2 domain is highly conserved between
yeast and mammalian formins [30, 80]. This has permitted sequence alignment analysis
to determine identical residues in the FH2 domain of FMNL1 that likely share the same
importance in actin binding as in Bni1p that were identified to be Ile 720 and Lys 871 in
FMNL1, which we also verified through sequence alignment [81]. Identification of these
actin binding residues within the FMNL1 FH2 domain thus allowed us to determine
whether barbed end binding by the FH2 domain of FMNL1γ is important for actin
modulation at macrophage podosomes, or if FMNL1 regulates actin through its WH2-like
motif C-terminal region.
Our studies have demonstrated that F-actin barbed end binding by the FH2
domain of FMNL1γ may not be necessary for its function and localization in
macrophages. Interestingly, a previous study mutated the Ile residue in the FH2 domain
of FMNL1, which reduced barbed end binding, but did not affect elongation or bundling
of actin filaments by FMNL1 in vitro [32]. However, this FMNL1 mutant displayed
significantly less affinity for the barbed end, rapidly dissociating in opposition to WT
FMNL1 [32]. Furthermore, FMNL1 has been suggested to bind F-actin sides for
bundling via electrostatic interactions on the outside of the FH2 domain, as opposed to
the Ile 720 and Lys 871 residues that are necessary for barbed-end binding, which are
thought to face the inside of the FH2 dimer [32].
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Another previous study has reported that FMNL1γ localizes to and maintains the
structural integrity of the Golgi complex in HeLa cells [81]. In this study, Ile 720 and Lys
871 were individually mutated in FMNL1γ and separately re-expressed after targeted
knockdown of FMNL1 [81]. Although these FMNL1γ mutants were found to localize to
the Golgi complex, they were unable to maintain structural integrity of the Golgi complex,
suggesting that barbed-end association of FMNL1 through the FH2 domain is crucial for
Golgi maintenance, but not for localization [81]. These findings correlate well with our
own studies suggesting that the unique tail end of FMNL1γ is utilized for localization, yet
the reported function of this FMNL1 domain conflicts with our work. However, these
differences may result from analyzing functions of FMNL1 in different cell types, and to a
greater extent, in entirely different structures.
Our data in addition to previous reports suggest three possibilities for FMNL1γ
modulation of the actin cytoskeleton at macrophage podosomes: 1) WH2-like motifs of
FMNL1γ are necessary, 2) electrostatic interactions of the outside of the FH2 domain in
FMNL1γ are required, or 3) both of these interactions are working in tandem. Studies on
the similar WH2-like motifs in FMNL3 have reported that these regions have the capacity
to bind barbed ends of actin filaments and slow the barbed end elongation in monomeric
and dimeric form, even when FH2 actin binding is abolished [82]. Thus, FMNL1γ may
be important for F-actin barbed end association at macrophage podosomes via its WH2like motifs to regulate barbed end elongation. Moreover, proteins with two WH2 motifs,
such as the junction-mediating and regulatory protein (JMY), have been observed to
nucleate actin filaments, suggesting that FMNL1γ may function as a nucleator at
podosomes [83]. However, this seems unlikely as FMNL1 has been demonstrated to be
a poor actin filament nucleator [32].
In vitro biochemical studies of FMNL1 have proposed a novel mechanism of Factin interaction utilized for bundling filaments, that is not disrupted when conserved
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essential barbed end associating residues of the FH2 domain are mutated [32].
Therefore, FMNL1γ could be required for bundling actin filaments at the macrophage
podosome. This seems feasible, since FMNL1 is located to the dense actin core where
bundling must occur, and furthermore, we have demonstrated that reduction of FMNL1
causes any remaining podosomes to become wider in diameter, suggesting this loss of
FMNL1 bundling causes the tightly bundled core filaments to disperse [26].
WH2-like motifs are reported to be important for actin filament severing, including
WH2-like motifs in FMNL3, which are similar to those found in FMNL1 [36, 37, 82].
However, this efficient severing capability relies on the FH1 and FH2 domains to be in
cis with the WH2-like motifs, indicating some sort of cooperativity between the different
domains [82]. Furthermore, mutations of the FH2 domain residue associated with
barbed end binding was not reported to significantly impact severing capacity, yet
mutations of the WH2-like motif strongly reduced severing [82]. Thus, actin filament
severing is the most likely function of FMNL1γ at macrophage podosomes since FMNL1
has been reported to function primarily as a severing protein [31]. Therefore, we
hypothesize that FMNL1γ associates with the sides of actin filaments via electrostatic
bonds with residues located on the “outside” of the FH2 domain, and utilizes its WH2-like
motifs to sever actin filaments.
Here, we present a comprehensive study investigating the effects of genetically
targeting FMNL1 for depletion in a murine model. We demonstrate that FMNL1 is critical
for macrophage migration both in vitro and in vivo utilizing this novel animal model.
Thus, FMNL1 serves as an attractive target for pharmaceutical intervention for
alleviating macrophage-mediated diseases. Furthermore, we have identified a potential
mechanism regarding how FMNL1 modulates the actin cytoskeleton at macrophage
podosomes, in addition to identifying the necessity of splice variation for localization.
Importantly, this is also the first demonstration of a cellular formin function that can be
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rescued by an FH2 domain actin binding mutant. This study also reaffirms that the
unique actin filament side binding capability reported for FMNL1 in vitro, which is poorly
understood, likely occurs in vivo. Our findings further demonstrate how complex
formins are, and how they can function diversely in different cell types and structures.
Future biochemical analysis and cellular studies of FMNL1γ would serve to definitively
determine if severing is indeed the actin regulating mechanism occurring at macrophage
podosomes.
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Figures

Figure 1

Figure 1. Generation of a conditional knockout model for FMNL1 deletion in
murine macrophages. A. An FMNL1 targeting vector was inserted into the FMNL1
allele through homologous recombination. B. Beta-galactosidase and neomycin
cassettes were removed from the targeting vector using flippase-mediated
recombination to generate a conditional knockout. FMNL1 floxed mice bred with
LysMcre mice to delete FMNL1 expression by Cre-mediated recombination under the
lysozyme 2 promoter. C. Agarose gel depicts the PCR reaction products used to
determine the genotypes of progeny yielded from crossing fFMNL1(+/-) / LysMcre (+/-)
mice.
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Figure 2

Figure 2. Targeted depletion of FMNL1 does not impact expression levels of other
macrophage formins. Lysates of purified macrophages from mice were loaded equally
and separated using SDS-PAGE. Protein levels of FMNL1, Dia1, Dia2, FHOD1, and
FHOD3 were evaluated via Western blot analysis using transaldolase as a loading
control. Western blots are representative of 3 experiments with equivalent outcomes.
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Figure 3

Figure 3. Depletion of FMNL1 in myeloid lineage cells does not affect complete
blood count. Peripheral blood from mice was subjected to Hemavet analysis.
Components of leukocytes, erythrocytes, and thrombocytes were evaluated. Shown are
averages (+/-) standard deviation of the mean, n-values are indicated above each
genotype.
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Figure 4

Figure 4. Tissue morphology is normal in mice lacking FMNL1 expression in
macrophages. Tissues from mice were stained with hemotoxylin and eosin. Tissue
morphology was analyzed using light microscopy with 10X and 40X magnification. No
differences were observed between samples. Representative images of tissue samples
shown are liver (top) and lung (bottom).
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Figure 5

Figure 5. FMNL1 depletion in macrophages alters tissue distribution of residential
macrophage. A. Frozen liver sections from WT and FMNL1 KO mice were probed for
F4/80 and quantified. Shown are averages (+/-) standard deviation of the means of 5
experiments from 4 separate paired sets of mice with at least 6 images per sample
analyzed at 20X magnification. Asterisk indicates p<0.05. B. Representative images of
liver sections stained for F4/80 for macrophage identification from fFMNL1(-/-) /
LysMcre(-/-) and fFMNL1(+/+) / LysMcre(+/+) mice. Scale bar is 100µm.
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Figure 6

Figure 6. Genetically targeted depletion of FMNL1 in macrophages significantly
reduces macrophage migration in vitro. Migration assays were performed and the
percent of macrophages that migrated through the barrier were quantified using light
microscopy after differential staining. Shown are averages (+/-) standard deviation of
the mean of 4 independent experiments performed on macrophages harvested from 4
separate sets of mice, performed in duplicate, with 5 cell counts per sample. Asterisks
between groups indicate p<0.05.
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Figure 7

Figure 7. Macrophage migration is not reduced as drastically during pan formin
inhibition in addition to FMNL1 depletion. Migration assays were performed and
macrophages that migrated through the barrier were quantified using light microscopy
after performing differential staining. Shown are averages (+/-) standard deviation of the
mean of 3 individual experiments performed on macrophages harvested from 3 separate
sets of mice, performed in duplicate with 5 cell counts per sample. Asterisks between
groups indicate p<0.05.
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Figure 8

Figure 8. Genetically targeted depletion of FMNL1 in macrophages significantly
reduces macrophage migration in vivo. A. Macrophages that migrated into the
peritoneal cavity after inducing inflammation were harvested, probed for F4/80, and
quantified. Shown are averages (+/-) standard deviation of the mean of 4 individual
experiments performed on macrophages harvested from 4 separate sets of mice,
performed in quadruplicate with 500 cells analyzed per sample. Asterisks between
groups indicate p<0.05. B. Representative images of peritoneal macrophages stained
for F4/80 for macrophage identification from fFMNL1(-/-) / LysMcre(-/-) and fFMNL1(+/+)
/ LysMcre(+/+) mice. Scale bar is 20µm.
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Figure 9

Figure 9. Random motility is not altered in macrophages lacking FMNL1. A. The
average distance traveled during random motility by macrophages was imaged using
live cell microscopy for 6 hrs, followed by ImageJ analysis. Shown are averages (+/-)
standard deviation of the mean of 3 individual experiments performed on macrophages
harvested from 3 separate paired sets of mice, where at least 10 macrophages were
evaluated per experiment. B. The average velocity during random motility by
macrophages was performed and analyzed as described above. Shown are averages
(+/-) standard deviation of the mean of 3 individual experiments performed on
macrophages harvested from 3 separate paired sets of mice, where at least 10
macrophages were evaluated per experiment.
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Figure 10

Figure 10. Depletion of FMNL1 in macrophages does not affect non-specific
phagocytosis. A. Macrophages were treated with trypan blue and phagocytosed
granules were quantified. Shown are averages with standard deviation of the mean of 3
individual experiments performed on macrophages harvested from 3 separate paired
sets of mice, performed in duplicate with 100 macrophages analyzed per sample. B.
Two representative images of macrophages displaying phagocytized trypan blue
granules from fFMNL1(-/-) / LysMcre(-/-) and fFMNL1(+/+) / LysMcre(+/+) mice. Scale
bar is 10µm.
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Figure 11

Figure 11. Depletion of FMNL1 in macrophages does not affect C3R-mediated
phagocytosis. A. Macrophages were treated with opsonized E. coli bioparticles and
the number of phagocytosed bioparticles were quantified. Shown are averages (+/-)
standard deviation of the mean of 3 individual experiments performed on macrophages
harvested from 3 separate paired sets of mice, performed in duplicate with 25
macrophages analyzed per sample. B. Representative images of macrophages with
phagocytized Alexa Fluor 488-conjugated bioparticles and stained with rhodamine
phalloidin for actin visualization from fFMNL1(-/-) / LysMcre(-/-) and fFMNL1(+/+) /
LysMcre(+/+) mice. Scale bar is 10µm.
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Figure 12

Figure 12. Depletion of FMNL1 in macrophages does not affect FcγR-mediated
phagocytosis. A. Macrophages were treated with beads coated with IgG and the
number of phagocytosed beads were quantified. Shown are averages (+/-) standard
deviation of the mean of 3 individual experiments performed on macrophages harvested
from 3 separate paired sets of mice, performed in duplicate with 25 macrophages
analyzed per sample. B. Representative images of macrophages with phagocytosed
FITC-conjugated beads and stained with rhodamine phalloidin for actin visualization
from fFMNL1(-/-) / LysMcre(-/-) and fFMNL1(+/+) / LysMcre(+/+) mice. Scale bar is
10µm.
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Figure 13

Figure 13. Depletion of FMNL1 results in fewer macrophages displaying
podosomes. A. The number of macrophages displaying podosomes were quantified.
Shown are averages (+/-) standard deviation of the mean of 3 experiments performed on
macrophages harvested from 3 separate paired sets of mice, performed in duplicate with
100 macrophages analyzed per experiment. Asterisk indicates p<0.05. B.
Representative images of macrophages stained with rhodamine phalloidin for actin
visualization. Images are representative of 6 experiments performed in duplicate with
100 cells analyzed per each sample. Scale bar is 10µm.
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Figure 14

Figure 14. Podosomes in macrophages lacking FMNL1 expression have no
difference in the dense actin podosome core height or width. A. Macrophage
podosome height was analyzed using z-stack analysis after staining with rhodamine
phalloidin for actin visualization. Shown are averages (+/-) standard deviation of the
mean of 3 individual experiments performed on macrophages harvested from 3 separate
paired sets of mice, where at least 4 macrophages were evaluated per experiment and
at least 4 podosomes per macrophage were analyzed. B. Macrophage podosome
width was analyzed after staining with rhodamine phalloidin for actin visualization.
Shown are averages (+/-) standard deviation of the mean of 3 individual experiments
performed on macrophages harvested from 3 separate paired sets of mice, where at
least 5 macrophages were evaluated per experiment and at least 10 podosomes per
macrophage were analyzed.
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Figure 15

Figure 15. Loss of FMNL1 in macrophages causes an increase in macrophage
surface area. A. Surface area of macrophages was analyzed after capturing live-cell
images utilizing membrane-permeable fluorescent live-cell labeling dye. Shown are
averages (+/-) standard deviation of the mean of 3 individual experiments performed on
macrophages harvested from 3 separate paired sets of mice, where at least 14
macrophages were evaluated per experiment. Asterisk indicates p<0.05. B.
Representative images of macrophages stained with calcein AM. Scale bar is 10µm.
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Figure 16

Figure 16. FMNL1 depletion causes increases in activated GTPases. A. GST Pulldowns were performed on purified macrophages lysates using GST-RBD for RhoA and
GST-PBD for Rac1/Cdc42. Whole cell lysates and GST pull-downs and were separated
using SDS-PAGE and probed for RhoA, Rac1, and Cdc42. Shown are representative
images of Western blot analysis performed to detect activated levels of GTPases in
comparison to total GTPase level. Western blots depicted are representative of 3
individual experiments with equivalent outcomes. B. Shown are averages (+/-)
standard deviation of the mean of 3 individual experiments performed on FMNL1 KO
macrophages in comparison to WT, harvested from 3 separate paired sets of mice.
Percent increase is in comparison to WT expression level.
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Figure 17

Figure 17. Generation of FMNL1 isoforms from macrophage cDNA. A. Agarose gel
depicting the different FMNL1 isoform C-terminal sequences produced via PCR. The
primers used were
P1 (5’-GCCAAGCTTTTGAGGCGTACGACCTGCAGG-3’),
P2 (5’-CGCAGATCGCGGCCGCTAGAGG- GGCATCTCTTCTCC-3’),
P3 (5’-GCACTGAAACCCAGCCAGATCACC-3’), and
P4 (5’-TTTTGCGG- CCGCTCAGCCTGTCCACGGCCCCACACC-3’).
P1 and P2 (middle lane) produce FMNL1γ (top band) and FMNL1α (bottom band). P3
and P4 (right lane) produce FMNL1β. B. FMNL1 isoforms share sequence homology
until residue 1069, and then vary in C-terminal tail sequences. The tail sequences in red
are the isoforms that were utilized for lentiviral reconstitution in FMNL1 KO
macrophages.
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Figure 18

Figure 18. Reconstitution of FMNL1γ rescues macrophage migration. FMNL1 KO
macrophages were infected with lentivirus coding for GFP, GFP-FMNL1β, or GFPFMNL1γ. Migration assays were performed and the number of macrophages migrating
through the barrier were quantified using light microscopy after performing differential
staining. Shown are averages (+/-) standard deviation of the mean of 3 individual
experiments performed on macrophages harvested from 3 separate paired sets of mice,
performed in duplicate with 5 cell counts per sample. Asterisks between groups indicate
p<0.05.
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Figure 19

Figure 19. The FMNL1γ isoform localizes to macrophage podosomes. FMNL1 KO
macrophages were infected with lentivirus coding for GFP, GFP-FMNL1β, or GFPFMNL1γ and were stained with rhodamine phalloidin for actin visualization. Shown are
representative images of macrophages from 3 separate experiments performed on
macrophages harvested from 3 paired sets of mice. The white box shows adhesion
complexes containing dense F-actin with localization of GFP-FMNL1γ. Scale bar is
20µm.
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Figure 20

Figure 20. FMNL1γ rescues macrophage podosome formation. FMNL1 KO
macrophages were differentiated with GM-CSF, infected with lentivirus coding for GFP,
GFP-FMNL1β, or GFP-FMNL1γ and were stained with rhodamine phalloidin for actin
visualization. Shown are the percentages of podosome forming macrophages in relation
to the percentage of macrophages expressing GFP, GFP-FMNL1β, or GFP-FMNL1γ.
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Figure 21

Figure 21. Reconstitution with FMNL1γ-ABM rescues macrophage migration.
FMNL1 KO macrophages were infected with lentivirus coding for GFP, GFP-FMNL1γ, or
GFP-FMNL1γ ABM. Migration assays were performed and the number of macrophages
migrating through the barrier were quantified using light microscopy after performing
differential staining. Shown are averages (+/-) standard deviation of the mean of 2
individual experiments performed on macrophages harvested from 2 separate paired
sets of mice, performed in triplicate with 5 cell counts per sample. Asterisks between
groups indicate p<0.05.
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Figure 22

Figure 22. The FMNL1γ-ABM isoform localizes to macrophage podosomes.
FMNL1 KO macrophages were infected with lentivirus coding for GFP-FMNL1γ ABM
and were stained with rhodamine phalloidin for actin visualization. Shown are 2
representative images of macrophages from 2 separate experiments performed on
macrophages harvested from 2 paired sets of mice. The white box shows adhesion
complexes containing dense F-actin with localization of GFP-FMNL1γ ABM. Scale bar
is 10µm.
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Macrophage migration is a pivotal cellular process for mediating appropriate
immune responses. However, this process is also a key component for disease
progression typically involving chronic inflammation. The overall goal of the work
presented in this dissertation was to determine if the formin FMNL1 is a necessary
component to macrophage migration, and to attempt to gain insight into its mechanism
at macrophage podosomes. These questions were approached utilizing two model
systems with different techniques, and importantly, were performed both within primary
human and murine macrophages, adding high fidelity to our findings in regard to clinical
relevance. This work has demonstrated that FMNL1 is essential for proper macrophage
migration both in vitro and in vivo, and is a viable target for inhibiting macrophage
migration that promotes or exacerbates diseases such as atherosclerosis and cancer.
Additionally, these approaches have provided a better understanding of FMNL1 at
podosomes, supporting a plausible mechanism for both podosomal localization and
modulation of the actin cytoskeleton. Furthermore, these studies have led to the
development of two innovations: a method for expressing exogenous DNA in primary
murine bone marrow-derived macrophages, and a murine conditional KO model for
FMNL1. These contributions are significant to both the macrophage and formin fields,
which will substantially aid future research. The work of this dissertation will be
discussed in the order that the project progressed, from in vitro primary human
macrophage to in vivo murine macrophage studies.

FMNL1 is the Prominent Formin Involved in Macrophage Migration In Vitro
Previous studies in our lab have demonstrated that FMNL1 is localized to
macrophage podosomes and is a key element to podosome stability and macrophage
adhesion [1]. Despite these interesting findings, it was still unclear whether FMNL1 had
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a significant contribution to macrophage migration. Furthermore, the increasing interest
in podosomes has led to reports that macrophage migration through dense extracellular
matrices is reliant on podosome formation [2]. Thus, we hypothesized that FMNL1 is
critical for macrophage migration.
Utilizing human peripheral blood monocyte-derived macrophages, we
demonstrated that FMNL1 is important to macrophage migration in vitro, via siRNAmediated knockdown of FMNL1. Additionally, we exploited a pan-formin inhibitor to
further characterize formin contributions to macrophage podosome stability, adhesion,
and migration. Remarkably, these studies demonstrated that reduction in macrophage
migration was not significantly different between targeted depletion of FMNL1 or total
formin inhibition, suggesting that FMNL1 is the largest formin contributor to macrophage
migration. This was the first report of a formin contributing to primary macrophage
migration, identifying a possible target for inhibiting this process. These observations
are further supported by reports that FMNL1 is involved in migration of leukemia cells in
vitro, however the mechanism of this was not determined [3].
Our novel findings support our hypothesis that FMNL1 is important for proper
macrophage migration. However, multiple questions remain, and new questions have
arisen from these results. From this point, it still remains unclear how FMNL1 is
translocated to macrophage podosomes. It is likely that post-translational modifications
promote translocation of FMNL1 to podosomes, since it was reported that N-terminal
myristoylation of FMNL1 was necessary for membrane localization in hematopoietic cells
[4]. It also remained unclear whether FMNL1 localization to macrophage podosomes is
isoform specific, as this protein displays three splice variants [4, 5]. Additionally, the
mechanism by which FMNL1 modulates the actin cytoskeleton remains to be defined, as
this protein has been reported to have the capacity to nucleate, polymerize, bundle, and
sever F-actin in vitro [6, 7, 8]. Interestingly, FMNL1 has also been described to be
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inefficient at both nucleation and polymerization [6, 7]. Lastly, to confirm that FMNL1 is
necessary for macrophage migration, rescue of migration by re-expression of FMNL1, as
well as recapitulation of these experiments in vivo, would dismiss any criticism that in
vitro experiments may incur.
To address these questions, a few different approaches could be taken. Using a
reductionist approach, expressing fluorescently tagged truncations of FMNL1 and
evaluating podosome association would identify the region necessary for localization.
This could also be utilized for the different tail ends of the splice variants of FMNL1.
From here, it could be determined if post-translational modifications of the region
associated with podosomes are necessary for localization via immunoprecipitation of the
expressed, localized protein followed by mass spectrometry. However, there is the
possibility that interactions between regions within FMNL1 must occur for localization,
thus this will have to be taken into consideration if truncated versions of FMNL1 do not
localize to macrophage podosomes.
The reconstitution of FMNL1 in FMNL1 depleted macrophages demonstrated the
importance of FMNL1 for macrophage migration in Chapter 4. Moreover, expressing an
FH2 domain actin-binding mutant of FMNL1 would serve in defining a mechanism of
FMNL1 at macrophage podosomes, as the FH2 domain is necessary for F-actin
elongation, and we performed this in murine macrophages in Chapter 4. Furthermore,
increasing reports have demonstrated that WH2-like motifs, which are found in FMNL1,
are associated with F-actin barbed ends and filament severing, indicating another region
of FMNL1 that may be necessary for proper function at macrophage podosomes [9, 10,
11]. Unfortunately, these experiments would be extremely difficult to perform in this
system, as primary macrophages are extremely difficult to work with and have a limited
lifespan. Additionally, multiple treatments with siRNA transduction reagents and
transfection reagents would have detrimental consequences to macrophage viability.
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Therefore, we developed a reliable lentiviral system for expression of endogenous
proteins in primary macrophages as well as a murine KO model for FMNL1 in order to
aid in the success of these experiments.

Exogenous Protein Expression in Murine Bone Marrow-derived Macrophages
Both human and murine primary macrophages, as well as macrophage cell lines,
have been generally described to be very difficult in expressing exogenous proteins. In
our hands, chemical, lipofection, and electroporation techniques all fell short in
successful expression of exogenous proteins in primary macrophages even after
numerous optimization attempts. In order to fully characterize the function of FMNL1 in
macrophages we aimed to generate a murine FMNL1 KO model system, which
combined with the ability to reconstitute FMNL1 in KO macrophages, would provide
unparalleled information. Thus, reliable expression of large, fluorescently tagged
proteins in murine bone-marrow derived macrophages would be essential for in depth
analysis and characterization of FMNL1 in macrophages.
Recent reports have described lentiviral transduction as a means of expressing
exogenous proteins in primary macrophages [12, 13]. However, these studies did not
provide detailed descriptions regarding the production or usage of lentivirus, resulting in
approaches that would be difficult to replicate [12, 13]. Therefore, we developed a
method for producing infectious lentivirus that is capable of expressing large
fluorescently-tagged proteins, such as GFP-tagged FMNL1, in murine bone-marrow
derived macrophages with relatively high efficiencies. This was demonstrated by both
fluorescence microscopy and Western blot analysis. Utilizing fluorescence microscopy,
we were able to detect expression of two specific isoforms of FMNL1 with ~30%
efficiency of transduction. Importantly, since this quantification was assessed visually, it
is likely that low-expressing cells were not identified, suggesting that actual efficiencies
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may be even higher than those reported. Western blot analysis was subsequently
performed to reassure that full length proteins were expressed, which was observed by
probing for both GFP and FMNL1 independently, indicating that both isoforms were
indeed expressed at full length. Additionally, it is important to note that macrophage
morphology and viability were largely unaffected, revealing an additional benefit to this
system. These results coincide with recent reports that have begun to employ lentiviral
transduction as a means to express exogenous proteins in primary macrophages.
Furthermore, this method will be a valuable contribution to the macrophage field, which
is currently lacking in reliable and cost effective methods to generate infectious lentivirus
that can express large, tagged-proteins in primary macrophages.
One of the remaining questions after developing this method is whether it is
possible to further increase expression efficiency. This could be addressed by
harvesting and concentrating more viral supernatant. Viral titers correlated fairly well
with transfection efficiencies, as 3 mls of concentrated GFP-FMNL1 lentivirus at 1.0 x
105 plaque forming units (PFU) per ml combined with 1.0 x 106 macrophages resulted in
approximately 30% expression efficiency of large tagged proteins. This suggests that a
multiplicity of infection (MOI) of 1 or higher could lead to ~100% expression efficiency
since our current MOI is roughly 0.3. To do this, one approach would be to concentrate
a larger volume of virus at one time to yield a higher PFU, which would be the optimal
scenario to allow virus introduction to cells with a single infection. However, due to
equipment availability, this was not a viable option for our studies. Alternatively, another
approach would be to perform a second infection of macrophages at 48 hrs with a
freshly concentrated virus, as opposed to a single 96 hr infection. This may increase the
expression efficiency of macrophages, and should not have a detrimental impact to the
cells. Furthermore, since our initial attempts to express exogenous proteins in primary
human macrophages were not successful, these approaches to increase expression
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efficiency may allow efficient expression of exogenous FMNL1 in primary human
macrophages.

The Formin FMNL1 Plays a Critical Role in Embryogenesis
15 mammalian formins have been identified, yet little is known regarding the
involvement of these proteins in embryonic development [14]. Insight into this has
gained momentum from the development of murine formin KO models. To date, 6
murine formin KO models have been reported, including Dia1, Dia2, Dia3, DAAM1,
FHOD3, and FMN1 [15, 16, 17, 18, 19, 20]. From these reports, it has been suggested
that Dia2, DAAM1, FHOD3, and FMN1 are critical for embryonic development, while
these KO models indicate that Dia1 and Dia3 are dispensable [15, 16, 17, 18, 19, 20].
Therefore, since different formins have displayed varying influences over embryonic
development, generating additional murine KO models for the remaining 9 mammalian
formins would substantially aid in our understanding of which formins are important for
this process.
It was previously unclear whether FMNL1 had a significant contribution to
embryonic development. Thus, we developed a novel murine conditional KO model of
FMNL1 and crossed these mice with mice expressing widespread Cre recombinase.
Global depletion of FMNL1 was inferred to be embryonic lethal, indicating that FMNL1 is
an essential formin for embryonic development. These observations correlate with other
reports indicating that FMNL1 is expressed late in embryonic development during the
period of heart development, and that FMNL1 is critical for processes necessary for
heart development [5, 21, 22]. Thus, we are the first to implicate FMNL1 as an essential
protein for embryonic development.
Conversely, we have not yet fully characterized the role of FMNL1 during
embryonic development. However, the studies necessary to do so were not in the scope
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of this dissertation work. Nonetheless, there are a few different methods by which this
could be addressed. The first approach would be to perform timed pregnancies for
global FMNL1 depletion, and very closely watch for litters to be born to determine if
stillborn pups are being eaten by their mothers immediately after birth. If this was the
case, necropsy could be performed on stillborn pups to inspect these animals for
developmental issues, and microscopy could be performed on tissue sections. Another
approach would also include timed pregnancies. However, if deceased fetuses are
being resorbed, then pregnant mice can be sacrificed to allow analysis of embryos
before resorption occurs. To evaluate developmental issues in the absence of FMNL1,
tissue sectioning, staining, and microscopy of the embryos would give insight into the
factors causing embryonic lethality. Therefore, this process would require time and a
large mouse colony to provide enough breeders to sustain both the colony and these
experiments.

The Formin FMNL1 is Required for Proper Tissue Macrophage Distribution
Nearly every tissue of the body has residential macrophages, including microglia
in the brain, Langerhans cells in the skin, and Kupffer cells in the liver [23]. These
residential macrophages play critical roles in maintaining tissue homeostasis and
initiating inflammatory responses. To study the effects of FMNL1 depletion on
macrophage biology in vivo, we utilized our novel conditional murine FMNL1 KO model,
and specifically depleted FMNL1 from macrophages. Unexpectedly, these mice were
viable and showed no morphological deviations from WT. Therefore, we determined if
residential tissue populations of macrophages were skewed using fluorescent
microscopy and macrophage-specific staining within the liver, as this tissue contains the
highest percentage of residential macrophages in the body [24]. We demonstrated that
loss of FMNL1 causes a significant reduction in the number of residential macrophages
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in the liver, Kupffer cells, indicating for the first time that FMNL1 is crucial for normal
macrophage tissue distribution. These observations may result from a reduction or less
of an adhesion capacity of these macrophages, as we have previously demonstrated
that FMNL1 reduction causes reduced macrophage adhesion, and Kupffer cells, which
reside in the lumen of the liver sinusoids, are subjected to forces of fluid flow in the
sinusoidal cavities of the liver [1, 25].
Several different approaches could be used to further extend this study, and
better evaluate this phenotype. First, sectioning and staining additional tissues that
contain residential macrophages would be of great assistance to confirm that FMNL1 is
necessary for normal tissue distribution of macrophages. Our observations may
represent the necessity of FMNL1 to maintain Kupffer cell populations in the liver
because of their greater need to maintain strong adhesions, since unlike other
residential tissue macrophages, they are subjected to fluid flow in the sinusoidal cavities
of the liver [25]. However, since there are much lower numbers of residential
macrophages in other tissues compared to the liver, it may be difficult to compare tissuespecific macrophage numbers using fluorescent microscopy. In light of this, flow
cytometry could be performed to enumerate macrophage population densities of
different tissues following enzymatic dissociation of tissues.
Another interesting approach would be to generate chimeric mice, which has
become a standardized procedure in the immunology field [26]. In this experiment, it
would be of interest to see if repopulation of WT macrophages that express FMNL1 in a
KO mouse would rescue tissue specific macrophage populations. This would be done
by first harvesting bone marrow from WT mice, purifying the stem cells, and transducing
them with GFP lentivirus for tracking. Lentivirus transduction promotes the integration of
exogenous DNA, coding for a protein of interest into the host’s genome [27]. Therefore,
this would allow for long-term expression of the exogenous protein throughout the
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lifespan of the transduced cells. The next step would be to lethally irradiate FMNL1 KO
mice, followed by intravenous injection of GFP-expressing stem cells for repopulation of
the hematopoietic system. It has been suggested that repopulation of liver Kupffer cells
occurs within 14 days after depletion, therefore, after this time period, sectioning could
be performed, and tissue sections could be compared to non-treated KO mice [28, 29].
Furthermore, a better control for this experiment would be to generate a chimeric KO
mouse with GFP-expressing stem cells from another KO mouse, for direct comparison.
However, since bone marrow stem cells differentiate into a variety of cell types in
addition to macrophages, counter staining with macrophage-specific markers such as
F4/80 would help aid in identifying macrophages. Therefore, this experiment would
demonstrate whether WT macrophages, which express FMNL1, are capable of
repopulating KO mouse tissues to the same density observed in WT mice, indicating that
normal expression of FMNL1 is required for proper macrophage tissue distribution.
Additionally, the development of these chimeric mice would have a number of other
experimental applications that could be exploited to further characterize the effects of
targeted FMNL1 depletion in macrophages.

The Formin FMNL1 is Important for Macrophage Migration In Vivo
We previously demonstrated that FMNL1 is a vital protein for macrophage
migration in vitro using siRNA-mediated knockdown in human monocyte-derived
macrophages. However, having generated a novel conditional murine KO model of
FMNL1, we were able to test and validate this both in vitro and in vivo utilizing
genetically targeted depletion of FMNL1 in murine macrophages. FMNL1 KO murine
bone marrow-derived macrophages displayed significantly reduced migration capacity in
vitro, corresponding to our findings using siRNA-mediated knockdown. To further
evaluate if FMNL1 is the predominant formin important to macrophage migration, we
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assessed the effects of a pan-formin inhibitor on these murine FMNL1 KO macrophages.
Surprisingly, addition of the pan-formin inhibitor significantly reduced the migration
capacity of FMNL1 KO macrophages, suggesting that other formins likely contribute to
macrophage migration as well. This could further be investigated by siRNA-mediated
knockdown of other formins in FMNL1 KO macrophages followed by migration analysis.
We also exploited an inflammation model to analyze macrophage migration in
vivo, where we determined that genetically targeted depletion of FMNL1 significantly
reduced macrophage migration in vivo. Additionally, we demonstrated that podosome
formation is significantly reduced in FMNL1 KO macrophages, further signifying the
necessity of podosomes for migration, and that FMNL1 is important for podosome
formation and stability. Thus, this study demonstrated for the first time that FMNL1 is
necessary for macrophage migration in vivo, correlating with previous reports that
podosomes are required for macrophage migration in vivo [13, 30].
Various approaches could be applied to directly compare WT and FMNL1 KO
macrophage migration and podosome formation. Macrophage migration could be
analyzed in vitro using live cell dyes, such as Cell Tracker, to label WT and KO
macrophages with different colors. One approach would be to perform a 2D migration
assay, such as a haptotactic gradient, with the differentially labeled macrophages, and
perform live cell tracking on a fluorescent microscope equipped with a culture chamber.
Thus, by analyzing the colors of the leading macrophages, we could determine if there is
any difference in 2D directed migration between the WT and KO macrophages. This
would also allow for direct observation of the primary mode of macrophage migration,
amoeboid or mesenchymal, utilized in the absence of FMNL1. Additionally, macrophage
invasion could be compared by performing an in vitro invasion assay with equal numbers
of these differentially labeled macrophages. After several days macrophages would be
fixed, and Z-stack analysis would be performed with a confocal microscope to analyze
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macrophage invasion. For example, a matrigel coated transwell insert could be used
with the addition of a chemoattractant to stimulate invasion. This would further evaluate
the extent to which FMNL1 is involved in mesenchymal macrophage migration mediated
by degradation and remodeling of the extracellular matrix, a process difficult to observe
in vivo. These findings would increase our understanding of FMNL1 function and its
necessity for macrophage migration through dense matrices, since both FMNL1 and
matrix degradation have been associated with macrophage podosomes [1, 2].
It would also be of interest to determine whether FMNL1 KO macrophages
display a reduction of podosome formation in a 3D environment, correlating with our 2D
data. This could be accomplished by placing the Lifeact protein into our lentiviral system
tagged to mCherry, as this protein binds to F-actin and has also been demonstrated to
localize at macrophage podosomes in 3D matrices [12]. Since macrophage podosomes
are the most prominent actin cytoskeletal structure, the addition of mCherry-Lifeact
would allow for visualization of podosome formation via live cell fluorescent microscopy.
Thus, by utilizing the previously described invasion assays followed by Z-stack analysis
with a confocal microscope, we could determine if podosomes are indeed absent in
FMNL1 KO macrophages in a 3D environment, or if they are formed but appear
morphologically different than what has been reported [12]. These experiments would
serve as alternative methods to analyze macrophage migration in vitro in the absence of
FMNL1.
Another approach to test these results would be to observe macrophage
migration in vivo. This would be done by generating chimeric mice as previously
described, where KO mice are lethally irradiated and repopulated with GFP-expressing
KO mouse stem cells and WT mice are lethally irradiated and repopulated with GFPexpressing WT mouse stem cells. In vivo migration could then be assessed via the
exploitation of intravital two-photon microscopy, which is a revolutionary technique for
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studying the immune system [31]. This technique would provide the opportunity to
directly observe macrophage migration in vivo, where WT and KO macrophage
responses during an inflammatory event could be analyzed after locally inducing
inflammation by injection of a reagent such as complete Freund’s adjuvant [32].
However, since many different cell types are derived from the repopulated hematopoietic
niche, these structures would benefit from the addition of a macrophage-specific
promoter, such as the CD68 promoter, to the lentiviral vector for expression of the
exogenous protein, as this has been demonstrated to successfully direct transgene
expression specifically to macrophages [33].

Macrophage Migration Relies on the FMNLγ Isoform
To confirm that FMNL1 depletion was responsible for macrophage migration and
podosome defects, we rescued FMNL1 expression using two different isoforms of
FMNL1, FMNL1β and FMNL1γ, in addition to GFP alone, using lentiviral transduction as
previously described. We then compared these transduced KO macrophages with
untreated WT and KO macrophages, and found that the FMNL1γ isoform rescued
macrophage migration while FMNL1β did not. These results demonstrate for the first
time that macrophage migration is dependent on a specific splice variant FMNL1. We
also observed that the FMNL1γ isoform localizes to macrophage podosomes while
FMNL1β did not, suggesting that the C-terminal splice variation may be the region
necessary for podosomal localization. Furthermore, we found that expression of GFPFMNL1γ rescued the number of podosome forming macrophages expressing in
comparison to GFP alone or GFPF-MNL1β, demonstrating the necessity of FMNL1γ for
proper podosome formation. These exciting and unique observations are the first
studies to demonstrate differences in the function and localization of formin isoforms in
primary macrophages. Additionally, these experiments strongly implicate FMNL1 as a
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discernable target for pharmaceutical intervention to inhibit macrophage migration in
macrophage-mediated diseases. However, these extraordinary findings could be
expanded on to further validate these observations.
First, there is one additional isoform of FMNL1 expressed in macrophages,
FMNLα, which would be of great interest to replicate these experiments with.
Unfortunately, we were not able to incorporate this other isoform during these studies
due to the limited number of experimental cells, an immediate factor of restricted KO
mouse availability. FMNL1γ and FMNL1β have completely different C-termini after their
last common amino acid (aa) at residue 1069, while FMNL1γ and FMNLα share the
same last 30 residues. FMNLγ differs from FMNLα via retention of an intron, which adds
57 residues between the last common residue of FMNL1 and the last 30 residues that
FMNLα and FMNLγ share. Therefore, the question that remains is whether FMNL1γ
localization to macrophage podosomes is dependent on the region containing the 57 aa
from the retention intron or the 30 aa tail that is shared with FMNLα. To test this, rescue
with GFP-FMNLα would be performed in KO macrophages, followed by both migration
assays and microscopic evaluation of podosome localization. This would aid in verifying
the region utilized for podosome localization, as well as determining if FMNLγ is the sole
isoform found at macrophage podosomes.
Rescue of KO macrophage migration could also be assessed utilizing chimeric
mice. This would be done by generating chimeric mice as previously described.
However, stem cells from KO mice would be transduced with the different GFP-tagged
isoforms of FMNL1 independently, or with GFP alone. Then by employing an
inflammation model, such as peritonitis, we could quantify macrophage migration in vivo
and compare the different isoforms to GFP alone and WT. Furthermore, intravital twophoton microscopy could be utilized as previously described to directly analyze the
effects of each isoform on KO macrophage migration in vivo, in comparison to controls.
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Again, the specific macrophage promoter would have to be employed for intravital twophoton microscopy as previously described. These approaches would aid in identifying
the mechanism behind FMNL1 isoform specificity for macrophage migration.

FMNL1γ Modulation of the Podosome Actin Cytoskeleton Does Not Rely on FActin Barbed End Association of the FH2 Domain
It was previously unknown whether the actin binding motif within the FMNL1 FH2
domain , which is necessary for processive elongation by formins, was necessary for its
cellular function in macrophages. Since we found that the specific isoform FMNL1γ
localized to macrophage podosomes and also rescued migration after FMNL1 depletion,
we further evaluated the requirement of barbed end actin binding by the FH2 domain for
podosome localization and macrophage migration. Known residues reported to be
required for FH2 actin binding were mutated, and using the lentiviral system, this mutant
was GFP-tagged and expressed in KO macrophages [7, 34]. Analysis of macrophage
migration with the GFP-FMNL1γ actin binding mutant (ABM) in comparison to GFPFMNL1γ, GFP alone, or untreated KO and WT macrophages demonstrated that the
GFP-FMNL1γ ABM rescued macrophage migration to a similar degree as GFP-FMNL1γ,
both of which correlated with the migration capacity of WT macrophages. Furthermore,
the GFP-FMNL1γ ABM localized to macrophage podosomes indistinguishably from
GFP-FMNL1γ. Remarkably, this is the first report describing the ability of a formin with
these mutated conserved residues in the FH2 domain to rescue cellular formin functions,
suggesting that podosomal function of FMNL1 does not require barbed end interactions
by the FH2 domain. Moreover, this also indicates that podosomal localization is not
reliant on F-actin barbed end binding by the FH2 domain of FMNL1.
An important question that stems from these observations is how FMNL1 can
facilitate podosome stability and aid in macrophage migration in the absence of an FH2
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domain with the hallmark formin ability to bind barbed ends of actin filaments.
Interestingly, FMNL1 possesses unique attributes that likely contribute to its function.
First, FMNL1 is described to have the capacity to use residues located on the outside of
the FH2 domain “donut” to tightly bind with the sides of actin filaments, which are
independent of the conserved residues on the inside of the FH2 domain dimer that are
associated with F-actin barbed end binding [7]. While this side binding mechanism
remains poorly understood, it has been associated with bundling functions of FMNL1 in
vitro, which still occurred when the conserved barbed end binding residues were
mutated, ablating barbed end association [7]. Additionally, we have previously reported
that FMNL1 is located at the apex of the dense, bundled actin core, and loss of FMNL1
is associated with a wider diameter of any remaining podosomes [1]. Thus, these data
suggest that FMNL1 may function as an actin filament bundling protein at macrophage
podosomes (Figure 1).
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Figure 1.

Figure 1. FMNL1γ bundling of F-actin by FH2 domain side binding within
macrophage podosomes. A. Side view of macrophage podosome with FMNL1γ as a
bundling protein. B. Simplified mechanism of FMNL1γ bundling by FH2 domain F-actin
side binding. (Possible function of FMNL1γ)
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FMNL1 is one of the few formins that has been described to have WH2-like
motifs, where it contains two adjacent WH2-like motifs located C-terminally to the FH2
domain [9, 10]. However, the function of these motifs within FMNL1 have not been
evaluated [9, 10]. Nonetheless, FMNL3, which is a similar formin belonging to the same
family, is reported to contain these WH2-like motifs in the same region, and these WH2like regions were demonstrated to bind both actin monomers and the barbed end of Factin [11]. Additionally, WH2-like motifs in FMNL3 were sufficient to inhibit barbed end
elongation of actin filaments, even after barbed end binding by the FH2 domain was
abolished, indicating that these WH2-motifs have the capacity to bind to barbed ends
[11]. Therefore, these WH2-like motifs could be important for regulating filament
elongation, yet this is not likely the case for FMNL1, which has been described as a poor
nucleating and elongating protein of actin filaments [7].
Interestingly, the WH2-like motifs were proposed to enhance the severing
capacity of FMNL3, and while this was found to be dependent on the FH1 and FH2
domains, barbed end binding of the FH2 domain was not required [111]. Furthermore,
mutating of the WH2-like motifs was demonstrated to significantly reduce the severing
capacity [11]. This is in accord with previous reports that another actin filament
modifying protein, Cordon-Bleu (Cobl), utilizes two adjacent WH2 domains to function as
a highly efficient severing protein [35]. Moreover, actin filament severing has been
reported to be the primary function of FMNL1 [36]. Taken together, these findings
suggest that the predominant function of FMNL1 at macrophage podosomes are actin
filament side binding by the FH2 domain and actin filament destabilization by the WH2like motifs. Therefore, we hypothesize that the primary function of FMNL1γ at
macrophage podosomes is actin filament severing (Figure 2). Nonetheless, FMNL1γ
may additionally contribute to bundling of actin filaments within macrophage podosomes.
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Figure 2.

Figure 2. FMNL1γ severing of F-actin by FH2 domain side binding and WH2-like
motif filament destabilization within macrophage podosomes. A. Side view of
macrophage podosome with FMNL1γ as a severing protein. B. Simplified mechanism
of FMNL1γ F-actin severing by FH2 domain F-actin side binding and WH2-like motif
filament destabilization. (Our current hypothesized primary function of FMNL1γ)
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Future experiments could be performed to tease out the precise actin modulating
mechanism of FMNL1γ at macrophage podosomes. In order to assess the exact
function of FMNL1 at macrophage podosomes, one approach would include mutating
both the WH2-like motifs and barbed end binding of the FH2 domain to determine if this
mutant can localize and rescue podosome formation and macrophage migration in KO
macrophages. This would provide valuable information as to whether the actin binding
function of the WH2-like motifs is necessary for FMNL1γ function and localization to
macrophage podosomes. Additionally, further evaluation of the unique actin filament
side binding capacity of FMNL1, which is thought to occur from basic residues located
on the outside of the FH2 dimer, would reveal the residues necessary for this interaction.
Recently, the crystal structure of the dimerized N-terminus of FMNL1 has been solved
[37]. However, that study did not include the FH2 domain in their crystal structure [37].
Therefore, it would be of great interest to perform x-ray crystallography on the dimerized
FH2 domain of FMNL1 for an in depth analysis that may provide some insight into
residues located on the outside of the FH2 domain that could be important for actin
filament side binding. Thus, mutation of these residues necessary for FMNL1 actin
filament side binding would allow us to determine if this function is necessary for FMNL1
podosome localization and function. Moreover, these mutants could be subjected to
biochemical assays to determine whether FMNL1 actin filament side binding is required
for actin filament nucleation, polymerization, elongation, bundling, and severing. In
summary, these proposed experiments have the potential to fully define the actin
modulating mechanism of FMNL1 at macrophage podosomes by the FH2 domain, the
WH2-like motifs, or both.
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Other Future Directions
The previously described findings and future directions embody the major
findings of this dissertation. However, additional observations and directions could be
pursued in the wake of this work.

Regulation of FMNL1γ at Macrophage Podosomes
Formin interaction and activation with activated GTPases is an active field of
study. While it is not well defined how these proteins spatially and temporally regulate
formins, it is probable that GEF and GAP regulation and localization contribute to this
process, as they are the effector proteins of GTPases [39, 39]. It has been reported that
three different GTPases are capable of interacting with and activating FMNL1, including
Rac1, Cdc42, and RhoA [5, 40, 41]. In our study, we observed increased levels of
activated Rac1, Cdc42, and RhoA in macrophages lacking FMNL1. These observations
are very interesting, as this could verify that FMNL1 indeed demonstrates promiscuity
with GTPase interactions. However, the absence of FMNL1 may disrupt signaling
events that lead to an upregulation of GEFs or a down regulation of GAPs, and
ultimately an off-target increase of an activated GTPase that does not directly associate
with FMNL1. This would be difficult to address, yet one way to begin unraveling this
would be to perform Western blot analysis, probing for known GEFs and GAPs of Rac1,
Cdc42, and RhoA, to assess for changes in protein expression in FMNL1 KO
macrophages compared to WT. Alternatively, a DNA microarray could be performed to
analyze gene expression levels of all of the GEFs and GAPs found in macrophages at
once. This high throughput assay could precisely indicate all changes in GEF and GAP
expression when FMNL1 is depleted, however, this would only measure mRNA
expression levels. Therefore, Western blot analysis could be performed to confirm
protein levels of genes that the DNA microarray revealed to differ in expression from
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WT. Thus, these experiments could provide an initial basis to understand how loss of
FMNL1 promoted increased levels of activated Rac1, Cdc42, and RhoA, yet additional
work may be necessary to fully understand this phenomenon.

FMNL1 and Macrophage Matrix Degradation
Macrophage podosomes have been associated with matrix degradation [2].
Thus, it would be interesting to investigate the matrix degradation capacity of FMNL1 KO
macrophages in comparison to WT. This could be done by incubating macrophages on
glass coverslips coated with FITC labeled gelatin for 24 hrs and subsequently fix and
stain these macrophages with rhodamine phalloidin for actin visualization. Fluorescent
microscopy could be performed to analyze matrix degradation by FMNL1 KO
macrophages in comparison to WT to determine whether FMNL1 and podosomes are
necessary for proper matrix degradation.

Other Formins in FMNL1 KO Macrophages
In this study, we demonstrated that Dia1, Dia2, FHOD1, and FHOD3 protein
expression levels were not affected by FMNL1 depletion in macrophages. It would be
interesting however, to evaluate the expression levels of the remaining 10 mammalian
formins in FMNL1 KO macrophages, since we still observe low numbers of FMNL1 KO
macrophages forming podosomes. In previous studies using siRNA-mediated
knockdown of FMNL1 in human macrophages, we demonstrated a significant loss of
podosomes, and severe defects of actin core stability were observed in any remaining
podosomes [1]. Conflictingly, our work with murine FMNL1 KO macrophages did not
identify any significant differences in the actin core of podosomes within podosome
forming cells compared to WT. This could result from incomplete depletion of FMNL1 in
some macrophages, or alternatively, a compensation mechanism could be occurring in
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these cells from the remaining formins we have yet to evaluate. Thus, this could be
addressed by analyzing the remaining 10 mammalian formins a few different ways,
however each with their limitations or difficulties. Commercial antibody availability is
limited for these remaining formins, and therefore we could request antibodies that have
been generated by other laboratories, or alternatively we could generate our own
antibodies from peptides of these formins, although this could be very time and cost
consuming. Thus, the quickest and most feasible method would be to develop a DNA
microarray for these formins, including those that we have previously analyzed by
Western blot analysis as controls. Therefore, if we observe no expression changes in
the formins we have previously blotted for, then that would assign more validity to the
read-outs of the remaining formins in respect to their expression levels. If these
experiments confirm that other formin expression levels are unchanged in the absence
of FMNL1, this would further validate that other formins do not contribute to the
phenotype observed in macrophages lacking FMNL1.

Post-translational Modifications of FMNL1
Very little is understood about post-translational modifications of formins or how
these modifications may affect function or localization. FMNL1γ has been reported to
require N-terminal myristoylation for localization in hematopoietic cells, [4]. However, in
our study, we N-terminally tagged FMNL1γ with GFP, which would likely inhibit Nterminal myristoylation, therefore indicating that this modification is not necessary for
macrophage podosome localization. FMNL1 has also been reported to be posttranslationally modified by phosphorylation of three serine residues, including Ser-7, Ser184, and Ser-1021, however the purpose of this remains unknown [42]. Thus, it would
be interesting to determine if these phosphorylation sites are necessary for FMNL1
function or localization. This could be analyzed by mutating these residues to a non210
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phosphorylatable amino acid in FMNL1γ, such as alanine, expressing this mutant in
FMNL1 KO macrophages, and observing for podosome localization and migration
rescue. This would determine if these post-translational modifications are relevant to
function or localization, in addition to verifying whether a serine/threonine kinases
regulate FMNL1 activity. This would be interesting to address since FMNL1 has been
reported to associate with the serine/threonine kinase Akt [43]. Furthermore, it may be
of interest to investigate other potential post-translational modifications. This could be
done by immunoprecipitating GFP-FMNL1γ from transduced macrophages, followed by
mass spectrometry. This would also aid in determining if any modifications of FMNL1γ
promote its function or localization.

FMNL1 as a Therapeutic Target for Macrophage-mediated Diseases
Macrophages have been implicated in mediating the progression of numerous
diseases, such as rheumatoid arthritis or atherosclerosis, due in part to their capacity for
migration into tissues [44, 45]. Our study demonstrates that FMNL1 is an important
protein for macrophage migration, particularly as a result of novel conditional murine KO
model of FMNL1. This unique model has established that loss of FMNL1 results in a
significant reduction of macrophage migration in vivo. It would therefore be of interest to
test if reduction of macrophage migration due to macrophage-specific genetic depletion
of FMNL1 can reduce progression of diseases that are mediated by excessive
macrophage infiltration. Fortunately, there are several murine models for these
macrophage-mediated diseases that could be utilized in tandem with our conditional
murine KO model of FMNL1. In particular, genetically modified murine models that
mimic human atherosclerosis could be utilized, such as the apolipoprotein (Apo)Edeficient mice that develop macrophage-rich atherosclerotic lesions [46]. These mice
can be maintained and bred as homozygotes and are commercially available [46].
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Therefore, we could breed homozygote ApoE KO mice with FMNL1 KO mice to produce
triple heterozygotes, since FMNL1 KO mice are homozygous for both macrophagespecific LysMcre and floxed FMNL1. Mating triple heterozygous mice should produce
triple homozygous animals, exhibiting global deletion of ApoE and depletion of FMNL1
from macrophages. If this triple mutant displays reduced disease severity marked by a
reduced incidence and size of atherosclerotic lesions compared to ApoE KO mice, this
would implicate FMNL1 as a potential target to inhibit macrophage-mediated diseases.
Additionally, several murine models of inducible arthritis have been generated
that develop similarly to human rheumatoid arthritis, including collagen-antibody-induced
arthritis (CAIA), which is characterized by macrophage inflammatory infiltration [47].
Therefore, by injecting FMNL1 KO mice with collagen antibody, we could determine if
disease progression is reduced in mice that lack FMNL1 expression in macrophages in
comparison to WT animals injected with collagen antibody. Additionally, a benefit of this
type of model is that it would not require extra breeding strategies. Thus, combining
these disease models with our novel FMNL1 KO mouse model would provide significant
clinical relevance to validate FMNL1 as target for inhibiting macrophage migration to
ultimately reduce the progression of macrophage-mediated diseases.
Since we have implicated FMNL1 as a critical regulator of macrophage migration,
this makes it an attractive target for chemotherapeutic intervention. This is further
solidified by the findings that FMNL1 is primarily expressed in hematopoietic cells [48].
Therefore, this limits the likelihood that a drug that specifically targets and inhibits
FMNL1 function would exhibit off-target effects on non-immune cells. Currently, there
are no reagents available that specifically target and inhibit FMNL1 function. Therefore,
another future direction for this project would be to identify a novel compound that could
inhibit FMNL1 function in macrophages and subsequently reduce migration. This could
be approached in several ways, including large scale drug screening of commercially
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available reagents with actin filament bundling and severing biochemistry assays, since
FMNL1 has been demonstrated to perform these functions in vitro [7]. Another
approach would be to synthesize a compound, that based on sequence analysis is
hypothesized to specifically interact with FMNL1 to inhibit dimerization, activation, or
function. Furthermore, a pan-formin inhibitor has been previously identified, thus it may
be possible to modify this already defined compound to specifically target FMNL1 [49].
Therefore, construction of a novel compound to specifically inhibit FMNL1 may limit
macrophage migration, which could have potential clinical applications for macrophagemediated diseases.

Concluding Remarks
In conclusion, the data presented in this dissertation have identified a novel role
for FMNL1 in primary macrophages. Additionally, these studies indicate that FMNL1
serves a critical role in embryonic development. These data reveal that FMNL1 is
important for macrophage podosome formation and ultimately macrophage migration,
both in vitro and in vivo. We have also determined that podosome localization of FMNL1
is isoform specific. Furthermore, we have established that barbed end binding of the
FMNL1 FH2 domain is negligible for macrophage migration and podosome localization.
These exciting and novel findings demonstrate for the first time rescue of cellular formin
function by a FH2 domain barbed end binding mutant, further signifying that there is still
much to explore and discover about formins. Moreover, these findings, in addition to
previous reports, have allowed us to develop a working model of how FMNL1 modulates
the actin cytoskeleton of macrophage podosomes to permit macrophage migration.
Thus, we hypothesize that FMNL1 primarily functions as a severing protein at
macrophage podosomes, by interacting with actin filaments via side binding of the FH2
domain, and destabilizing actin filaments for severing utilizing its WH2-like motifs.
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Overall, these data suggest that FMNL1 is a potential target to regulate diseases that
are initiated and/or exacerbated by macrophage migration. Furthermore, this
dissertation has focused on FMNL1 in primary macrophages. However, increased
expression of FMNL1 has also been implicated in promoting migration of hematopoietic
malignancies [50]. Therefore, these data may also suggest a target for treating cancer
cell invasion and metastasis.
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