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THESIS ABSTRACT

Title: SHP-1-dependent macrophage responses mediate virus-induced myositis and
demyelinating disease

Author: Neva B. Watson
Sponsor: Paul T. Massa
!
Regulation of inflammatory immune responses to pathogenic microbial infections is
critical for protecting against extensive tissue damage and chronic inflammation.
Correspondingly, genes associated with inflammatory immune responses have been
identified as potential genetic risk factors for chronic inflammatory diseases including
multiple sclerosis (MS) and idiopathic inflammatory myopathies (IIMs). This dissertation
will focus on characterizing how the key immune regulator, Src-homology 2 containing
protein tyrosine phosphatase-1 (SHP-1), controls virus-induced inflammatory diseases in the
central nervous system (CNS) and skeletal muscle.
We previously reported that SHP-1 inhibits proinflammatory macrophage-mediated
CNS demyelinating disease during Theiler’s murine encephalomyelitis (TMEV) infection in
mice. Presently, we describe that SHP-1 controls TMEV-induced dystrophic calcification of
skeletal muscle. Muscle-infiltrating macrophages displayed a proinflammatory M1-like
phenotype and promoted muscle calcification in WT mice, whereas an increased infiltration
of macrophages with a reduced M1 signature corresponded with absence of muscle disease in
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SHP-1-/- mice. These studies reveal SHP-1 as a key regulatory gene mediating CNS and
skeletal muscle disease in response to a virus trigger.
Proinflammatory macrophages promoted tissue damage in either skeletal muscle of
WT mice or CNS of SHP-1-deficient mice following TMEV infection. We thus attempted to
determine if SHP-1 activity within macrophages was sufficient to control the outcome of
TMEV infection using multiple genetic approaches. However, since these cells have a high
turnover rate, and SHP-1 was strongly induced in macrophages by TMEV infection, these
approaches were not sufficient to address whether SHP-1 activity specifically within
macrophages mediates tissue-specific disease outcomes following TMEV infection.
The studies described here suggest that SHP-1 affects macrophage maturation in
peripheral (muscle) and immune-privileged (CNS) tissues in opposite ways. However, SHP-1
inhibited inflammatory monocyte CCR2 expression and subsequent infiltration into both of
these major sites of infection, indicating that additional environmental cues mediated by
SHP-1 are needed to drive tissue-specific maturation of pathogenic M1-like macrophages in
either the CNS or muscle, to explain tissue-specific disease outcomes in SHP-1-deficient
mice. Thus, this dissertation characterized unique mechanisms by which SHP-1 mediates
inflammatory responses to virus infections, and has revealed SHP-1 and proinflammatory
M1-like macrophages as essential mediators of myositis and demyelinating CNS disease.
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CHAPTER 1

GENERAL INTRODUCTION
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-Chapter 1Human microbial infections often elicit inflammatory immune responses to
eradicate pathogens and restrict disease. However, the degree and the quality of immune
responses greatly influence the outcome of infections. For example, a dampened immune
response may be insufficient to eradicate the pathogen, which may result in acute or
chronic infectious clinical disease. Alternatively, an excessive immune response may
induce substantial and potentially irreversible damage to host tissues in the process of
pathogen clearance. The following chapters will focus on understanding how differences
in the quality/degree of the inflammatory response to the virus, Theiler’s murine
encephalomyelitis virus (TMEV), influence tissue-specific pathogenesis. In particular,
this work will focus on how the key immune regulator, Src homology region 2 domaincontaining phosphatase 1 (SHP-1), determines the outcome of TMEV infection in
immune-privileged central nervous system (CNS) or peripheral skeletal muscle tissues
through macrophage-mediated responses.

Macrophages

Macrophages are mononuclear phagocytic cells that are an essential component of
the innate immune system. Monocytes are macrophage precursors that originate from a
common myeloid progenitor in the bone marrow (1). Monocytes are released into the
bloodstream from the bone marrow, and these circulating cells can be classified into two
distinct populations including ‘resident’ and ‘inflammatory’ monocytes, and following
extravasation into tissues monocytes mature into macrophages (2-4). An exception to this
general scheme of macrophage ontogeny are CNS microglia, which arise from the
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-Chapter 1embryonic yolk sac rather than the bone marrow, but differentiate into cells with many
characteristics of other resident tissue macrophages within the CNS (5-7). Resident
monocytes are characterized as CD11b+CX3CR1hi, and are thought to replenish tissuespecific macrophages and dendritic cells (DCs) in a CX3CL1- (CX3CR1 ligand)
dependent manner (3, 4, 8). Alternatively, inflammatory monocytes are traditionally
identified as CD11b+Ly6chiCCR2hi, and these cells migrate into infected or damaged
tissues in response to the chemoattractant and CCR2 ligand, MCP-1 (3, 4, 8, 9).
Resident macrophage/dendritic cell populations are found in most tissues and
organs, including bone marrow macrophages, microglia in the CNS, alveolar
macrophages in the lungs, Langerhans cells in the skin, osteoclasts in bone, Kupffer cells
in the liver, and intestinal macrophages and lamina propria DCs in the intestines (10).
These cells maintain normal tissue homeostasis through a variety of processes including
clearance of dead/damaged cells and debris by phagocytosis, elimination of pathogens,
and aiding in self-tolerance by presenting self-antigens to T cells (10-12). Tissue-specific
macrophages are often the first responders to tissue damage or infection, secreting
cytokines and chemokines to recruit inflammatory monocytes or other immune cells from
the circulation (10, 13, 14).

Macrophage heterogeneity

It is a subject of great debate as to whether macrophages and dendritic cells
represent distinct cell populations or are the same highly plastic cell type under different
environmental stimuli. It is thought that macrophages predominantly secrete cytokines
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-Chapter 1and chemokines and are highly phagocytic, whereas DCs are assumed to predominantly
function as antigen presenting cells (15). However, macrophages possess the capacity to
present antigens, and dendritic cells such as TNF/iNOS-producing dendritic cells
(TipDCs) secrete inflammatory cytokines and display an inflammatory
monocyte/macrophage-like phenotype (15-17). Due to these overlapping functions it has
been claimed that these cells all represent highly plastic macrophages, and to further
avoid controversy others refer to both macrophages and dendritic cells as mononuclear
phagocytes (10, 15). This dissertation will apply the latter view, assuming that monocytes
differentiate into macrophages (or macrophage-like cells), which maintain a high degree
of plasticity and display varying phenotypes/functions when exposed to different
environmental conditions.
Macrophages have essential roles in pathogen clearance, resolving inflammation,
tissue regeneration, and maintaining normal tissue homeostasis (1, 2, 18-21).
Macrophages can exhibit proinflammatory or anti-inflammatory properties under
different environmental stimuli, and are therefore loosely defined into two distinct
classes. M1, or classically activated macrophages display a predominantly
proinflammatory phenotype, whereas M2, or alternatively activated macrophages display
an anti-inflammatory phenotype, and these cells are also referred to as ‘wound healing’
macrophages (22).
In vitro studies have demonstrated that stimulation with GM-CSF, TNF-!, LPS or
IFN-" induces M1 polarization, marked by the secretion of proinflammatory cytokines
including TNF-!, IL-1, IL-6, IL-12, IL-23, chemokines, matrix metalloproteinases
(MMPs), reactive oxygen species (ROS) and iNOS-dependent nitric oxide (NO) (10, 23,
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-Chapter 124). These inflammatory macrophages are associated with Th1 responses and eradicate
pathogens through phagocytosis, killing by ROS, NO or cytokines, and/or recruitment of
additional effector immune cells (23-26). Alternatively, stimulation of macrophages with
the cytokines M-CSF, IL-4, IL-10, IL-13 or TGF-# has been shown to induce an M2
phenotype, characterized by increased expression of arginase-1, FIZZ-1, YM-1, TGF-#,
IL-10 and phagocytic receptors (11, 24, 27). These alternatively activated macrophages
are associated with a Th2 response and generally aid in resolution of inflammation, tissue
repair, and wound healing through the secretion of growth factors, extracellular matrix
factors, anti-inflammatory cytokines, and phagocytosis of damaged cells/tissue debris
(19, 24, 28). It is important to note, however, that studies classifying distinct M1/M2
subsets generally involve highly controlled in vitro environments, and thus within the
context of a host, a broad spectrum of macrophage phenotypes or mixtures of these
subsets, rather than two distinct mutually exclusive subsets at inflammatory sites, likely
occur in response to a multitude of signals.

Macrophages and inflammation

It has been suggested that following recruitment into damaged or infected tissues,
inflammatory monocytes first mature into proinflammatory macrophages, followed by a
switch toward an anti-inflammatory phenotype to resolve inflammation and repair tissues
(29, 30). Excessive M1-associated inflammatory responses can lead to extensive tissue
damage and degeneration (31). Alternatively, excessive M2-like responses often lead to
fibrosis through excessive deposition of connective tissues (11, 29, 31). Moreover,
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-Chapter 1dysregulation of macrophage-mediated responses has been extensively associated with
debilitating inflammatory autoimmune disorders including multiple sclerosis (MS),
rheumatoid arthritis and myositis (32-37). Thus, a fine balance between M1 and M2
associated responses is critical following tissue damage or infection.

SHP-1

SHP-1 signaling

SHP-1 is a cytosolic protein tyrosine phosphatase primarily expressed in
hematopoietic cells (38-41). SHP-1 contains two N-terminal SH2 domains, a protein
tyrosine phosphatase (PTP) catalytic domain and a C-terminal tail possessing two
tyrosine residues (42, 43). Evidence strongly indicates that the N-terminal SH2 domains
autoinhibit SHP-1 by binding the catalytic domain, allowing for SHP-1 activation
following substrate engagement by the SH2 domains, thus releasing the PTP domain (38,
43-46). SH2 domains within SHP-1 possess a high binding affinity for phosphorylated
tyrosine residues on immunoreceptor tyrosine-based inhibitory motifs (ITIMs), which are
consensus sequences present on various cellular receptors (38). It is therefore thought that
following tyrosine phosphorylation of an ITIM-containing receptor by src, JAK, or
receptor-type kinases, SHP-1 is recruited to the receptor where its SH2 domains bind
ITIMs, thus releasing the PTP domain and activating SHP-1 (38). Functions of the Cterminal tail are still under investigation, yet it has been suggested that phosphorylation
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-Chapter 1of tyrosine or serine residues within this domain can further inhibit SHP-1 activation
(47).
SHP-1 acts as an essential negative regulator of various signaling pathways
involved in inflammation, including PI3K/Akt signaling, JAK/STAT signaling, MAPK
signaling, and NF-$B signaling (48). Regulation of these signaling pathways by SHP-1
has been shown to impact cellular survival, growth factor and cytokine production, and
differentiation (48). In myeloid cells, SHP-1 has been further demonstrated to regulate
integrin-mediated adhesion, chemokine/cytokine signaling and phagocytosis (49). As
described above, SHP-1 inhibition of macrophage activities is mediated by ITIMcontaining receptors. In particular, LIR-1, LIR-2, SIRP! and PIR-B are ITIM-containing
receptors present in monocytes and/or macrophages that act as scaffolding molecules to
activate SHP-1 (49). For example, LIR-1 and LIR-2 inhibit Fc"R-mediated monocyte
activation through recruitment of SHP-1, PIR-B complexes with SHP-1 to restrict MAPK
and NF-$B activation and cytokine production in macrophages, and SIRP! (also known
as SHPS-1) complexes with SHP-1 to regulate various macrophage functions including
cytokine signaling, adhesion and phagocytosis (49-53).

SHP-1-mutant mice and inflammatory disease

Three different mice harboring mutations in the SHP-1-encoding gene, Ptpn6,
have been discovered. Motheaten (me/me; Ptpn6me) or viable motheaten (mev/mev;
Ptpn6me-v) mutations occurred spontaneously and independently in C57BL/6J mice (54).
Motheaten mice harbor a single nucleotide (cytidine) deletion, creating a donor splice site
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-Chapter 1leading to a frame shift and subsequent premature truncation of the mRNA transcript,
thus generating a null mutation resulting in the absence of SHP-1 mRNA or protein (38,
41). In viable motheaten mice, a single nucleotide substitution (thymidine to adenine)
destroys a donor spice site, leading to an in-frame insertion or deletion in the phosphatase
catalytic domain, allowing for the production of abnormal SHP-1 transcripts retaining
approximately 10-20% enzymatic activity (38, 41). Alternatively, spin (spontaneous
inflammation) mutants (Ptpn6spin) were generated by ENU mutagenesis in C57BL/6J
mice, inducing a tyrosine to asparagine amino acid substitution in the C-terminal SH2
domain, likely associated with approximately 20-30% SHP-1 activity compared to wild
type mice (55, 56).
Motheaten mice are named after their ‘motheaten’ appearance, as these mice
display patchy coats resulting from inflammatory skin lesions. Motheaten mice survive
approximately 3 weeks, while viable motheaten mice survive until approximately 9
weeks of age (40). Motheaten and viable motheaten mice suffer a comparable
spontaneous inflammatory phenotype marked by an immense overproduction and
accumulation of macrophages and neutrophils within the skin, kidneys and lungs, leading
to dermatitis, glomerulonephritis and death usually by pneumonitis (40, 55, 57). Viable
motheaten mice deficient in T cells and B cells, generated by genetic crosses with RAG1-/- or severe combined immunodeficiency (SCID) mice, still maintained this spontaneous
inflammatory phenotype, indicating that excessive inflammation in SHP-1-/- mice is
solely driven by innate immune cells (58, 59). Spin mutant mice display a less severe
motheaten-like spontaneous inflammatory phenotype between 5 – 25 weeks of age,
where an overproduction of myeloid cells led to severe lesions in the feet (55). As a result
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-Chapter 1of this attenuated inflammatory phenotype, spin mice survive to approximately 1 year of
age (55). Deriving spin mice in a germ free environment or eliminating pathogen-sensing
signaling molecules (Myd88, IRAK4 or IL-1R) suppressed the inflammatory phenotype
of these mice, indicating that the spontaneous inflammatory phenotype in SHP-1-mutant
mice is driven by the innate immune response to bacteria (55). It was further identified
that RIP-1-mediated IL-1!, rather than inflammasome-mediated IL-1#, release by
macrophages was responsible for this inflammatory phenotype (60). Finally, our lab
discovered that SHP-1 mRNA and protein expression is highly inducible by virus
infection through STAT-1 and NF-!B signaling, and that SHP-1-deficient mice succumb
to virus-induced CNS inflammatory demyelinating disease, demonstrating that SHP-1
additionally controls the inflammatory response to virus infections (61).

SHP-1 and CNS inflammatory disease

Immune-mediated inflammatory diseases, such as the human demyelinating
disease multiple sclerosis, involve dysregulation of both innate and adaptive immune
responses to self and likely microbial antigens (34, 62). As MS is paradigmatic for tissuespecific inflammatory disease in humans, the role of SHP-1 in these diseases will be
presented in this context. MS is a debilitating inflammatory disease characterized by
immune-mediated demyelination of the central nervous system (62, 63). Onset of MS
typically occurs in early adulthood, and this disease is more prevalent in women (63, 64).
MS is an idiopathic disease, and can manifest as relapsing-remitting (RRMS) or primary
progressive (PPMS) (62, 63). Approximately 80-85% of diagnosed MS patients have
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-Chapter 1RRMS, where patients suffer from periodic acute episodes or attacks of neurological
dysfunction lasting days to weeks, and most treatment options available for MS reduce
severity of attacks (62, 63). The remaining 15-20% of patients suffering PPMS display
gradually progressive deterioration of neurologic function, and available therapeutics
have not shown success at treating this degenerative disease (62, 63, 65). Approximately
60-70% of patients with RRMS develop secondary progressive multiple sclerosis (SPMS)
within 10-30 years after RRMS onset, which manifests as a gradually progressive disease
similar to PPMS (62, 63, 66). All manifestations of MS are characterized by immunemediated lesions of CNS white matter corresponding with infiltrating leukocytes, axonal
degeneration, and loss of myelin and myelin-producing oligodendrocytes (63, 67).

Genetic components

MS is thought to be a multifactorial disease, involving both genetic susceptibility
and environmental factors (34, 68). Risk of developing MS is increased in relatives of
MS patients, and the relative risk correlates with the genetic similarity between the
individual and affected family member (69). For example, nieces and nephews of MS
patients have a high risk with a 5-10 fold increased likelihood of MS diagnosis, siblings
have an even higher risk with a 20-30 fold increase, and monozygotic twins have the
highest risk of developing MS with a 200-300 fold increased risk compared to individuals
without an affected family member (69-75). Genes involved in the immune response
including MHC class I/II, cytokines, chemokines, co-stimulatory molecules and Fc"Rs
have been associated with an increased risk of developing MS (62, 69, 76-79).
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-Chapter 1Additionally, our lab has previously shown that macrophages derived from blood of MS
patients display reduced SHP-1 expression compared to normal subjects, and
correspondingly express increased levels of proinflammatory molecules, revealing this
immune regulator as a novel potential susceptibility gene (80).

Environmental triggers

Although overwhelming evidence points to a genetic risk factor as a prerequisite
for developing MS, genetics is not likely the sole determinant, and many environmental
factors have been associated with an increased risk of developing MS. For example,
cigarette smoking, dietary factors, physical trauma and psychological stress have been
suggested to increase MS susceptibility (69, 81). Additionally, latitude has a strong
correlation with MS risk, as incidence is low in tropical and subtropical zones, and
individuals migrating from areas of high to low MS prevalence prior to adolescence had a
low incidence of developing MS, and vice versa (69, 82). In accordance with latitude,
vitamin D deficiency has been associated with a higher incidence of developing MS (8385).
While various environmental factors have been associated with MS, perhaps the
strongest evidence of an environmental trigger points toward virus infections. Several
‘MS epidemics’ have been documented in areas with a previous low incidence of MS,
and these epidemics were preceded by the introduction of new pathogens to each region
(34, 86-90). Moreover, numerous viruses have been isolated from the CNS of MS
patients, including paramyxoviruses, coronaviruses, retroviruses and herpesviruses (34).
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-Chapter 1In addition, several useful viral models of MS share unique characteristics with the
human disease, and TMEV is the most widely studied rodent model of virus-induced
demyelination, which occurs preferentially in genetically susceptible strains (34).
Interestingly, Saffold virus is a recently discovered human-tropic picornavirus that is
genetically related to TMEV and has demonstrated neurotropism and demyelinating
activity in rodents (91-93). Although speculative, as the first discovered human
cardiovirus, it is possible that this newly isolated virus may play a role in the onset of
MS.
Alternatively, Epstein-Barr virus (EBV) has been highly associated with an
increased MS risk, as nearly all MS patients assessed during studies occurring between
1980 and 2005 possessed anti-EBV antibodies (69). Additionally, one study isolated
EBV from CNS tissues of 21 out of 22 MS patients postmortem, while other correlative
studies indicate a particularly high incidence of MS among individuals who were infected
with EBV during adolescence or adulthood, before onset of symptoms (81, 94).
Interestingly, host cell epigenetic gene silencing by DNA promoter methylation occurs in
EBV-associated malignancies, and our lab discovered that a high proportion of MS
patients displayed reduced SHP-1 expression (80, 95, 96). As abnormally low expression
of SHP-1 in often correlates with hypermethylation of the SHP-1 promoter in various
hematological malignancies, it is of interest that a higher proportion of MS peripheral
blood leukocytes contain hypermethylated SHP-1 promoter sequences compared to
normal subjects (97-100). Although speculative, these data suggest that viruses such as
EBV may act as a viral trigger of MS in part by facilitating promoter hypermethylation of
immune modulatory genes such as SHP-1.
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Macrophages and MS

Although MS is classified as an autoimmune disease mediated by autoreactive T
cells and to a lesser extent B cells, it is widely understood that monocytes/macrophages
act as the major effector cells of inflammatory demyelination (34, 101-103).
Macrophages are the predominant cells found in active MS lesions, outnumbering
lymphocytes by at least 10-20 fold (103-105). In this disease, inflammatory monocytes
traffic to the CNS, under the influence of both CNS- and autoreactive T cell-derived
cytokines, and contribute to the formation of lesions/plaques and the destruction of
myelin through the release of inflammatory cytokines, proteolytic factors and nitric oxide
(34, 101, 102, 106). Thus, MS is a macrophage-mediated multifactorial disease likely
resulting from varying combinations of genetic susceptibility and microbial triggers.

Inflammatory diseases of skeletal muscle

Myositis

Myositis is defined as inflammation of the skeletal muscle that is associated with
pain, swelling and/or muscle weakness (107). Human idiopathic inflammatory
myopathies (IIMs) including dermatomyositis, juvenile dermatomyositis, polymyositis
and inclusion body myositis are characterized as heterogeneous autoimmune disorders
involving chronic muscle weakness and inflammation, likely resulting from a
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-Chapter 1combination of genetic and environmental factors (108-110). Genes encoding proteins
that are involved in the inflammatory immune response, such as MHC, IL-1", TNF-!,
immunoglobulins or PTPN22, have been linked with IIM susceptibility (108). In
accordance with this, immune cells including macrophages, T cells and to a lesser extent
B cells have been reported to infiltrate skeletal muscle in IIMs, and macrophages are
considered to be the predominant immune cells contributing to myofiber damage (35,
110-112).
It is generally thought that like other autoimmune diseases, combinatorial effects
of genetic predisposition and environmental triggers such as infectious agents lead to the
onset of IIMs in humans. Several studies have reported seasonal clustering of
myopathies, which may correlate with seasonal patterns of viral or bacterial infections
(113-116). Additionally, numerous viruses or virus-specific antibodies have been
detected in skeletal muscle or serum of IIM patients. In particular, similar to other
chronic inflammatory diseases such as MS, EBV infection has been highly associated
with IIM patients (113, 117-119). Influenza viruses, hepatitis viruses, picornaviruses such
as cocksackieviruses, and retroviruses including HIV and HTLV-1, have additionally
been suggested to trigger IIMs (113, 120-131). Thus, several viruses that have
demonstrated neurotropism have also been extensively associated with human
inflammatory myopathies.
Animal models have provided further evidence that virus infections may act as
triggers of IIMs, as many viruses have been reported to induce myositis in rodents.
Picornaviruses such as encephalomyocarditis virus (EMCV) and cocksackievirus induce
chronic myositis in mice, and evidence suggests a genetic component involved in
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-Chapter 1mediating these diseases (132-134). Additionally, alphaviruses including Ross River
virus (RRV) and Chikungunya virus (CHIKV) can induce debilitating chronic myositis in
humans and mice, and macrophages have been identified as critical effector cells
contributing to RRV- and CHIKV-induced myositis in rodents (36, 37, 135-137).

Dystrophic calcification

Inflammatory diseases of skeletal muscle additionally involve various degrees of
tissue calcification, which is a key pathological contributor. In normal conditions, tissue
mineralization is restricted to specific hard tissues, including growth plate cartilage and
bone (138). Alternatively, ectopic calcification is defined as the inappropriate
mineralization of soft tissues (139). Ectopic calcification can occur by two distinct
processes: metastatic or dystrophic calcification. Metastatic calcification often occurs in
patients with chronic renal failure, where a systemic mineral imbalance associated with
elevated levels of phosphate and/or calcium contributes to widespread tissue calcification
(139-141). Alternatively, dystrophic calcification does not result from a mineral
imbalance, but rather from tissue damage due to injury, aging, or autoimmune disease,
where calcification initiates within dying/degenerating cells (139, 140).
Dystrophic calcification is a known symptom of muscular dystrophies such as
Duchenne muscular dystrophy (DMD), and these diseases are characterized by chronic
skeletal muscle inflammation and myofiber necrosis leading to paralysis, where
myofibers are replaced with connective and adipose tissue (142-145). Muscle damage in
muscular dystrophies is thought to be in part immune-mediated, and inflammatory
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-Chapter 1cytokine and/or ROS production by proinflammatory macrophages have been implicated
in contributing to myofiber injury in DMD (146-150). Thus, these studies indicate that
dystrophic calcification is a common feature resulting from macrophage-mediated
cellular death.

TMEV and inflammation

TMEV-induced demyelinating disease

TMEV is a positive sense, single-stranded RNA virus, belonging to the
Picornaviridae family of the Cardiovirus genus (34). TMEV is known for its ability to
cause neurological dysfunction in mice, and TMEV strains can be classified into two
distinct subgroups based on their degrees of neurovirulence (34). GDVII and FA are
highly neurovirulent strains that induce a fatal, acute encephalitis, while DA and BeAn
are naturally occurring attenuated strains known as the Theiler’s Original (TO) subgroup
(34). Intracranial (IC) inoculation of susceptible mouse strains (ex. SJL/J) with attenuated
TO strains causes a biphasic disease, consisting of an early acute and often subclinical
encephalitic disease between 3-12 days P.I., followed by a late chronic demyelinating
disease initiating between 30-40 days P.I. that eventually results in lethality (34). Early
acute disease following IC TMEV infection consists of viral replication within gray
matter, and resistant mouse strains (ex. C57BL/6) successfully clear TMEV from the
CNS following the early acute disease phase (34). Alternatively, susceptible mouse
strains are unable to clear TMEV from the CNS following this initial acute disease,
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-Chapter 1allowing TMEV to persist in macrophage-like cells, microglia, astrocytes and
oligodendrocytes (34). This late chronic CNS demyelinating disease following IC
inoculation with BeAn or DA TMEV is commonly used as a rodent model of multiple
sclerosis, sharing many similarities with the human disease including the necessity of a
genetic determinant combined with an environmental trigger, neuropathological
similarities, and inflammatory-mediated demyelination corresponding with CNS
infiltration of CD4+ T cells, CD8+ T cells and monocytes/macrophages (34).

TMEV-induced myositis

TMEV is classified and predominantly characterized as a neurotropic virus, yet
skeletal muscle tropism has been reported for attenuated and virulent strains of TMEV
(151-153). Highly virulent GDVII and FA strains of TMEV induced severe acute
myositis following intramuscular (IM) injection in young mice (152). In this report,
inoculated muscles appeared swollen, “opaque and dry, with whitish yellow streaks and
patches,” correlating with apparent calcified, necrotic myofibers in these animals (152).
Histological analysis revealed muscle necrosis, corresponding with inflammatory
infiltration. Similar to highly virulent strains, IM injections in young mice with the
attenuated DA strain also manifested in myositis within the injected limb, where
inflammatory infiltrates were strongly associated with necrotic myofibers (152).
Interestingly, peripheral infection with DA TMEV was also reported to induce
both acute and chronic myositis in several young, WT mouse strains, including SJL/J,
C57BL/6J and BALB/c (153). This report found that intraperitoneal (IP) inoculation with
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into a chronic inflammatory disease by 3 weeks P.I. During the acute stage, viral antigen
was detected in skeletal myofibers, particularly in areas with severe muscle damage.
Inflammatory infiltrates primarily consisted of macrophages and T cells, and
macrophages were especially observed in areas with calcified myofibers. Muscle damage
and calcification also occurred in TMEV-infected SCID mice, yet the disease was
somewhat reduced from that reported in WT mice bearing a functional adaptive immune
system. In summary, these data demonstrate that attenuated TMEV strains possess the
capacity to induce skeletal myofiber damage and calcification associated with
inflammatory infiltration. Furthermore, the ability of TMEV to induce similar disease
pathologies in SCID mice, which lack a functional adaptive immune system, in
combination with observations that macrophages were predominant muscle-infiltrating
cells, suggest that macrophages may be a predominant cell type mediating TMEVinduced myositis.

TMEV and macrophages

Attenuated strains of TMEV have been reported to infect astrocytes,
oligodendrocytes, and macrophages during persistent CNS infection in susceptible mouse
strains, yet macrophages bear the major virus burden in the CNS (154-158). Moreover,
macrophages were found to be the predominant effector cells contributing to persistent
CNS TMEV infection and subsequent demyelination, as liposome depletion of
macrophages from DA-infected SJL/J mice reduced immune cell infiltration, inhibited
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-Chapter 1viral persistence, and inhibited demyelination in the CNS (158). These data highlight the
role of macrophages as essential mediators of TMEV-induced CNS demyelination, and
additionally suggest that macrophages are an important substrate for TMEV replication in
the CNS.
In accordance with this discovery, several studies have investigated TMEV
infection and replicative capacity within macrophages. TMEV infection of macrophages
has been reported to be highly dependent on the maturation and activation state of these
cells, and a common finding was that attenuated TMEV strains infect mature
macrophages to a greater degree than immature monocytes/macrophages (159-162).
However, TMEV has also been reported to induce abortive infections in macrophages,
and therefore the interactions between TMEV and macrophages in vivo are likely very
complex and highly dependent on the surrounding host environment (161, 163, 164).

SHP-1-dependent tissue-specific pathogenesis of TMEV

Our lab has previously identified SHP-1 as a genetic determinant governing
TMEV-induced demyelinating disease (165-167). We demonstrated that IC or IP
inoculation of 12 to 14-day-old motheaten or viable motheaten mice with the attenuated
BeAn TMEV strain induces rapid CNS demyelination, whereas WT (+/+ or +/-)
littermates were resistant to CNS disease (165, 166, 168). SHP-1-/- macrophages were the
primary effector cells mediating CNS disease following either route of infection, as both
clodronate liposome-depletion of macrophages, and MCP-1-neutralization, corresponded
with reduced viral burden, macrophage infiltration, and demyelination in the CNS (165,
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and possessed high numbers of TMEV genomes (165, 166, 169).
Alternatively, as described in detail in chapter 2, WT (+/+ or +/-) mice suffer
debilitating skeletal muscle inflammation and corresponding dystrophic calcification
following peripheral TMEV infection, while SHP-1-/- mice were entirely resistant to this
disease (169). Although a more pronounced infiltration of monocytes/macrophages were
observed in both SHP-1-/- CNS and skeletal muscle, WT muscle-infiltrating macrophages
displayed a similar inflammatory phenotype and ability to damage muscle to that of SHP1-/- CNS-infiltrating macrophages (165, 166, 169). These results highlight opposing roles
of SHP-1 in CNS compared to skeletal muscle, and context-specific influence of SHP-1
on macrophage pathogenicity, suggesting that SHP-1 may regulate inflammatory
responses in unique ways in immune-privileged (CNS) compared to peripheral (muscle)
tissues. Furthermore, these data reveal the SHP-1-dependent macrophage response as an
essential mediator of virus-induced inflammatory disease.

Summary

In summary, abundant evidence points to combinatorial effects of genetic
components and environmental triggers contributing to the onset of debilitating
inflammatory diseases including MS and IIMs. Moreover, these inflammatory diseases
appear to be strongly mediated by macrophages. Our lab has developed a unique virusinduced model system allowing us to investigate genetic components involved in
mediating both virus-driven CNS demyelinating disease and myositis. The following
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-Chapter 1chapters will describe investigations into the means by which SHP-1 activity in
macrophages mediates these tissue-specific disease pathologies.
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-Chapter 2Abstract
Virus-induced myositis is an emerging global affliction that remains poorly
characterized with few treatment options. Moreover, muscle-tropic viruses often spread
to the central nervous system causing dramatically increased morbidity. Therefore, there
is an urgent need to explore genetic factors involved in this class of human disease. This
report investigates critical innate immune pathways affecting murine virus-induced
myositis. Of particular importance, the key immune regulator SHP-1, which normally
suppresses macrophage-mediated inflammation, is a major factor in promoting clinical
disease in muscle. We show that Theiler’s murine encephalomyelitis virus infection of
skeletal myofibers induces inflammation and subsequent dystrophic calcification with
loss of ambulation in wild type mice. Surprisingly, although similar extensive myofiber
infection and inflammation is observed in SHP-1-deficient (SHP-1-/-) mice, these mice
neither accumulate dead calcified myofibers nor lose ambulation. Macrophages were the
predominant effector cells infiltrating WT and SHP-1-/- muscle, and an increased
infiltration of immature monocytes/macrophages correlated with absence of clinical
disease in SHP-1-/- mice, while mature M1-like macrophages corresponded with
increased myofiber degeneration in WT mice. Furthermore, blocking SHP-1 activation in
WT macrophages blocked virus-induced myofiber degeneration, and pharmacologic
ablation of macrophages inhibited muscle calcification in TMEV-infected WT animals.
These data suggest that following TMEV infection of muscle, SHP-1 promotes M1
differentiation of infiltrating macrophages, and these inflammatory macrophages are
likely involved in damaging muscle fibers. These findings reveal a pathological role for
SHP-1 in promoting inflammatory macrophage differentiation and myofiber damage in
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-Chapter 2virus-infected skeletal muscle, thus identifying SHP-1 and M1 macrophages as essential
mediators of virus-induced myopathy.
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-Chapter 2Introduction
Prevalent human single-stranded RNA viruses including retroviruses, flaviviruses,
alphaviruses, picornaviruses and rhabdoviruses are commonly associated with skeletal
muscle infection and inflammation resulting from either direct infection of myofibers or
infiltrating inflammatory macrophages (1-15). As a consequence of these infections,
spreading of the virus from muscle to CNS by retrograde axonal transport or viremia may
occur causing severe neuropathological complications (16-20). Therefore, skeletal muscle
is a clinically significant target of virus infections in humans and the mechanisms
involved in this process must be further elucidated.
Among the most clinically relevant muscle-tropic viruses, arthropod-borne RNA
viruses (arboviruses) including flaviviruses and alphaviruses are emerging disease threats
worldwide in both developing and developed nations, and these infections are associated
with a high incidence of neurological manifestations (21). Alphaviruses such as Ross
River virus, Chikungunya virus and Sindbis virus have been demonstrated to trigger
debilitating muscle and CNS disease in humans and mice, and skeletal muscle fibers have
been described as targets for initial replication in the periphery (22-29). Moreover, recent
studies have suggested that disease severity of Chikungunya virus strains can be
predicted by the ability of each strain to infect myofibers (30, 31). It is therefore common
that muscle serves as an initial target for neurotropic viruses.
Another important aspect of these virus-induced neuromuscular diseases is the
particular targeting of children. Many childhood viral infections trigger central nervous
system (CNS) disease and/or muscle dysfunction, with severe cases of muscle
involvement manifesting in severe inflammatory myositis and/or rhabdomyolysis (32-
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-Chapter 235). Thus, virus infections involving skeletal muscle with common subsequent
neurological involvement is an escalating clinical problem with increased predilection for
children. Therefore, defined animal models for these infections are needed to study
genetic and immune mechanisms at play in the development of severe virus-induced
muscle and subsequent CNS disease.
Theiler’s murine encephalomyelitis virus (TMEV) is a neurotropic picornavirus
belonging to the cardiovirus genus that is comprised of two subgroups (36). GDVII, the
highly virulent strain, causes an acute paralytic disease with infection of neurons in the
brain and spinal cord leading to encephalitis and death. GDVII has additionally been
reported to induce myositis marked by extensive myofiber necrosis following
intramuscular inoculation (36-38). In contrast, attenuated strains of TMEV including
BeAn and DA are only neurotropic when inoculated intracranially into susceptible strains
of adult mice (36). These attenuated strains of TMEV are commonly used as a virusinduced model of multiple sclerosis, often causing subclinical neuronal infection
followed by persistence in glia and inflammatory demyelination weeks to months after
infection (36). Importantly, attenuated TMEV strains have been demonstrated to induce a
severe acute myositis following intramuscular inoculation and induce an immune cellmediated acute myositis following i.p. inoculation into several strains of suckling mice
(38, 39). These studies indicate that TMEV infection of suckling mice may provide a
model system for studying the pathogenesis of virus-induced muscle disease that may be
relevant for increased childhood susceptibility to these viruses.
We have previously established that suckling Src homology region 2 domaincontaining phosphatase 1 (SHP-1)-deficient mice (motheaten [me/me]) suffer CNS
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TMEV, while wild-type (WT) mice are resistant to this disease (40-42). In this model,
macrophages were found to mediate TMEV-induced demyelination in SHP-1-/- mice,
because blocking macrophage infiltration inhibited TMEV infection of the CNS,
corresponding with reduced disease severity (40, 41). SHP-1 (Src homology region 2
domain-containing phosphatase 1) is a cytosolic protein tyrosine phosphatase expressed
predominantly in hematopoietic cells and functions as a key regulator of many cellular
processes of innate immune cells, especially in macrophages (43, 44). In particular, SHP1 controls essential monocyte/macrophage functions that are relevant to virus-induced
inflammatory responses in tissues including transendothelial migration, adhesion,
activation, polarization and phagocytic activity (44-46).
We report that both WT and me/me suckling mice develop widespread myofiber
infection and innate inflammatory responses in skeletal muscles upon peripheral
inoculation with TMEV. However, TMEV only induces severe myositis with impaired
locomotion following peripheral inoculation of WT mice, while mice lacking SHP-1 are
surprisingly resistant to this clinical muscle pathology. In particular, an accumulation of
degenerating fibers and corresponding dystrophic fiber calcification was observed in WT
but not SHP-1-deficient mice. Importantly, while TMEV infection of wild type and
me/me muscle induces a pronounced infiltration of macrophages, there are clear
differences in the phenotype of these cells between WT and me/me mice that relate to
striking differences in clinical muscle pathology. Of particular note, muscle pathology in
WT animals was coincident with macrophage differentiation toward an M1 phenotype,
while muscle-infiltrating macrophages displayed a relatively immature phenotype in
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-Chapter 2me/me mice. Additionally, TMEV genomes were much higher in WT compared to
me/me macrophages suggesting that an M1 differentiation program supported virus
replication in these cells within muscle. Furthermore, blocking SHP-1 activation in WT
mice via the CD47-SIRP!-SHP-1 pathway blocked the development of both myofiber
calcification and impaired ambulation. Finally, depleting macrophages in WT animals
with clodronate liposomes inhibited the development of TMEV-induced muscle fiber
degeneration and calcification. Thus, these findings demonstrate that SHP-1 plays a
critical role in promoting M1 differentiation in virus-infected muscle and in promotion of
debilitating virus-induced myositis.
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Animals

SHP-1-deficient motheaten (me/me, C3FeLe.B6 a/a-Ptpn6me/J) or viable
motheaten (mev/mev, C57BL/6J [BL/6]-Ptpn6me-v/J) mice, heterozygous and wild type
littermates were produced from heterozygous breeding pairs obtained from The Jackson
Laboratory (Bar Harbor, Maine; No. 000225 and 000811, respectively). Appropriate
genotypes of all mice were verified commercially from tail DNA (Transnetyx, Inc.
Cordova, TN). All animal experiments were performed under approval from the
Institutional Animal Care and Use Committee (IACUC) at SUNY Upstate Medical
University.

Infections

BeAn TMEV was obtained from ATCC (Manassas, VA; No. VR-995) and
propagated within BHK-21 cells (ATCC; No. CCL-10). Plaque assays were performed to
determine viral titer as plaque-forming units per milliliter (PFU/ml). 12 day old me/me
mice and normal littermates were inoculated intraperitoneally with 100µl containing 6 X
106 PFU BeAn TMEV. Mice were monitored daily for signs of skeletal muscle disease
(hunched, abnormal gait, swollen shoulders/hips). WT mice (n=16) were sacrificed upon
clinical signs of muscle disease (9-15 days P.I.) unless otherwise noted, and development
of skeletal muscle disease was further verified by presence of white calcified areas within
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sacrificed at 5 d P.I. and processed for RNA, histological and flow cytometry analysis.
Twelve- to fourteen-day-old mev/mev mice and normal littermates were
inoculated i.p. with 100µl containing 6 X 105 PFU – 3 X 106 PFU TMEV. Infections
were independently repeated 5 times: once with 3 mev/mev and 3 WT animals; once with
1 mev/mev and 2 WT animals; twice with 1 mev/mev and 5 WT animals; and once with 1
mev/mev and 1 WT animal, yielding 7 total mev/mev mice and 16 total WT littermates.
Mice were monitored daily for signs of skeletal muscle disease (hunched, abnormal gait,
swollen shoulders/hips). Mice were sacrificed upon clinical signs of muscle disease (7-15
d P.I.) unless otherwise noted. Development of skeletal muscle disease was further
verified by presence of white calcified areas within skeletal muscle of mice upon
dissection.

Histology

Skeletal muscle was dissected from the gluteus maximus muscle, snap frozen in
OCT media (Sakura Finetek USA, Inc.; Torrance, CA) and stored at -80°C. 7µm sections
were cut using a cryostat (Leica Microsystems CM1900, Wetzlar, Germany), air-dried
and fixed with acetone (10 minutes at -20°C).
Sections for immunofluorescent stainings were blocked in 10% horse serum
(Tissue Culture Biologicals, Tulare, CA; No. 601D) overnight at 4°C and incubated in
10% horse serum with primary Abs overnight at 4°C. Rat anti-mouse Ly6c and F4/80
(BioLegend, San Diego, CA; No. 128001 and 123101) were diluted at 1:200, and rabbit
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Chicago, Chicago, IL) was diluted at 1:2000. Fluorochrome-conjugated secondary Abs
(Dylight 488 donkey anti-rabbit and Dylight 594 goat anti-rat) were obtained from
Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA; No. 711-545-152 and
112-515-167, respectively) and incubated for 2 h at 4°C at a 1:500 dilution. DAPI
(1µg/ml) was added for one min, and coverslips were mounted with fluorescence
mounting medium (DAKO, Glostrup, Denmark; No. S3023).
H&E staining was performed with all steps at room temperature unless otherwise
noted. Tissues were incubated with Harris’s Hematoxylin (Sigma Diagnostics, St. Louis,
MO; No. HHS-32) for 11 min a slide-warmer (Lab-Line Instruments, Inc., Melrose Park,
IL; No. 26025) at 50°C. Slides were decolorized with 0.3% HCl in 70% EtOH for ~50 s,
washed in ammonium water (5 drops ammonium hydroxide/100ml dH20) for 1 min, and
stained with Eosin Y (Sigma Diagnostics; No. HT110-1-16) for 45 s. Slides were dried in
a 50°C slide-warmer for 5 min and mounted with Permount (Electron Microscopy
Sciences, Hatfield, PA; No. 17986-01).
Alizarin red S (Electron Microscopy Sciences; No. 26206-01) staining was
performed on acetone-fixed sections according to the recommended manufacturer’s
protocol. Tissues were stained with Alizarin Red S for 2.5 min. Slides were dried on a
50°C slide-warmer and mounted with Permount.
Picrosirius red (Electron Microscopy Sciences; No. 26357-02) staining was
performed on acetone-fixed sections according to the manufacturer’s protocol.
Phosphomolybdic acid added to tissues for 5 min. Slides were dehydrated in EtOH,
cleared in xylene and mounted with Permount.
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microscope (Nikon, Tokyo, Japan) with a SPOT RT Slider digital camera (SPOT
Imaging Solutions, Sterling Heights, MI). Images were obtained at X20, X200 and X400
with numerical apertures of 0.06, 0.50 and 0.75, respectively, using Spot RT Software
v3.0 (SPOT Imaging Solutions) at room temperature. Black and white fluorescent images
were merged and pseudo-colored using ImageJ software (NIH; Bethesda, MD).
H&E cell counts were executed by placement of rectangles of a fixed area over
representative regions of each tissue and counting cells within each area. Unit area for
cell density within lesions was 2.25nm (30 X 75 µm), and unit area for cells invading
myofibers was 450µm (18 X 25 µm). Areas were placed over two representative
fields/tissue and averaged counts were analyzed for statistical significance.

Flow cytometry analysis

At 5 d P.I., all skeletal muscle, including forearms, neck, back, hindlimbs and
gluteus maximus muscles, was dissected from WT and me/me mice. Muscle was
dissociated using a gentleMACS Dissociator and skeletal muscle dissociation kit (MACS
Miltenyi Biotec, Cologne, Germany; No. 130-098-305) according to the manufacturer’s
protocol. Cells were passed through 40-µm filters following RBC lysis. Cells were
incubated at 4°C for 20 min in 2.4G2 supernatant (2.4G2 hybridoma line from ATCC;
No. HB-197) to block CD16/32 Fc"Rs. Cells were stained for 30 min at 4°C with the
following Abs and concentrations diluted in 2.4G2 supernatant: CD45-PE (No. 103105,
1:100), CD11b-Pacific Blue (No. 101223, 1:800), Ly6c-Brilliant Violet 570 (No. 128030,
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-Chapter 21:50), F4/80-PerCP/Cy5.5 (No. 123127, 1:50) or CCR2-APC (R&D Systems;
Minneapolis, MN; No. FAB5538A, 1:10). Unless otherwise noted, all Abs were from
BioLegend. Flow cytometric analysis was performed using a BD LSR Fortessa cytometer
with FACSDiva software (Becton Dickinson; San Jose, CA) and analyzed with FlowJo
software (Tree Star Inc, Ashland, OR). Experiments were performed twice
independently.
FACS was performed using a BD FACSAria III cell sorter with FACSDiva
software (Becton Dickinson; San Jose, CA) to isolate either muscle- or spinal cordinfiltrating cells for RNA analysis. Muscle-infiltrating cells were prepared as described
above. To isolate spinal cord-infiltrating cells, whole spinal cords were dissected and
dissociated using a gentleMACS dissociator and Neural Tissue Dissociation Kit
according to the manufacturer’s protocol (MACS Miltenyi Biotec; No. 130-092-628).
Following RBC lysis, myelin was removed from spinal cord cell suspensions using
Myelin Removal Beads II (MACS Miltenyi Biotec; No. 130-096-733), according to the
manufacturer’s protocol. Muscle- and spinal cord-infiltrating cells were labeled with
CD45-PE, CD11b-Pacific Blue, Ly6c-Brilliant Violet 570 and F4/80-PerCP/Cy5.5.
CD45+ cells were gated and collected for spinal cords, and muscle cells were
subsequently subjected to a generous CD11b+Ly6c+ (hi and lo) gate to yield
CD45+CD11b+Ly6c+ cells. 250,000–400,000 cells were collected per muscle sample, and
50,000–150,000 cells were collected per spinal cord. Cells were pelleted, suspended in
RNA STAT-60 (Tel-Test, Inc., Friendswood, TX; No. Cs-111) and stored at -80°C until
further processing for RNA extraction/analysis.
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Twelve WT C57BL/6 mice (The Jackson Laboratory; No. 00064) were inoculated
i.p. with 6 X 106 PFU TMEV at 12 d. Mice were injected i.p. with 100 µg Rat IgG2a, #
isotype control or rat anti-CD47 antibodies (BioLegend; No. 400516 and 127512,
respectively) every 2 d from 5 to 13 d P.I. and sacrificed at 16 d P.I. Four animals were
used for each control and experimental group. Mice were observed daily for signs of
disease and clinical disease scores were assigned according to the following rank scale: 1:
hunched posture and ruffled fur; 2: swollen muscles/abnormal gait; 3: 1 limb
immobilized; 4: 2 or more limbs immobilized; 5: death. Dissections and histological
evaluation was performed as described above. This experiment was performed in
duplicate.
The percentages of calcified areas in Alizarin red-stained muscle sections were
quantified using ImageJ software. Bright-field images were converted to 8-bit files.
Automatic threshold values were used to select and measure areas of calcified (pixelated)
staining, threshold values were increased to select and measure entire tissue area, and the
percentage of tissue calcification was calculated using these area measurements.

In vivo macrophage depletion

Ten WT C3HeB/FeJLE mice (C3H) mice were inoculated i.p. with 6 X 107 PFU
TMEV at 12 d. Mice were injected i.p. with 80 µl containing 0.4 mg clodronate or control
liposomes (Clodrosome macrophage depletion kit, Encapsula Nano Sciences; Brentwood,
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-Chapter 2TN; No. 8901) every 3 d from 6 to 12 d P.I. and were sacrificed at 14 d P.I. Five animals
received clodronate liposomes and five animals received control liposomes. Mice were
observed daily for signs of disease and clinical disease scores were assigned according to
the rank scale described above. Mice were observed for signs of muscle calcification
upon dissection.

RNA analysis

Skeletal muscle was dissected from the gluteus maximus muscle, homogenized in
RNA STAT-60 (Tel-Test, Inc.) and stored at -80°C. FACS-sorted cells were isolated for
RNA analysis as described above. Samples were further processed for RNA purification
by phenol-chloroform extraction, and RNA were analyzed by custom designed
Quantigene 2.0 Multiplex Assay (Affymetrix, Inc., Santa Clara, CA).
The Affymetrix QuantiGene Plex 2.0 Assay (a multiplex bead-based assay) was
used to measure the expression of 41 genes of interest (including 38 target genes and 3
reference genes). Pre-validated probes for these genes were ordered directly from
Affymetrix and arrived as a conjugated bead mixture. Mouse total RNA samples from
muscle or cell-sorted samples were processed with these probes, according to the
QuantiGene Plex 2.0 Assay Manual. Briefly, a working bead mix containing lysis
mixture, blocking reagent, capture beads, and probe set was prepared and dispensed into
the hybridization plate, and 20 µl of total RNA containing 500 ng (from muscle samples),
300 ng (from muscle-sorted cells) or 50 ng (from spinal cord-sorted cells) was added to
each well. Background control wells received 20 µl of water added to the bead mix. The
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for 22 h at 54oC and 600 rpm.
After hybridization, the wash solution, pre-amplifier, amplifier, label probe, and
streptavidin-phycoerythrin (SAPE) solutions were prepared according to the manual
instructions. The hybridized samples were then transferred from the hybridization plate to
the magnetic separation plate. Samples were washed using the Affymetrix Hand-Held
Magnetic Plate Washer, and incubated sequentially for 1 h each (50oC at 600 rpm) with
the pre-made amplifier solutions (pre-amplifier, amplifier, and label probe). The SAPE
solution was added to the plate, and samples were incubated in the dark at room
temperature for 30 min at 600 rpm. Unbound SAPE was removed using the SAPE Wash
Buffer from the QuantiGene Plex Kit. Then, 130 µl SAPE Wash Buffer was added to
each sample, and the plate was shaken at room temperature for 3 min at 800 rpm to
resuspend the beads. The plate was read immediately using the BioRad BioPlex 200
instrument using settings of 100 µl volume; 60 s timeout; and 100 Bead Events/Bead
region.
Fluorescent readings from blank wells were subtracted from fluorescent values for
each mRNA of interest. Values exceeding background were then normalized to the
geometric mean signal derived from three reference genes in each sample:
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Hypoxanthine-guanine
phosphoribosyltransferase (HPRT1) and TATA binding protein 1 (TBP1). These
normalized ratios were scaled to positive integer values by multiplying them by a
constant (10,000). Significant differences between sample groups were evaluated using a
one-tailed unpaired t-test.
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Statistical Analyses

GraphPad Prism 5 software was used to perform statistical analyses. One-tailed
unpaired t tests were performed to compare one measurement between two groups, twoway ANOVAs with Bonferroni post hoc tests for multiple comparisons were performed
to measure significant differences between means +/- SEM, and one-tailed Wilcoxon
matched-pairs signed-rank tests were performed to compare clinical disease scores
between two groups. P values are as follows: * = p < 0.05, ** = p < 0.01, *** = p < 0.001
and **** = p < 0.0001. GraphPad Prism 5 software was additionally used to calculate
statistical significance of disease incidence using the two-sided Fisher’s exact test.
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TMEV-induced skeletal muscle disease in wild type mice

We have previously reported that suckling mice lacking SHP-1 (me/me) on a C3H
background develop rapid central nervous system (CNS) inflammatory disease following
i.p. inoculation of the attenuated BeAn TMEV strain within 5-8 d P.I. (40). Although WT
animals remain free of CNS disease, we observed that i.p. inoculation of TMEV to
suckling heterozygous and homozygous wild type littermates produced a severe
debilitating disease of the skeletal muscle between 9 and 15 d P.I. (Fig.1, Table 1).
Because no phenotypic difference between heterozygous and homozygous WT
littermates was seen following infection, we refer to both +/- and +/+ animals as WT in
this report. Mice exhibiting TMEV-induced muscle disease suffered loss of limb function
that was musculoskeletal rather than neurological in nature, because clinical examination
and dissection revealed exceptionally stiff, swollen skeletal muscle presenting a white
appearance, with limbs completely immobilized in severe cases (Fig 1). Experiments
using WT mice on a BL/6 background demonstrated that TMEV triggered comparable
muscle pathologies in both C3H and BL/6 mice (Fig. 1), signifying that TMEV-induced
muscle disease was not specific to the C3H strain, in agreement with previous studies
(39). Muscle pathology was absent in both mock-injected BL/6 and C3H mice (Fig. 1,
BL/6 not shown).
To determine the pathological basis for this phenotype, H&E and alizarin red
staining were performed on serial skeletal muscle sections from infected mice. The white
appearance of skeletal muscle in WT mice was likely due to calcification, because
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-Chapter 2alizarin red staining was strongly positive (Fig. 1). Moreover, calcification was restricted
to degenerating myofibers, suggesting that the process of calcification occurred primarily
in fibers undergoing terminal degeneration that eventually led to fiber loss.
Accompanying fibrosis was also prevalent, as observed by picrosirius red staining (Fig.
1), further supporting the notion of TMEV-induced dystrophic calcification of skeletal
muscle.

Lack of TMEV-induced muscle disease in SHP-1-deficient mice

In contrast to WT mice, no overt clinical or anatomical signs of TMEV-induced
muscle disease were visible in SHP-1-deficient me/me mice. This suggested that SHP-1
might facilitate myofiber calcification and muscle pathology in WT animals. However,
because me/me mice succumb to CNS disease prior to the time at which muscle disease
is clearly discernible in WT mice, we performed similar experiments with mev/mev mice
(BL/6 background), which develop CNS disease later than do me/me mice (42). As
depicted in Fig. 2 and Table 1, all BL/6 WT mice exhibited signs of muscle calcification
by 7 d P.I., whereas calcification was never observed in mev/mev littermates by the time
the mice succumbed to CNS disease (up to 11 d P.I.). Alizarin red staining confirmed the
presence of degenerating calcified myofibers in WT, but not in mev/mev, muscle (Fig.
2B), further validating sharply reduced myofiber degeneration and muscle pathology in
SHP-1-deficient mice. Although mev/mev mice did not show signs of myofiber
death/calcification, both mev/mev and WT littermates exhibited equal signs of muscle
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-Chapter 2fibrosis at 9 d P.I. (Fig. 2B), indicating that myofiber calcification was a specific marker
of clinical disease in WT animals.

Phenotypic differences of infiltrating macrophages in WT and SHP-1-/- mice

A prominent feature of TMEV-infected muscle, both before and during the
development of clinical muscle pathology, was the presence of extensive macrophage
invasion into infected muscles of both SHP-1-/- and WT mice (Fig. 3), whereas increased,
yet relatively low, numbers of Ly6g+ cells were observed within SHP-1-/- muscle
compared to WT muscle by immunofluorescence and flow cytometry analysis (data not
shown). Because SHP-1 is expressed at high levels in monocytes/macrophages, we
reasoned that development of muscle pathology might be controlled by SHP-1 in these
cells. Indeed, in both SHP-1-/- and WT mice there was an extensive infiltration of
predominantly Ly6c+ macrophages that were especially localized to regions of extensive
TMEV-infected myofibers (examples of these regions are depicted in Fig. 3A). This
observation suggested that macrophage infiltration in WT and SHP-1-/- muscle generally
localized to areas of TMEV infection of myofibers. Although both genotypes contained
abundant infiltrates, macrophage infiltration consistently appeared more robust in SHP-1/-

muscle compared with WT muscle (Fig. 3A). To support this observation, the average

densities of infiltrating cells accumulating between or within muscle fibers of infected
SHP-1-/- and WT mice were enumerated; cell counts revealed a higher density of
inflammatory cells between myofibers of SHP-1-/- muscle compared with WT muscle
(Fig. 3B, 3C).
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pronounced infiltration of inflammatory monocytes/macrophages in infected muscle,
flow cytometry was performed on cells isolated from WT and me/me muscle at 5 d P.I. It
is generally well understood that CD11b+Ly6chiCCR2hi inflammatory monocytes patrol
the bloodstream and respond to damaged/inflamed tissues in an MCP-1-dependent
manner. Upon entry into inflamed tissues, such as skeletal muscle, inflammatory
monocytes mature into macrophages, first by downregulating CCR2 and subsequently
downregulating Ly6c while gaining F4/80 expression (Fig. 4A) (47-50). Therefore, we
first enumerated infiltrating CD11b+Ly6chi and CD11b+Ly6clo cells within WT and
me/me muscle, and CD45 was used as an initial gate to exclude nonhematopoietic cells.
We observed significantly higher numbers of both infiltrating CD45+CD11b+Ly6chi and
CD45+CD11b+Ly6clo cells/g of muscle in SHP-1-/- compared with WT mice (Fig. 4B).
These data supported our histological observations, demonstrating a much more robust
infiltration of both Ly6chi and Ly6clo monocyte-derived cells in SHP-1-/- muscle
compared with WT muscle.
To further evaluate potential phenotypic differences between infiltrating
macrophages in WT compared with me/me mice, we analyzed levels of the differentiation
markers CCR2 and F4/80 on muscle-infiltrating macrophages by flow cytometry. The
most striking differences observed were high levels of CCR2 expression on
CD45+CD11b+Ly6chi cells in me/me mice compared with WT mice, and low levels of
F4/80 expression on CD45+CD11b+Ly6clo macrophages in me/me mice compared with
WT mice, as observed by contour plots (Fig. 4C). Consistent with these observations,
CD45+CD11b+Ly6chiF4/80lo cells in me/me mice displayed a significantly increased
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-Chapter 2CCR2 mean fluorescence intensity (MFI), whereas CD45+CD11b+Ly6cloCCR2lo cells in
me/me mice displayed a significantly decreased F4/80 MFI, compared with the
corresponding WT populations (Fig. 4D). These observations suggested a role for SHP-1
in governing macrophage maturation following recruitment of Ly6chiCCR2hi
inflammatory monocytes into TMEV-infected muscles, leading to a predominance of
relatively immature macrophages in SHP-1-deficient muscle compared with WT muscle.

CD47 neutralization attenuates disease severity in WT mice

SHP-1 controls macrophage activities, including phagocytosis and cytokine
production, particularly through the CD47-SIRP!-SHP-1 signaling axis following contact
with CD47+ targets (46, 51, 52). Additionally, CD47-integrin interactions control other
important aspects of monocyte functions, including transendothelial migration, which
might explain increased numbers of macrophages in me/me mouse muscle following
TMEV infection (52-54). Therefore, we addressed whether muscle pathology in WT
mice could be ameliorated by blockade of CD47-SIRP!-SHP-1 signaling in
macrophages. To do this, WT BL/6 mice were injected with a CD47-neutralizing Ab
using an established protocol (55). Because we had observed extensive TMEV infection
of skeletal muscle at 5 d P.I., but had not observed substantial calcification prior to 9 d
P.I., we initiated injections of CD47-neutralizing Ab 5 d P.I. Mice were treated with antiCD47 from 5 to13 d P.I. and were sacrificed at 16 d P.I. No differences in muscle
pathology were observed between control groups (untreated or IgG-treated); therefore, all
control animals were pooled for quantification. Mice were assigned clinical disease
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-Chapter 2scores daily from 9 to 16 d P.I. As expected, animals receiving anti-CD47 treatments
exhibited a significant reduction in clinical disease scores compared with controls (Fig.
5A). Upon dissection, mice receiving CD47-blocking Ab had reduced calcification of
skeletal muscle compared with controls (Fig. 5B). Quantification of alizarin red staining
revealed significantly decreased muscle calcification in anti-CD47-treated animals
compared with controls, indicating that blocking CD47 attenuated muscle pathology (Fig.
5C). These data suggest that Ab-mediated blockade of CD47 signaling to macrophages in
WT mice altered macrophage activity in ways that were protective against TMEVinduced muscle pathology, as seen in SHP-1-/- mice.
Because the CD47 receptor SIRP! is predominantly expressed on macrophages
(46, 51), macrophage phenotypic differences between control and anti-CD47-treated
mice were analyzed. Indeed, upon immunofluorescence analysis of tissue sections,
CD47-neutralized mice displayed elevated Ly6c expression and reduced F4/80
expression compared with controls (Fig. 5D), correlating with the immature phenotype of
macrophages observed in me/me muscle (Fig. 4B, 4C). These data suggest that, in SHP1-/- mice, macrophage functions that are normally controlled by CD47-SIRP!-SHP-1
signaling inhibit extensive myofiber calcification and allow continued muscle function.
Alternatively or additionally, expression of SHP-1 in WT macrophages may promote
macrophage differentiation in ways that are detrimental to muscle function.
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Because our data indicated that SHP-1 controlled TMEV-induced muscle
pathology at the level of macrophages, we further analyzed an extended macrophage
gene expression profile in these cells isolated from infected muscle. Thus, we used FACS
to sort CD45+CD11b+Ly6c+ (hi and lo) macrophages from skeletal muscle of me/me and WT
mice at 5 d P.I. for subsequent RNA analysis. Interestingly, we observed significantly
increased expression of various proinflammatory genes within sorted WT mouse
macrophages compared to me/me mouse macrophages (Fig. 6A), including TNF-!, IL1$, IL-6, Caspase 1, iNOS, IRF-1, IRF-5 and IRF-8. No significant differences in the
expression of M2-associated genes (Arginase 1, FIZZ1 or Ym1) were observed between
WT and me/me macrophages (Fig. 6A). These data demonstrated that, although me/me
mice display a much more pronounced infiltration of macrophages into infected muscle,
me/me mouse macrophages were relatively immature compared with those in WT
muscle, with the latter maturing into classically activated (M1) macrophages. Because no
differences between M2-associated genes were observed between genotypes, these data
support the idea that SHP-1 drives the maturation of muscle-infiltrating inflammatory
monocytes into M1-like macrophages, likely contributing to inflammatory-mediated
myofiber death and calcification.
Because the gene expression profile of WT muscle-infiltrating macrophages
corresponded with our previous observations of SHP-1-/- CNS-infiltrating macrophages
(40, 41), we additionally sorted spinal cord-infiltrating CD45hi cells at 5 d P.I. in the same
mice and analyzed an extended gene profile in these cells. CNS-infiltrating cells were
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predominant CNS-infiltrating cells following TMEV infection (40, 41), Interestingly,
although M1 genes were higher in WT mouse muscle macrophages compared with
me/me mouse muscle macrophages, these differences were either reversed or eliminated
in CNS macrophages (Fig. 6B), indicating that SHP-1 regulated macrophage
maturation/differentiation within CNS tissue uniquely compared with that seen in skeletal
muscle.

Depletion of macrophages reduces disease severity in WT mice

Because our data suggested that inflammatory M1-like macrophages contribute to
muscle damage and calcification in WT mice, we sought to determine whether depletion
of macrophages could inhibit muscle calcification in these animals. Clodronate liposomes
have been extensively used to selectively deplete macrophages in vivo (56-58). Thus, WT
animals were injected with either control or clodronate liposomes every 3 d from 6 to 12
d P.I. and were sacrificed at 14 d P.I. Mice were assigned daily clinical disease scores
from 8 to 14 d P.I. Animals receiving clodronate liposomes displayed significantly
reduced clinical disease severity (Fig. 7A), suggesting that depletion of macrophages
reduced TMEV-induced muscle disease in WT mice. Upon dissection, all five animals
receiving control liposomes displayed moderate to severe signals of muscle calcification,
whereas all five mice receiving clodronate liposomes were relatively free of muscle
calcification (Fig. 7B, left panels), signifying that depletion of macrophages restricts
TMEV-induced muscle calcification in WT mice. This was further demonstrated by
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-Chapter 2closer inspection of the medial gastrocnemius muscle (Fig. 7B, middle panels) and by
alizarin red staining (Fig. 7B, right panels). Thus, these data confirmed that macrophages
are the predominant cells contributing to TMEV-induced muscle calcification in WT
animals.

TMEV replicates to high levels in M1 macrophages of WT mice

Because we had seen increased maturation of classically activated macrophages in
WT compared with me/me muscle, it was of further interest to characterize the replicative
capacity of TMEV in this population, because it was reported that TMEV replicates in
mature macrophages but not less mature lineage cells including monocytes (59-61). At 5
and 9 d P.I., similar levels of TMEV Ag were found within myofibers of WT and SHP-1/-

mice (Fig. 8A), indicating that TMEV infection of muscle occurred equally in these

genotypes. Consistent with this observation, RNA analysis of whole skeletal muscle
tissue confirmed similar levels of TMEV genomes in me/me and WT littermates at 5 d
P.I., as well as in mev/mev and WT littermates at 9 d P.I. (Fig. 8C). Nonetheless,
immunofluorescent stainings showed that some Ly6c+ cells were infected with TMEV
(Fig. 8B), and these appeared more prominent in muscle of WT mice compared with
SHP-1-/- mice. To investigate this further, RNA analysis of muscle-infiltrating
CD45+CD11b+Ly6c+ macrophages revealed many more copies of TMEV genomes in
muscle-infiltrating WT mouse macrophages compared with me/me mouse macrophages
(Fig. 8C). These data demonstrated that, although infection of muscle fibers appeared
SHP-1-independent, TMEV replicated preferentially in WT mouse macrophages
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-Chapter 2compared with me/me mouse macrophages. In sum, SHP-1 drove both increased M1
differentiation and increased virus replication in macrophages, both of which were
associated with increased inflammatory disease in skeletal muscle of WT animals, as
depicted schematically in Fig. 9.
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The main phenotypic disease outcomes following peripheral TMEV infection of
suckling WT mice are extensive calcification and immobilization of limb skeletal
muscles. Further, mice deficient in SHP-1 on either of two different genetic backgrounds,
while displaying equal levels of infection of skeletal muscle compared with WT animals,
never displayed limb muscle calcification or immobilization. The present study was
focused on understanding the basis for this dramatic phenotypic difference. First, we
focused on the nature of ectopic calcification. In general, ectopic calcification is defined
as an inappropriate mineralization of soft tissues and is divided into two classes:
metastatic calcification occurs during a systemic mineral imbalance with elevated serum
calcium and/or phosphorous levels, and dystrophic calcification occurs in the absence of
a systemic mineral imbalance and results from tissue damage and cell death (62-64).
Based on the observation that TMEV-induced calcification occurs within myofibers (Fig.
2), the apparent fibrosis in skeletal muscle (Figs. 1, 2), the overwhelming tissue damage
observed in infected muscles (Figs. 1, 2), and the resemblance of calcified myofibers to
those from a murine model of Duchenne muscular dystrophy (mdx mice) (65, 66), we
concluded that TMEV causes dystrophic calcification of degenerating myofibers in WT
mice. Thus, there is likely to be a significant difference in either the production or
removal of damaged myofibers that accounts for the high incidence of calcified fibers in
WT animals.
The finding that infection levels of muscle fibers were similar between genotypes
(Fig. 8), the complete lack of calcified myofibers in me/me mice, and the observation that
depletion of macrophages from WT mice reduced muscle calcification support the idea
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compared with me/me mice is responsible for increased muscle disease in WT animals.
As such, SHP-1-mediated macrophage skewing toward an M1 phenotype in muscle may
increase the expression of molecules detrimental to myofiber survival in virus-infected
muscle, as described in other disease models. For instance, many chronic inflammatory
conditions resulting from tissue damage or infection are associated with cachexia, a
process involving muscle wasting (67). Mounting evidence has implicated a major role of
proinflammatory cytokines, such as TNF-!, IL-1$, and IL-6, in promoting muscle
wasting (67, 68). In particular, TNF-! was shown to reduce myotube protein content,
induce muscle fiber decay, inhibit myogenic differentiation, and trigger apoptosis of
myofibers, whereas IL-1$ was reported to trigger inducible NO synthetase-mediated
muscle fiber necrosis (67, 69). Thus, it is a strong possibility that increased levels of proinflammatory cytokines secreted by M1 macrophages, such as TNF-!, IL-1$, and IL-6, in
muscles from TMEV-infected WT mice may cause increased damage to myofibers or
disrupt the muscle repair processes.
Our data suggest that the key immune regulator SHP-1 is a primary factor driving
dystrophic calcification in WT mice by promoting M1 maturation of inflammatory
macrophages during TMEV infection of skeletal muscle. Beyond promoting an
inflammatory M1 phenotype in WT macrophages, TMEV appeared to preferentially
replicate in M1 macrophages in WT skeletal muscle compared with non-M1
macrophages in me/me mice (Figs. 6, 8). As such, TMEV may utilize various cellular
pathways to its advantage in M1-differentiated macrophages as a strategy for maintaining
infection in the face of an acute inflammatory response to the virus. The finding that
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promote M1 differentiation, we propose that SHP-1-/- mouse macrophages are maintained
at a less differentiated state of development within infected skeletal muscle and,
therefore, do not provide suitable host factors for TMEV replication.
The data presented in this article demonstrate unanticipated roles for SHP-1 in
facilitating both the development of M1 macrophages and clinical tissue pathology
following virus infection. Initially, this observation was surprising, because SHP-1 was
shown to limit M1 macrophage phenotype and extensive immune-mediated inflammatory
tissue damage in the CNS (40, 41, 45). Consistent with this, production of inflammatory
cytokines, proteolytic factors, and NO by M1-like macrophages was demonstrated to
promote inflammatory demyelination (36). However, it was also reported that SHP-1deficient macrophages are defective with regard to their ability to produce both IL-6 and
IL-12 in response to TLR stimulation, indicating that SHP-1 is a positive regulator of
these M1 responses (82). Thus, the function of SHP-1 in macrophages may be contextspecific for which tissue factors play a deciding role in the M1-skewing of macrophages
and M1-mediated tissue damage. Therefore, the mechanisms by which tissue and
pathogen-associated factors may influence the role of SHP-1 in macrophage
differentiation need to be clarified. We are currently focused on deciphering these factors
in skeletal muscle and CNS tissue in which TMEV infection produces an entirely
different pattern of macrophage differentiation and tissue damage in WT and me/me
mice. Together, these data suggest that SHP-1 governs macrophage maturation in unique
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studies is that TMEV replication and TMEV-induced tissue pathology occurs primarily
via M1 macrophages.
Arboviruses, including flaviruses and alphaviruses, are emerging global disease
threats that are often associated with muscle and/or CNS manifestations (1, 21).
Furthermore, arbovirus infections associated with skeletal muscle involvement, and often
subsequent neurological complications, pose a particular threat in children (32-35).
Myositis disorders in humans are thought to be multifactorial diseases involving genetic
factors and environmental triggers, such as virus infections, yet these disorders remain
poorly characterized, with few treatment options available (83-88). Thus, there is an
urgent need to define better animal models to study virus-induced myositis. Because
flaviviruses, alphaviruses, and picornaviruses, including TMEV, possess positive-sensed
ssRNA genomes, this article describes a relevant model system with which to investigate
key immune regulators, including SHP-1, in virus-induced myositis in young animals.
As depicted in Fig. 9, we predict that, following TMEV infection of muscle,
inflammatory monocytes are recruited to the site of infection in WT and SHP-1-deficient
mice where they mature into M1 macrophages in WT animals. Because it was established
that TMEV can infect immature monocyte-like cells yet only replicate in mature
macrophages (59-61), we predict that these mature M1-like macrophages provide a
substrate for TMEV replication and additionally contribute to myofiber damage, likely
via proinflammatory factors (red lightening bolt in Fig. 9). Additionally, active TMEV
replication in macrophages was shown to trigger macrophage apoptosis (60, 61, 89-91),
likely contributing to decreased numbers of macrophages in WT compared to me/me
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-Chapter 2muscle. Alternatively, in the absence of SHP-1, muscle-infiltrating monocytes do not
mature properly, maintaining a persistent, rather than abortive, TMEV infection in these
cells and likely contributing to the increased numbers of cells observed in SHP-1-/muscle compared with WT muscle. Overall, the primary difference between WT and
SHP-1-deficient animals is the myofiber death/calcification that takes place in WT mice,
and depletion of macrophages in TMEV-infected WT mice was shown to inhibit muscle
calcification. Thus, our data suggest that, following TMEV infection of muscle, SHP-1
promotes M1 maturation of macrophages, facilitating myofiber damage and subsequent
disease pathology, whereas immature SHP-1-deficient macrophages do not contribute to
muscle damage and may benefit muscle in some way, circumventing clinical muscle
pathology.
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Table I. Frequency of observed muscle disease in WT and SHP-1-/- mice

C3Ha
WT (+/+)
WT (+/-)
BL/6b
WT (+/+; +/-)
mev/mev

% Mice with observed
muscle pathology

P value

80 (5)
90.91 (11)

1

100 (16)
0 (7)

<0.0001

Values in parentheses show the number of mice analyzed.
a
Animals were infected with 6x106 PFU TMEV and sacrificed between 9-15
days P.I.
b
Animals infected with 6x105 – 3x106 PFU TMEV and sacrificed between 7-11
days P.I.
!

!

((!

-Chapter 2-

FIGURE 1. TMEV-induced muscle pathology in WT mice. Twelve-day-old WT C3H or
C57BL/6 mice were inoculated i.p. with 6 X 106 PFU TMEV or mock supernatant (C3H only)
and sacrificed at 14-15 d P.I. Representative images of observed skeletal muscle disease upon
dissection (top row); red arrows indicate calcified (white) muscle. Serial muscle sections stained
with H&E or Alizarin red S (middle two rows); scale bars, 200 µm (n = 4). Muscle sections were
stained with picrosirius red (bottom row); scale bars, 50 µm (n = 4).
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FIGURE 2. Muscle pathology in WT and SHP-1-/- mice. Twelve-day-old mev/mev mice (lower
panels) and WT littermates (upper panels) were infected with 6 X 105 PFU TMEV or mock
supernatant and sacrificed at 9 d P.I. (A) Representative images of dissected mice; arrows
indicate observed muscle disease by apparent calcification. (B) Alizarin red (left panels) and
H&E (middle panels) staining was performed on serial skeletal muscle sections; arrows point to
corresponding calcified fibers in adjacent sections. Scale bars, 50 µm (n = 3). Muscle sections
were stained with picrosirius red (right panels), scale bars, 50 µm (n = 4).
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FIGURE 3. Infiltration of WT and SHP-1-/- cells into skeletal muscle following infection. (A)
mev/mev mice and WT littermates were sacrificed at 9 dP.I., and muscle sections were labeled
with Abs against Ly6c (red) and TMEV (green) and stained with DAPI (blue); asterisks denote
uninfected myofibers. Image fields within white boxes in left panels are shown as enlarged
images in right panels. Scale bars, 100 µm (n = 3). (B) me/me mice and WT littermates (n = 2)
and mev/mev mice and WT littermates (n = 2) were sacrificed at 5 d P.I., and mev/mev mice and
WT littermates (n = 4) were sacrificed at 9 d P.I. Cell counts were performed on H&E-stained
muscle sections to determine the average number of cells/ unit area within lesions (blue
rectangles) or within intact myofibers (black rectangles). Representative images of me/me and
WT littermates at 5 d P.I. and mev/mev and WT littermates at 9 d P.I. are shown. Scale bars, 50
µm. (C) Graphical representation of the average number of cells/unit area with lesions (upper
panel) and average number of cells invading fibers/ unit area (lower panel). *p < 0.05, **p <
0.01, ****p < 0.0001.
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FIGURE 4. Quantification and phenotypic analysis of muscle-infiltrating monocytes. (A)
Schematic diagram depicting the typical maturation of blood-borne inflammatory monocytes into
macrophages in inflamed tissues, demonstrating downregulation of CCR2 followed by
downregulation of Ly6c and upregulation of F4/80. (B-D) WT and me/me mice were sacrificed at
5 d P.I., and cells were isolated from skeletal muscle for flow cytometry analysis. (B)
Representative gating strategy of WT and me/me muscle depicting initial CD45+ gate (top panel)
to exclude myofiber debris and nonhematopoietic cells, as well as CD11b+Ly6chi or
CD11b+Ly6clo monocyte gates (middle panel). Absolute numbers of CD11b+Ly6chi or
CD11b+Ly6clo cells/g of skeletal muscle quantified (n = 3), performed in triplicate (bottom
panel). (C and D) F4/80 and CCR2 expression was evaluated in CD45+CD11b+Ly6clo and
CD45+CD11b+Ly6chi cells. (C) Representative contour plots shown of WT and me/me mice.
F4/80 gate depicts F4/80hi cells, whereas CCR2 gate depicts CCR2+ cells. (D) CCR2 (upper
panel) or F4/80 (lower panel) MFI levels were quantified from F4/80lo or CCR2lo populations,
respectively, with corresponding maturation stages as shown in (A), (n = 3, performed in
duplicate). *p < 0.05, ***p < 0.001.
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FIGURE 5. Impact of CD47 neutralization on disease severity. WT BL/6 mice were infected
with TMEV and injected with control or CD47-neutralizing Abs from 5 to 13 d P.I. (A) Mean
clinical disease scores (+/- SEM) of mice according to the following scale: 1, hunched posture
and ruffled fur; 2, swollen muscles/abnormal gait; 3, 1 limb immobilized; 4, 2+ limbs
immobilized; 5, death. (B) Muscle calcification observed upon dissection at 16 d P.I.
Representative images of muscle calcification from uninjected and anti-CD47-injected mice (left
panels); arrows indicate calcified areas. Representative Alizarin red staining of muscle from
uninjected and anti-CD47-injected mice (right panels) (original magnification X20). (C)
Percentage of calcified area of muscle was measured by converting bright-field images of
Alizarin red staining into 8-bit black and white files (left panels), measuring the area of dark
staining (middle panels), and measuring the whole tissue area. Representative pictures of IgGinjected control and anti-CD47 Ab-injected animals are shown. Graph depicts the percentage
calcified area (right panel). Uninjected and IgG-injected controls were pooled (n = 7; n = 3 for
CD47-neutralized animals). (D) Frozen muscle from control and CD47-neutralized animals at 16
d P.I. was labeled with Abs against Ly6c (left panels) and F4/80 (right panels) in red and stained
with DAPI (blue). Representative images of untreated control and anti-CD47-injected mice
(control n = 7, anti-CD47 n = 4). Scale bars, 100 µm. The experiment was performed in duplicate.
*p < 0.05, **p < 0.01.
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FIGURE 6. Gene expression in muscle or CNS-infiltrating cells. (A) CD45+CD11b+Ly6c+ cells
were sorted from skeletal muscle of WT and me/me littermates at 5 d P.I. (B) CD45+ cells were
sorted from spinal cords of animals shown in (A). (A and B) RNA levels of IFN-$ and M1/M2associated genes were measured using a multiplex bead-based assay. Gene expression levels were
normalized to the mean of three housekeeping genes (HPRT1, TBP1 and GAPDH) for each
sample (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 7. Impact of macrophage depletion on disease severity. WT C3H mice were infected
with TMEV and injected with control or clodronate liposomes from 6 to 12 d P.I. and sacrificed
at 14 d P.I. (n = 5). (A) Mean clinical disease scores (+/- SEM) of mice were calculated based on
the following scale: 1, hunched posture and ruffled fur; 2, swollen muscles/abnormal gait; 3, 1
limb immobilized; 4, 2+ limbs immobilized; 5, death. (B) Representative images of muscle
calcification observed upon dissection at 16 d P.I., arrows denote examples of calcified areas.
Dissection images reveal calcification of whole animals (left panels), whereas zoomed images
(middle panels) illustrate calcification of medial gastrocnemius muscle. Representative Alizarin
red staining of gluteus maximus muscles (right panel) (original magnification X20). *p < 0.05.
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FIGURE 8. TMEV replication in WT and SHP-1-/- muscle. (A) mev/mev mice and WT
littermates were sacrificed at 5 or 9 d P.I., and muscle sections were labeled with Abs against
TMEV (green) and stained with DAPI (blue) (n = 3). Sections from animals sacrificed at 5 d P.I.
were labeled with Abs against F4/80 (red) (left panels). Scale bars, 50 µm. Sections from animals
sacrificed at 9 d P.I. were labeled with Abs against Ly6c (red) (right panels). Scale bars, 100 µm.
(B) mev/mev mice and WT littermates were sacrificed at 9 d P.I. and muscle sections were labeled
with Abs against Ly6c (red) and TMEV (green) and stained with DAPI (blue); arrows denote
infected Ly6c+ cells (n = 3). Scale bars, 50 µm. (C) TMEV RNA levels were quantified from
CD45+CD11b+Ly6c+ cells sorted from C3H me/me and WT littermates at 5 d P.I. (me/me and
C3H WT cells) and homogenized muscle of C3H me/me and WT littermates at 5 d P.I. (me/me
and C3H WT muscle), as well as BL/6 mev/mev and WT littermates at 9 d P.I. (mev/mev and BL/6
WT muscle). n = 3; C3H me/me and WT muscle, p = 0.1329; BL/6 mev/mev and WT muscle, p =
0.2890. **p < 0.01.
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FIGURE 9. Proposed mechanism of SHP-1-mediated TMEV pathogenesis. Following TMEV
infection of skeletal muscle, inflammatory monocytes (green) infiltrate skeletal muscle in WT
and SHP-1-/- mice. In WT mice, monocytes differentiate into M1-like macrophages (red),
supporting TMEV replication and contributing to muscle fiber damage and subsequent
calcification (red circles), likely via proinflammatory cytokines (red lightening bolt) (upper
panels). Following active replication, TMEV produces an abortive infection, inducing apoptosis
of macrophages and limiting the numbers of infiltrating cells. In the absence of SHP-1,
abnormally high numbers of muscle-infiltrating monocytes remain immature (green), preventing
efficient replication of TMEV (lower panels). These immature monocyte-like cells do not
undergo apoptosis and do not produce disease pathology in skeletal muscle.
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Macrophages are essential mediators of immunity to microbial infections, yet
inappropriate macrophage-mediated responses can result in substantial tissue destruction.
The hematopoietic protein tyrosine phosphatase, Src homology region 2 domaincontaining phosphatase 1 (SHP-1), is a central regulator of inflammatory responses,
particularly those mediated by macrophages. We have discovered that SHP-1 and
macrophages play a pivotal role in mediating virus-induced tissue damage, as peripheral
Theiler’s murine encephalomyelitis virus (TMEV) infection in mice lacking SHP-1
triggers macrophage-mediated demyelinating disease of the CNS, while wild type (WT)
littermates alternatively suffer dystrophic calcification of skeletal muscle in which
macrophages appear to mediate muscle fiber degeneration. Furthermore, our evidence
suggests that both TMEV-induced CNS damage in SHP-1-/- mice, and skeletal muscle
damage in WT mice are mediated by inflammatory M1-skewed macrophages. Thus, we
sought to determine if loss of SHP-1 from either macrophages or muscle fibers is indeed
essential for mitigating TMEV-induced tissue damage, using multiple genetic
approaches. We generated conditional knockout mice crossing LysMcre, CD11b-cre or
Ckm-cre mice with SHP-1-floxed animals to specifically deplete SHP-1 from myeloid
cells or skeletal muscle. However, all of these approaches yielded animals showing
comparable disease to WT mice. Further investigations revealed that TMEV infection
induced high SHP-1 expression in myeloid cells within LysMcre; SHP-1!/! and CD11bcre; SHP-1!/! mice, obviating any depletions of SHP-1 observed in naïve animals.
Alternatively, depletion of SHP-1 within skeletal myofibers could not be confirmed in
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-Chapter 3Ckm-cre; SHP-1!/! animals. Thus, this targeted deletion approach was not amenable to
test if SHP-1 acts directly within these primary effector cells to mediate TMEV-induced
disease in WT mice. This work additionally highlights a potential shortcoming of the
Cre/LoxP system in studies of cells with high rates of turnover such as in inflammatory
macrophages.
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Macrophages are an indispensible component of the innate immune system, and
these mononuclear phagocytes are essential mediators of immunity to microbial
infections (1). However, the degree and/or quality of macrophage-mediated responses
play essential roles in determining the outcome of infection, as an inappropriate
inflammatory response may be insufficient to clear the infectious agent, or can
alternatively induce extensive and irreversible tissue damage in the process of pathogen
clearance. SHP-1 is a hematopoietic protein tyrosine phosphatase that acts as a key
regulator of inflammatory processes (2-6). Mice lacking SHP-1 suffer a spontaneous
inflammatory phenotype driven by macrophage responses to microbes, highlighting a
central role of SHP-1 in regulating macrophage antimicrobial activities (4, 5, 7).
Correspondingly, SHP-1 is highly expressed within macrophages, and has been
demonstrated to control essential macrophage functions including survival, proliferation,
migration, activation, polarization and phagocytic activity (2, 8).
We have previously reported that SHP-1 is an essential mediator of virus-induced
inflammatory disease. We found that following peripheral inoculation with the
neurotropic picornavirus, TMEV, SHP-1-/- (motheaten, me/me) mice suffer
demyelinating CNS disease within 5-8 days P.I., while WT mice suffer debilitating
dystrophic calcification in skeletal muscle within 9-15 days P.I. (9, 10). In SHP-1-/- mice,
a robust infiltration of CD11b+Ly6chi inflammatory monocytes corresponded with high
viral burden and loss of myelin in the CNS (9). Macrophages were found to be the major
effector cells mediating TMEV-induced CNS disease in SHP-1-/- mice, as depleting
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-Chapter 3macrophages with clodronate liposomes, or inhibiting inflammatory monocyte infiltration
with MCP-1-neutralizing antibodies, resulted in reduced macrophage infiltration
corresponding with reduced clinical disease scores, viral burden, and demyelination in
the CNS (9).
Macrophages were also found to be mediators of TMEV-induced skeletal muscle
disease, as macrophage-like cells were the predominant muscle-infiltrating cells in both
WT and SHP-1-/- mice, and differences in macrophage numbers and phenotypes were
observed between WT and SHP-1-/- mouse muscles (10). Interestingly, SHP-1 appeared
to regulate maturation of CNS- and muscle-infiltrating monocytes in unique ways, as
both SHP-1-/- CNS-infiltrating and WT muscle-infiltrating macrophages displayed an
increased inflammatory phenotype (9, 10). These findings indicate that proinflammatory
macrophages are associated with debilitating disease in two distinct tissue types
following peripheral TMEV infection. Additionally, depleting WT macrophages with
clodronate liposomes, or inhibiting SIRP"-mediated SHP-1 activation in WT
macrophages by blocking CD47-SIRP" interactions corresponded with reduced muscle
disease, providing further evidence that macrophages mediate TMEV-induced muscle
fiber degeneration and calcification, and that SHP-1 may act specifically within these
cells (10).
The above findings describe macrophages as the likely effector cells responsible
for TMEV-induced CNS and muscle disease, suggesting that SHP-1-/- macrophages are
detrimental to the CNS, yet perhaps beneficial in skeletal muscle following peripheral
TMEV infection. Alternatively, SHP-1 activity in macrophages appears to be beneficial
to the CNS, yet detrimental to skeletal muscle during TMEV infection, because SHP-1-
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-Chapter 3dependent maturation of macrophages is tissue-specific. In order to validate the
importance of macrophage-specific SHP-1 activity in mediating TMEV-induced CNS
and/or muscle disease, we sought to specifically deplete SHP-1 from myeloid cells or
skeletal muscle using conditional knockout approaches. We thus crossed SHP-1-floxed
animals with mice expressing Cre recombinase under Lysozyme M (LysM), CD11b, or
muscle creatine kinase (Ckm) promoters, to determine the extent to which SHP-1
expression within myeloid cells or the target tissue (skeletal muscle) contributes to
TMEV-induced CNS and/or skeletal muscle disease.
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Animals

C3H wild type and SHP-1-deficient motheaten (me/me, C3FeLe.B6 a/aPtpn6me/J) mice were produced from heterozygous breeding pairs obtained from The
Jackson Laboratory (Bar Harbor, Maine; No. 000225). SHP-1-floxed mice (SHP-1f/f,
B6.129P2-Ptpn6tm1Rsky/J) were received as a generous gift from Klaus Rajewski (Max
Delbruck Centre for Molecular Medicine, Berlin, Germany). LysMcre (B6.129P2Lyz2tm1(cre)Ifo/J) and Ckm-cre (B6.FVB(129S4)-Tg(Ckmm-cre)5Khn/J) mice were
obtained from The Jackson Laboratory (No.’s 004781 and 006475, respectively). CD11bcre mice (B6.Cg-Tg(ITGAM-cre)2781Gkl/Flmg) were acquired from The European
Mouse Mutant Archive (Athens, Greece; No. 04788).
To generate LysMcre; SHP-1!/! animals, homozygous LysMcre mice were
crossed with homozygous SHP-1f/f mice to yield heterozygous LysMcre/+; SHP-1f/+
offspring. Double heterozygotes were crossed to yield progeny that were heterozygous or
homozygous for LysMcre and homozygous for the SHP-1-floxed allele. These animals
were bred to yield LysMcre; SHP-1!/! animals.
Hemizygous CD11b-cre mice were crossed with homozygous SHP-1f/f mice to
yield CD11b-cre; SHP-1f/+ offspring. CD11b-cre; SHP-1f/+ mice were bred to produce
CD11b-cre-expressing, homozygous SHP-1-floxed animals (CD11b-cre; SHP-1!/!).
These animals were mated to produce progeny for experiments. To generate Ckm-cre;
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-Chapter 3SHP-1!/! animals, hemizygous Ckm-cre mice were crossed with SHP-1f/f mice as
described for CD11b-cre; SHP-1!/! mice.
Appropriate genotypes of all mice were verified commercially from tail DNA
(Transnetyx, Inc. Cordova, TN). All animal experiments were performed under approval
from the Institutional Animal Care and Use Committee (IACUC) at SUNY Upstate
Medical University.

Infections

BeAn TMEV was obtained from ATCC (Manassas, VA; No. VR-995) and
propagated within BHK-21 cells (ATCC; No. CCL-10). Plaque assays were performed to
determine viral titer as plaque-forming units per milliliter (PFU/ml). Twelve-day-old
me/me mice and normal littermates were inoculated intraperitoneally (IP) with 100µl
containing 6x106 PFU BeAn TMEV, and were sacrificed between 12-15 days P.I.
Animals were monitored daily for signs of skeletal muscle disease (hunched, abnormal
gait, swollen shoulders/hips).

Histology

Skeletal muscle was dissected from the gluteus maximus muscle, snap frozen in
OCT media (Sakura Finetek USA, Inc., Torrance, CA; No. 4583), and stored at -80°C.
Seven-µm sections were cut using a cryostat (Leica Microsystems, Wetzlar, Germany;
No. CM1900), air-dried, and fixed with acetone (10 minutes at -20°C).
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staining was performed on acetone-fixed sections according to the recommended
manufacturer’s protocol. Tissues were stained with Alizarin Red S for 2.5 minutes. Slides
were dried on a 50°C slide-warmer and mounted with Permount (Electron Microscopy
Sciences; No. 17986-01).
Sections for immunofluorescent stainings were blocked in 10% horse serum (HS;
Tissue Culture Biologicals, Tulare, CA; No. 601D) overnight at 4°C and incubated in
10% HS with primary Abs overnight at 4°C. Purified polyclonal rabbit anti-human SHP1 was used at 1:100 or 1:200 (EMD Millipore, Billerica, MA; No. 07-419), and affinity
purified polyclonal goat anti-human/mouse/rat SHP-1 was used at 1:50 or 1:100 (R&D
Systems, Minneapolis, MN; No. AF1878). Dylight 488-donkey anti-rabbit or Dylight
488-donkey anti-goat (Jackson ImmunoResearch Laboratories, Inc.; West Grove, PA;
No. 711-545-152 or 705-485-147, respectively) were diluted in 10% HS and incubated
for 2 hours at 4°C. Sections were stained with DAPI (1µg/ml) for 1 minute, washed with
tap water and coverslips were mounted with fluorescence mounting medium (DAKO,
Denmark; No. S3023).
For enzymatic immunoperoxidase staining, endogenous peroxidase was blocked
with BLOXALL blocking solution (Vector Laboratories, Burlingame, CA; No. SP-600)
for 10 minutes at room temperature (RT). Sections were subsequently blocked in 10% HS
overnight at 4°C. In some trials, an additional endogenous biotin-blocking step was
performed with Avidin/Biotin Blocking Kit (Vector Laboratories; No. SP-2001),
according to the manufacturer’s protocol. Primary anti-SHP-1 Abs were incubated in
10% HS overnight at 4°C, as described for immunofluorescent stainings. Samples were
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ImmunoResearch; No. 711-065-152 or 305-065-003, respectively; both at 1:500), for 30
minutes at RT. Sections were incubated with Streptavidin-Horseradish Peroxidase
(Jackson ImmunoResearch; No. 016-030-084, 1:500) for 30 minutes at RT. Stainings
were developed using DAB Peroxidase (HRP) Substrate Kit or ImmPACT NovaRED
Peroxidase (HRP) Substrate (Vector Laboratories; No. SK-4100 or SK-4805,
respectively) according to the manufacturer’s protocols, until background staining was
observed in negative controls. For DAB, sections were developed for 8 minutes and
mounted with VectaMount AQ Aqueous Mounting Medium (Vector Laboratories; No.
H-5501). Alternatively, sections were developed with NovaRED for 2 minutes,
dehydrated and mounted with Permount.

Flow cytometry analysis

Spleens were dissociated from 12-day-old uninfected mice, or mice at 2 or 15
days P.I. Cells were passed through 40µm filters following red blood cell lysis.
Splenocytes were fixed in 2% paraformaldehyde (Electron Microscopy Sciences, No.
15710) for 10 minutes at 37°C, and were immediately washed with 10% HS. Cells were
incubated for 30 minutes at 4°C in 2.4G2 supernatant (2.4G2 hybridoma line from
ATCC; No. HB-197), to block CD16/32 Fc#Rs. Surface stains were incubated for 30
minutes at 4°C with the following Abs and concentrations diluted in 2.4G2 supernatant:
CD3$-PE (No.100307; 1:50), CD11b-Pacific Blue (No. 101223; 1:400), Ly6c-PE (No.
128007; 1:200), F4/80-Alexa Fluor 700 (No. 123129; 1:100), Ly6G-Alexa Fluor 700 (BD
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-Chapter 3Biosciences, San Jose, CA; No. 561236; 1:200) or CD11c-PE (BD Biosciences; No.
561044, 1:200). Unless otherwise noted, all Abs were obtained from BioLegend, San
Diego, CA. Following surface stains, cells were permeabilized for 20 minutes at 4°C with
0.1% saponin (w/v) diluted in 10% HS. Intracellular SHP-1 was labeled for 30 minutes
with rabbit anti-SHP-1 (EMD Millipore; No. 07-419; 1:100), followed by a 30-minute
incubation with Dylight 488-donkey anti-rabbit (Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA; No. 711-545-152; 1:400). Primary and secondary intracellular
labeling steps were performed at 4°C, and Abs were diluted in 0.1% saponin/HS. Flow
cytometry analysis was performed using a BD LSR Fortessa cytometer with FACSDiva
software (Becton Dickinson; San Jose, CA) and analyzed with FlowJo software (Tree
Star Inc, Ashland, OR).

Western blot analysis

To prepare RIPA lysates for protein analysis, tissues (brain, skeletal muscle,
spleen) were dissected from 12 to 13-day-old naïve mice and weighed. RIPA and 1x Halt
Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Waltham, MA; No.
78443) were added to tissues with a minimum volume of 250µl, or with a volume of 2x
the average tissue mass (1g = 1ml). Tissues were homogenized briefly (1-2 seconds)
using a Polytron PT2100 homogenizer (Kinematica, Lucerne, Switzerland), at a speed of
22 for soft tissues, or 30 for skeletal muscle. Following homogenization, samples were
centrifuged at 14,000 RPM for 10 minutes, and supernatants were collected and stored at
-80°C.
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flocculence, brains were centrifuged at 14,000 RPM for 20 minutes and pellets were
discarded. Protein concentrations were measured with a BCA assay (Thermo Scientific,
No. 23227) according to the manufacturer’s protocol, diluting the samples either at 1:10
or 1:20. Briefly, 200µl working reagent was added to 10µl sample or standards, and
incubated at 37°C for 30 minutes. Samples were read at 550nm using a plate reader to
quantify protein concentrations of each sample, ranging from 0.33 – 0.865µg/ml.
%-mercaptoethanol and sample buffer were added to 250µg sample to yield a total
volume of 150µl. Samples were boiled for 5-10 minutes and cooled prior to loading on to
an 8% gel. The gel was run at 4mA overnight and transferred to a PVDF membrane. The
membrane was washed in 0.1% Tween/PBS, and blocked for 30 minutes on a shaker with
StartingBlock Blocking Buffer (Thermo Scientific, No. 37578). The membrane was cut
below 52 kDa and subsequently probed on a rocker overnight at 4°C for SHP-1 (1:500;
EMD Millipore, No. 07-419) or Actin (1:50,000; MP Biomedicals, Santa Ana, CA; No.
08691001). Secondary antibodies including HRP-goat anti-rabbit (Jackson
ImmunoResearch, No. 111-035-003; 1:5,000), or HRP-rabbit anti-mouse (Jackson
ImmunoResearch, No. 315-035-003; 1:10,000), respectively, were incubated at 4°C for 2
hours on a rocker. All antibodies were diluted in Starting Block. Blots were developed
with Femto Chemiluminescent Substrate (Thermo Scientific, No. 34094) for 4 minutes,
and imaged using a Chemidoc (Bio-Rad, Hercules, CA; No. 170-8265) equipped with
Quantity One software (Bio-Rad).
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-Chapter 3Statistical analyses

Statistical analyses were performed using GraphPad Prism 5 software (San Diego,
CA). One-tailed unpaired t tests were used to compare means +/- SEM between two
groups, and two-way ANOVAs with Bonferroni post hoc tests for multiple comparisons
were performed to measure significant differences between means +/- SEM of three or
more groups. Statistical significance of inflammatory phenotype incidence was calculated
using the two-sided Fisher’s exact test. P values are as follows: * = p < 0.05, ** = p <
0.01, *** = p < 0.001 and **** = p < 0.0001.
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LysMcre; SHP-1!/! mice

We have previously demonstrated that monocytes/macrophages act as mediators
of TMEV-induced CNS disease in SHP-1-/- mice, and of TMEV-induced skeletal muscle
disease in WT littermates (9-11). To determine if SHP-1 activity in these cells directly
controls TMEV-induced CNS or muscle disease, we used the Cre/LoxP system to
specifically deplete SHP-1 expression from mouse myeloid cells. LysM is a myeloidspecific gene that is expressed in monocytes, and is upregulated as these cells mature into
macrophages (12-17). SHP-1-floxed animals were thus crossed with LysMcre mice to
deplete SHP-1 from myeloid cells, including monocytes and macrophages. Mice globally
lacking SHP-1 display an excessive microbe-driven inflammatory phenotype including
skin lesions consisting of macrophages and neutrophils, particularly common in the feet
(4, 7). Consistent with this, a high proportion of LysMcre; SHP-1!/! mice displayed a
‘motheaten’ like phenotype, marked by exceptionally red, inflamed, club-like feet in mice
older than 5 weeks of age (Table I, Figure 1). This phenotype was comparable to the
inflammatory phenotype described in ptpn6spin mutants after 5 weeks of age, which
possess approximately 20-30% SHP-1 activity (5, 7, 18). Thus, the observation of this
inflammatory phenotype in LysMcre; SHP-1!/! mice suggested that SHP-1 was
sufficiently reduced in myeloid cells to elicit a functional phenotype.
To confirm this depletion of SHP-1 from myeloid cells in LysMcre; SHP-1!/!
mice, we performed intracellular flow cytometry to measure SHP-1 protein levels within
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-Chapter 3CD11b+Ly6chi, CD11b+F4/80+, CD11b+CD11c+ or CD11b+Ly6g+ cells, signifying
inflammatory monocytes, macrophages, dendritic cells, or neutrophils, respectively. A
reduction of SHP-1 mean fluorescence intensity (MFI) levels was observed by
approximately 70% in CD11b+F4/80+ and CD11b+CD11c+ populations from LysMcre;
SHP-1!/! mice, compared to SHP-1f/f controls (Figures 2A and 2C). Viable motheaten
(mev/mev) mice possess ~10-20% SHP-1 activity, and these animals displayed a similar
disease phenotype to null mutants following TMEV infection (10, 19, 20). Thus, we
hoped that this 70% reduction of SHP-1 in LysMcre; SHP-1!/! macrophages would serve
as a strong enough depletion to assess the extent to which SHP-1 activity within these
cells controls TMEV-induced disease pathology.
Despite this marked depletion of SHP-1 from macrophages and dendritic cells,
LysMcre; SHP-1!/! suffered a similar disease phenotype to WT mice following
peripheral TMEV infection (Figure 3). Following peripheral inoculation with TMEV,
LysMcre; SHP-1!/! mice displayed extensive skeletal muscle calcification by dissection
and alizarin red staining (Figure 3, Figure 4), and did not exhibit any signs of CNS
disease. We then questioned if TMEV infection impacted SHP-1 levels within
macrophages or dendritic cells, as SHP-1 is highly inducible by virus infection (21). To
address this, we measured SHP-1 expression within myeloid cells at 72 hours P.I. by flow
cytometry, and found that TMEV infection indeed induced high expression levels of
SHP-1 in CD11b+F4/80+, CD11b+CD11c+ and CD11b+Ly6g+ cells in SHP-1f/f,
LysMcre/+; SHP-1!/! and LysMcre; SHP-1!/! animals (Figures 2B and 2D), abolishing
the depletion of SHP-1 observed in naïve LysMcre; SHP-1!/! cells. These data indicate
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induction of SHP-1 by TMEV infection.

CD11b-cre; SHP-1!/! mice

Since the depletion of SHP-1 from macrophages was not strong enough in to
LysMcre; SHP-1!/! animals to offset TMEV-induced upregulation of SHP-1, we sought
to deplete SHP-1 from macrophages using mice expressing Cre recombinase in a gene
expressed at higher levels and earlier in the myeloid lineage than LysM. We thus used
mice expressing Cre recombinase under the CD11b promoter to generate CD11b-cre;
SHP-1!/! mice. However, unlike LysMcre; SHP-1!/! animals, we did not observe any
spontaneous inflammatory ‘motheaten’-like phenotypes in CD11b-cre; SHP-1!/! mice.
We next questioned if expression of Cre recombinase under the CD11b promoter
was sufficient to deplete SHP-1 in the context of TMEV infection. Since quantifying
SHP-1 reduction in naïve splenocytes did not provide useful information in LysMcre;
SHP-1!/! mice, we evaluated SHP-1 expression within Ly6chi, F4/80+, CD11c+ or Ly6g+
splenocytes isolated from infected CD11b-cre; SHP-1!/! or SHP-1f/f animals. At 15 days
P.I., F4/80+ and CD11c+ cells from CD11b-cre; SHP-1!/! mice displayed a significant
reduction of SHP-1 MFI levels by approximately 30-35% compared to SHP-1f/f controls
(Figure 5). These data indicated a marked improvement of SHP-1 depletion following
TMEV infection utilizing CD11b-cre mice compared to LysMcre mice. To determine if
CD11b-cre; SHP-1!/! mice suffer similar disease patterns to WT or SHP-1-/- mice,
CD11b-cre; SHP-1!/! animals were infected with TMEV and observed for signs of
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-Chapter 3muscle or CNS disease. As expected from the relatively minor depletion of SHP-1
observed in splenocytes from TMEV-infected animals, CD11b-cre; SHP-1!/! mice
displayed a comparable disease pathology to WT animals, suffering skeletal muscle
disease in the absence of apparent CNS disease (Figure 6).

Ckm-cre; SHP-1!/! mice

Attempts at targeted depletions of SHP-1 from myeloid cells did not yield
informative data regarding the extent to which SHP-1 controls TMEV pathogenesis
through these cells. Although this approach was not favorable to assess the importance of
SHP-1 in macrophages as the primary factor mediating disease, we alternatively
questioned if SHP-1 activity within the target tissue (skeletal muscle) contributes to
TMEV-induced pathogenesis. SHP-1 is primarily expressed within hematopoietic cells,
yet recent studies have revealed that SHP-1 is additionally expressed by skeletal
myofibers, playing a crucial role in maintaining glucose homeostasis (22, 23). Thus, in
order to test if SHP-1 expression within skeletal myofibers mediates TMEV-induced
muscle fiber degeneration and calcification, we targeted SHP-1 using mice expressing
Cre recombinase under the muscle creatine kinase (Ckm) promoter to generate Ckm-cre;
SHP-1!/! mice.
To measure SHP-1 depletion from skeletal muscle, we initially performed western
blot analysis on homogenized skeletal muscle, brains and spleens from SHP-1f/f, Ckmcre; SHP-1!/! and motheaten (me/me, SHP-1-/-) mice. Initial western blot analysis
showed high levels of SHP-1 within muscle from Ckm-cre; SHP-1!/! mice, that were
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-Chapter 3comparable to SHP-1f/f controls, rather than me/me controls (Figure 7). On the chance
that resident macrophages or fibroblasts within skeletal muscle masked any depletion of
SHP-1 within myofibers, we chose to alternatively assess SHP-1 depletion from skeletal
myofibers by immunohistochemistry (IHC). Initial efforts to assess SHP-1 expression in
skeletal muscle with immunofluorescent staining did not reveal any positive signal, so we
alternatively performed enzymatic immunoperoxidase staining.
First attempts at immunoperoxidase staining were performed on me/me (mock or
5 days P.I.), SHP-1f/f (14 days P.I.) or Ckm-cre; SHP-1!/! (13 days P.I.) muscle sections,
and were developed with DAB. This resulted in ambiguous staining in SHP-1f/f mouse
muscles, and specific myofiber staining could not be distinguished above background.
Indeed, me/me muscles (negative control) stained darker than Ckm-cre; SHP-1!/!
muscles, casting doubt on the validity of staining. We repeated this stain, adding an
endogenous biotin-blocking step, and additionally used the darker Nova red developing
reagent to reduce ambiguity of the stain. In this trial, SHP-1 staining appeared specific
within inflammatory cells in SHP-1f/f muscle sections, but not in me/me or Ckm-cre;
SHP-1!/! muscle sections. A high amount of background and possibly reaction product
precipitate was additionally noted, and specific staining of skeletal myofibers was not
observed. Since we only detected potentially specific SHP-1 staining in infiltrating
inflammatory cells but not skeletal myofibers, we hoped that repeating this stain with
uninfected muscle sections would permit us to react Nova Red for a longer duration, thus
allowing for stronger detection of SHP-1 expression in skeletal muscles.
As such, we repeated SHP-1 staining with the same parameters as described for
the previous round, but instead used muscle sections from mock-infected C3H WT mice,
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-Chapter 3uninfected SHP-1f/f and Ckm-cre; SHP-1!/! mice, and me/me mice at 5 days P.I. Since
me/me mice do not express SHP-1 in any cell types, we did not expect muscle-infiltrating
cells in infected me/me mouse muscles to affect the integrity of this stain. Importantly,
WT, SHP-1f/f and Ckm-cre; SHP-1!/! myofibers appeared to show specific cytoplasmic
muscle fiber staining, whereas me/me muscle fibers did not. However, WT and me/me
hematopoietic cells appeared to stain positively, while SHP-1f/f and Ckm-cre; SHP-1!/!
hematopoietic cells did not. As such, this staining procedure yielded conflicting results
and was therefore not interpretable. We concluded that the antibody used was not
sufficient to detect SHP-1 by immunohistochemistry.
Finally, we attempted to perform immunofluorescent staining with the same
samples as the previous attempt, using a different, affinity purified anti-SHP-1 Ab. SHP1f/f and Ckm-cre; SHP-1!/! muscles appeared to display specific cytoplasmic SHP-1
staining of skeletal myofibers, while C3H WT and me/me muscle sections only displayed
background staining. Since we did not observe positive staining in the C3H WT control,
we repeated this with enzymatic immunoperoxidase staining, and included spleen
sections from mock-infected C3H WT and me/me mice as additional positive and
negative controls, respectively. Splenic SHP-1 staining appeared to be somewhat
specific. Both C3H WT and me/me displayed what appeared to be specific cytoplasmic
staining of hematopoietic cells, and C3H WT staining was much more intense than
me/me. However, all cells in me/me muscle sections appeared to stain positively for
SHP-1, while cells within C3H WT muscle sections displayed the same or lesser intense
SHP-1 staining than me/me. Alternatively, SHP-1f/f muscle sections displayed an entirely
different staining pattern than C3H muscle sections, as myofibers were darkly stained,
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-Chapter 3whereas hematopoietic cells were not stained. In summary, these data suggest that
immunohistochemistry is not a sufficient method for detection of SHP-1 within skeletal
muscle, at least with presently available antibodies.
Although extensive efforts to confirm SHP-1 depletion within skeletal muscle
were not successful, both SHP-1f/f and Ckm-cre strains have been previously validated to
successfully deplete SHP-1 or other proteins of interest, respectively. Other reports using
SHP-1f/f animals and our investigations with LysMcre; SHP-1!/! mice have verified
strong depletions of SHP-1 from target cells, and additional studies have confirmed
strong gene depletions of other genes (60-95%) or activation of reporters using Ckm-cre
mice (24-28). Thus, we reasoned that although we could not optimize IHC with
commercially available antibodies to confirm SHP-1 expression, it is likely that SHP-1
was strongly reduced in skeletal muscle in Ckm-cre; SHP-1!/! mice. However, following
IP TMEV infection, Ckm-cre; SHP-1!/! mice suffered comparable disease pathologies to
WT animals, displaying extensive skeletal myofiber calcification by dissection and
Alizarin red staining (Figure 4, Figure 8). These data might be interpreted that SHP-1
depletion from skeletal myofibers is not sufficient to protect against TMEV-induced
muscle calcification. However, we were unable to confirm SHP-1 reduction within
skeletal muscle, and therefore these data remain inconclusive.
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The data presented in this chapter describe extensive efforts to identify the
primary cell types that SHP-1 acts within to mediate TMEV-induced muscle and/or CNS
disease. Conditional gene deletions using Cre/LoxP technology have been
comprehensively used to assess cell or tissue-specific gene functions in disease or
infection models (29-37). In this system, a gene of interest is flanked with LoxP sites to
generate a ‘floxed’ allele (38). Cre recombinase expression within a particular cell/tissue
type mediates the excision of the floxed DNA sequence within Cre-expressing cells,
leading to cell-specific gene depletions (38). This conditional gene targeting system has
been widely used to characterize macrophage-specific gene functions during various
infection models through the use of LysMcre mice, where Cre recombinase is expressed
under the Lysozyme M promoter (39-42).
Studies have demonstrated that LysM is expressed at low levels in myeloblasts
(myeloid precursor cells), and expression of this gene strongly increases with progressive
stages of macrophage maturity (16, 43). Correspondingly, it was found that methylation
of the LysM promoter inversely correlated with macrophage maturation and LysM
expression levels (44). Cre-inducible diphtheria toxin receptor (iDTR) mice crossed with
LysMcre mice showed substantially reduced circulating monocyte and tissue-specific
macrophage populations in vivo following diphtheria toxin administration, further
demonstrating that LysM is expressed in both murine monocytes and macrophages (45,
46). Additionally, LysMcre mice have been reported to mediate up to 98% gene ablation
in mature macrophages (47).
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-Chapter 3While we only observed approximately 70% reduction of SHP-1 protein levels in
LysMcre; SHP-1!/! macrophages in vivo, the observation of a spontaneous inflammatory
phenotype in these animals suggested that this was indeed a functional depletion.
However, lysozyme is an antibacterial enzyme produced by Lysozyme M, and LysMcre
mice were generated by a gene ‘knock-in’ approach, where Cre recombinase was inserted
into the LysM gene, thus inhibiting lysozyme expression by myeloid cells (48, 49) It has
been reported that LysM-deficient mice display an excessive and prolonged inflammatory
response to bacterial infections, corresponding with excessive tissue injury (50).
Importantly in this regard, the spontaneous inflammatory ‘motheaten’ phenotype
observed in SHP-1 mutant mice is driven by microbes, and it is therefore likely that
absence of lysozyme contributed to the spontaneous inflammatory phenotype observed in
LysMcre; SHP-1!/! animals (7). Thus, the extent of functional SHP-1 depletion in
LysMcre; SHP-1!/! animals may be overestimated, even though this is based on the
relatively mild inflammatory phenotype of these mice (swollen feet). The contribution of
LysM-deficiency in these mice is further supported by the absence of an inflammatory
phenotype in CD11b-cre; SHP-1!/! mice.
Although LysM is expressed by monocytes, we did not observe any significant
reduction in SHP-1 expression in naïve LysMcre; SHP-1!/! inflammatory monocytes.
Since SHP-1 is highly inducible by virus infections, it is likely that TMEV infection led
to strong increases in SHP-1 mRNA and protein levels within circulating immature
monocytes before these cells matured into macrophages and subsequently gained strong
LysM expression (51). Thus, we reasoned that depleting SHP-1 earlier in the myeloid
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TMEV infection.
CD11b is an " subunit that complexes with the %2 subunit, CD18, to form the
Mac-1 integrin (52-56). CD11b is extensively used as a myeloid cell marker, is
upregulated during myeloid maturation, and is expressed at high levels in monocytes,
macrophages, and neutrophils (52, 57, 58). CD11b expression has also been reported in
NK cells, T cells, B cells, and myeloblasts in acute myeloid leukemia, and CD11b has
been further used as a marker of hematopoietic cells (52, 59-61). These reports indicate
that CD11b expression initiates early in hematopoiesis, and correspondingly, essential
roles for CD11b/Mac-1 in leukocyte adhesion and migration, phagocytosis and
intracellular signaling have been characterized (54, 60, 62).
Given the high expression of CD11b on monocytes and macrophages, and the
essential functions this integrin plays in mononuclear phagocytes, we reasoned that
targeting SHP-1 expression in macrophages using CD11b-cre mice would allow for a
strong depletion of SHP-1 early in the myeloid lineage. CD11b-cre mice have been used
to deplete gene expression in macrophages, osteoclasts and microglia under various
inflammatory states (53, 63-67). However, CD11b-cre; SHP-1!/! mice did not display
any apparent spontaneous inflammatory phenotype, and suffered comparable disease to
WT animals following TMEV infection. In accordance with these observations, while
SHP-1 protein levels were significantly reduced in macrophages and dendritic cells
following TMEV infection, the extent of SHP-1 depletion was insubstantial. SHP-1 is
highly expressed in hematopoietic cells, and has additionally been reported to mediate
differentiation of hematopoietic stem cells (68). Thus, SHP-1 is likely activated prior to
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-Chapter 3high CD11b expression in hematopoietic cells, and similar to LysMcre mice, SHP-1 was
likely strongly induced by TMEV infection in immature cells before Cre recombinase
was expressed at high enough levels under the CD11b promoter to excise SHP-1-floxed
alleles. These data suggest that conditional knockout methods may not be appropriate for
our model system, since SHP-1 is highly inducible by TMEV infection, is likely
expressed early in hematopoietic cell differentiation, and SHP-1 protein is likely stably
expressed in these short-lived, non-dividing cells.
Although we were unable to assess the importance of SHP-1 activity in
macrophages in mediating TMEV-induced muscle or CNS disease, it was still possible
that SHP-1 expression within skeletal muscle or CNS tissue contributed to virus-induced
tissue disease. CNS resident cells including astrocytes, neurons, and oligodendrocytes
have been reported to express SHP-1, and ongoing studies in our lab are investigating the
contribution of these cells to TMEV-induced demyelinating disease using Nestin-cre
mice (69-72). Alternatively, SHP-1 expression has been reported within skeletal
myofibers, where it functions to regulate glucose homeostasis (22, 73). Muscle creatine
kinase-cre (Ckm-cre) mice have been used to deplete gene expression or activate
reporters in skeletal muscle, with up to 95% deletion efficiencies reported (26, 74-76).
Thus, we chose to assess the contribution of SHP-1 within skeletal muscle in TMEVinduced muscle disease using Ckm-cre mice.
Interestingly, Ckm-cre, SHP-1!/! animals suffered debilitating skeletal muscle
calcification following TMEV infection, which suggested that SHP-1 expression within
skeletal muscle might not contribute significantly to TMEV-induced muscle disease.
However, after laborious efforts using western blot and IHC analyses we were unable to
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-Chapter 3assess the depletion efficiency of SHP-1 within skeletal myofibers. WT (SHP-1f/f) and
SHP-1-/- (me/me) controls yielded appropriate signals by western blot analysis, yet SHP-1
expression did not appear to be reduced in Ckm-cre; SHP-1!/! muscle. It is possible that
expression of SHP-1 within additional cell types in skeletal muscle, such as macrophages
or connective tissue cells, may have masked any reduction of SHP-1 within myofibers.
Thus, we sought to confirm SHP-1 depletion specifically within skeletal myofibers using
IHC. After several different attempts with variations in staining protocols and Abs we
were unable to validate specific SHP-1 staining with positive and negative controls.
These data demonstrate that commercially available anti-SHP-1 antibodies are not suited
for detection of SHP-1 within tissue sections by IHC.
The experiments described in this chapter reveal three distinct and likely
ineffective attempts to deplete SHP-1 from myeloid or skeletal muscle cells using the
Cre/LoxP system. We were able to confirm that SHP-1 depletion was not strong enough
to avoid virus-inducible SHP-1 expression in myeloid cells from LysMcre and CD11bcre mice, yet we were unable to confirm if SHP-1 was depleted from skeletal myofibers
in Ckm-cre mice. These inadequate depletion attempts raise the question as to whether
SHP-1-floxed animals are capable of undergoing efficient Cre-mediated SHP-1 depletion.
The SHP-1f/f mice used in our studies were designed to delete SHP-1 exons 1-9 in B cells
crossed with CD19-cre mice, and were additionally reported to mediate excision of SHP1 genomic DNA in cultured macrophages derived from LysMcre; SHP-1!/! mice (28). In
subsequent studies, crossing these SHP-1f/f mice with Mx1-cre animals, which generate a
widespread deletion (particularly in hematopoietic cells) following IFN-" administration,
was sufficient to recapitulate the spontaneous inflammatory motheaten phenotype (28).
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-Chapter 3These studies demonstrate that SHP-1f/f mice can be used to assess cell-specific functions
of SHP-1 under steady-state conditions in long-lived cells and in terminally differentiated
macrophages in vitro, but do not address whether SHP-1 can be successfully depleted in
the context of a microbial infection that strongly induces SHP-1 expression and turnover
of hematopoietic cells.
In order to determine whether the Cre/LoxP conditional knockout system can be
used to deplete SHP-1 during an infection, an important experiment would be to generate
a widespread deletion with SHP-1f/f animals, for example by crossing these mice with
EIIa-cre or Mx1-cre animals, and subjecting these mice to peripheral infection with
TMEV. If these mice display similar disease pathology to SHP-1-/- (me/me) mice,
suffering CNS disease in the absence of muscle disease, this would demonstrate that it is
possible to target SHP-1 in the context of an infection. Performing infections on Vav-cre;
SHP-1!/! mice would be an important subsequent step to determine if depletion of SHP-1
from all hematopoietic cells could be maintained during TMEV infection, and if so,
whether this depletion could alter TMEV-induced disease pathology (77, 78).
Alternatively, adoptive transfer experiments could be performed to assess how
SHP-1 expression within particular cell types mediate CNS and/or muscle disease. For
example, SHP-1-/- monocytes/macrophages could be transferred into WT mice to test if
these cells can promote CNS disease and/or inhibit muscle disease in TMEV-infected
WT mice. It would be difficult, however, to transfer WT cells into SHP-1-/- mice, as naïve
motheaten animals often die by 3 weeks of age, and infected me/me mice succumb to
CNS disease rapidly (within 5-8 days P.I.) (9, 79). Additional factors to consider would
be when to transfer the cells (prior to or after infection, or repeatedly), how many cells to
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-Chapter 3transfer (and how many mice would be necessary to isolate enough cells), what surface
markers to sort the cells by prior to transferring, and how to sort the cells (magnetic
sorting versus FACS). Therefore, while this approach may be useful to address the
contribution of specific cell types to TMEV-induced disease, it may additionally present
a new set of challenges and limitations.
The experiments described in this study have neither confirmed nor refuted the
role of SHP-1 in macrophages or muscle as critical regulators of TMEV-induced tissue
pathologies. Aside from this, extensive data support an essential role of macrophages in
mediating TMEV-induced muscle and CNS disease (9-11). It is also possible that
multiple cell types may play necessary roles in mediating this disease, and a dynamic
interplay between SHP-1 activity within macrophages and within the target tissue may be
required to mediate TMEV pathogenesis. For example, SHP-1 expression within skeletal
muscle or CNS tissue may be necessary to provide the cues to recruit inflammatory
monocytes and/or mediate their maturation once in the tissue, while SHP-1 expression
within monocytes/macrophages may control how these cells respond to these tissuespecific cues.
In summary, the data presented in this chapter highlight a central constraint of the
Cre/LoxP system, and emphasize the importance of considering the function and
expression patterns of gene targets, and the longevity of target cells prior to use in
conditional knockout studies. As such, we attempted to deplete a gene that is highly
inducible by virus infections in a cell population with high turnover rates, thus
minimizing our likelihood of success with this approach. Hence, although conditional
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-Chapter 3gene targeting is an excellent and useful tool to study cell-specific gene functions, it was
not appropriate for our model system.

!

**)!

-Chapter 3-

Table I. Occurrence of motheaten-like phenotype in mice > 5 weeks old
% Mice with observed
inflammatory phenotype

P value

87.5 (8)

< 0.0001

LysMcre/+; SHP-1!/!

25 (8)

0.0862

LysMcre

0 (18)

LysMcre; SHP-1!/!

Values in parentheses describe the number of mice analyzed.
P values shown are relative to LysMcre animals.
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FIGURE 1. Motheaten-like inflammatory phenotype in LysMcre; SHP-1!/! animals. (A-B)
LysMcre; SHP-1!/! animals were observed for signs of spontaneous inflammatory motheaten-like
phenotype. Representative images display swollen feet (red arrows) observed in LysMcre; SHP1!/! animals at 5 weeks of age or older. (A) Healthy, unaffected foot (black arrow) shown for
comparison.
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FIGURE 2. Depletion of SHP-1 from LysMcre; SHP-1!/! myeloid cells. Splenocytes were
isolated from 12-day-old naïve or 3 days P.I. me/me, SHP-1f/f, LysMcre/+; SHP-1!/! or LysMcre;
SHP-1!/! animals. Flow cytometry was performed assess SHP-1 expression within myeloid cell
subsets. (A-B) Representative histograms from me/me, SHP-1f/f, and LysMcre; SHP-1!/! animals
display SHP-1 expression within CD11b+Ly6chi, CD11b+F4/80+, CD11b+CD11c+, or
CD11b+Ly6g+ cells. (C-D) Graphs depict SHP-1 MFI levels within myeloid cell subsets. MFI
levels from corresponding me/me cell populations were subtracted to yield normalized SHP-1
MFI levels for each myeloid cell subset. Panels A and C illustrate naïve splenocytes from 12 day
old mice, while panels B and D display splenocytes isolated from mice at 3 days P.I. n = 3.
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FIGURE 3. Muscle calcification in LysMcre; SHP-1!/! mice. Twelve-day-old LysMcre; SHP1!/! animals were uninfected (left panel) or infected with 6x106 PFU TMEV IP (right panel) and
sacrificed at 14 days P.I. Representative images depict muscle calcification observed by
dissection; arrows denote examples of calcified muscles; n = 7.
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FIGURE 4. Alizarin red staining of conditional knockout mouse muscles. Twelve-day-old mice
were infected with mock supernatant (A) or 6x106 PFU TMEV (B-C), and frozen muscle sections
were stained with alizarin red. (A) C3H WT mice at 5 days post mock; (B) BL/6 WT mice at 15
days P.I.; (C) LysMcre; SHP-1!/! mice at 14 days P.I.; (D) Ckm-cre; SHP-1!/! mice at 12 days
P.I. Scale bar, 200µm; n = 2.
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FIGURE 5. SHP-1 expression within TMEV-infected CD11b-cre; SHP-1!/! splenocytes. (A-B)
Splenocytes were isolated from SHP-1f/f or CD11b-cre; SHP-1!/! animals at 15 days P.I.
Splenocytes from naïve me/me mice were additionally used as a negative control. Flow cytometry
was performed to quantify MFI levels of SHP-1 within myeloid cell subsets. (A) Representative
histograms displaying SHP-1 expression in Ly6chi, F4/80+, CD11c+ or Ly6g+ cells. Shaded gray
peaks denote me/me (negative control) cells, solid black lines depict SHP-1f/f (positive control)
cells, and dotted black lines display CD11b-cre; SHP-1!/! cells. (B) Graph depicts normalized
MFI levels of SHP-1 within cell subsets. SHP-1 MFI levels of corresponding me/me cell
populations were subtracted to yield normalized SHP-1 MFI levels. n = 4, SHP-1f/f mice; n = 14,
CD11b-cre; SHP-1!/! mice; n = 3, me/me mice.
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FIGURE 6. Muscle calcification in CD11b-cre; SHP-1!/! mice. 12-day-old SHP-1f/f mice or
CD11b-cre; SHP-1!/! littermates were infected IP with 6x106 PFU TMEV and sacrificed at 15
days P.I. Representative images shown of muscle calcification observed by dissection in two
independent experiments; arrows denote examples of calcified muscles. n = 8, SHP-1f/f mice; n =
11, CD11b-cre; SHP-1!/! mice.
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FIGURE 7. SHP-1 expression in Ckm-cre; SHP-1!/! muscle. Skeletal muscle, brains and spleens
were dissected from 12 to 13-day-old SHP-1f/f or Ckm-cre; SHP-1!/! mice, and homogenized in
protein lysis buffer. Tissues were also harvested from me/me mice as a negative control. Western
blot analysis was performed to detect SHP-1 (65kDa) or actin (42kDa) levels within protein
lysates. Red box denotes SHP-1 protein band in Ckm-cre; SHP-1!/! skeletal muscle; n = 1.
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FIGURE 8. Muscle calcification in Ckm-cre; SHP-1!/! mice. 12-day-old SHP-1flox/+ or Ckm-cre;
SHP-1!/! mice were infected IP with 6x106 PFU TMEV and sacrificed at 12 days P.I.
Representative images shown of muscle calcification observed by dissection; arrows denote
examples of calcified muscles, n = 3.
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REGULATION OF CCR2 EXPRESSION BY SHP-1 IN
INFLAMMATORY MONOCYTES
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-Chapter 4Abstract

Macrophages are essential innate immune cells that aid in pathogen clearance and
subsequent tissue repair. However, excessive macrophage-mediated responses can
promote excessive tissue damage in the process of pathogen clearance. The protein
tyrosine phosphatase, Src homology region 2 domain-containing phosphatase 1 (SHP-1),
is a major immune regulator that plays a key role in restricting macrophage-mediated
inflammatory responses. In the absence of SHP-1, an unrestricted inflammatory response
toward environmental microbes results in the fatal accumulation of macrophages within
the skin, lungs and kidneys. Moreover, peripheral infection with Theiler’s murine
encephalomyelitis virus (TMEV) triggers a profound infection and migration of
inflammatory monocytes/macrophages into the central nervous system (CNS) and
skeletal muscle of SHP-1-/- (motheaten, me/me) mice, corresponding with debilitating
CNS disease and inflammation in muscle. This chapter reports that SHP-1 downregulates
the chemokine receptor, CCR2, on inflammatory monocytes following TMEV infection,
and reveals prolonged MCP-1/CCR2 signaling as a likely factor contributing to excessive
inflammatory monocyte responses toward damaged/inflamed tissues in animals lacking
SHP-1. This chapter additionally attempts to determine the mechanism by which SHP-1
promotes CCR2 downregulation on monocytes following TMEV infection, although
additional work is needed to determine if SHP-1 promotes rapid receptor internalization
following MCP-1 engagement or reduction in mRNA expression resulting from
proinflammatory cytokine signaling. In summary, the findings presented in this chapter
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-Chapter 4describe a novel mechanism utilized by SHP-1 to restrict inflammatory monocyte
migration and subsequent macrophage-mediated inflammatory responses.
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-Chapter 4Introduction

Microbial invasion can often lead to chronic inflammation, particularly likely in
the absence of regulatory events necessary to balance antimicrobial activity with tissue
repair. Such events are expected to play a major role in the onset of chronic inflammatory
diseases such as multiple sclerosis (MS). Monocytes/macrophages are widely associated
with immune-mediated defense against microbial infections, yet are also notoriously
involved in various states of debilitating muscular and neurological inflammation (1-6).
In particular, macrophages are the predominant immune cells that promote demyelination
in MS through phagocytosis of myelin and secretion of proinflammatory cytokines,
proteases, and nitric oxide (7-9).
Monocytes are released into circulation from the bone marrow, and two major
populations are classified as ‘resident’ and ‘inflammatory’ monocytes (1, 2, 10). Resident
monocytes are characterized as CD11b+CX3CR1hi, and are thought to replenish most
tissue-specific macrophages and dendritic cells in a CX3CL1- (CX3CR1 ligand)
dependent manner (1, 2, 10). Alternatively, inflammatory monocytes are identified as
CD11b+Ly6chiCCR2hi, and these cells migrate to infected or damaged tissues in a CCR2dependent manner to mediate inflammatory responses (1, 2, 10, 11). In addition to bone
marrow and circulating monocytes, recent studies have identified a new splenic reserve
of inflammatory and resident monocytes, and splenic inflammatory monocytes were
shown to rapidly migrate into damaged tissues (11).
Inflammatory monocytes migrate in response to the chemokine, MCP-1, which
interacts with the chemokine receptor, CCR2 (2). Chemokines are small chemoattractant
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-Chapter 4proteins that stimulate migration of cells, particularly leukocytes, in a concentrationdependent manner (2, 12-14). Chemokines interact with G protein-coupled receptors
(GPCRs) on target cells, and chemokine signaling is tightly regulated by receptor
downmodulation to prevent inappropriate or excessive inflammatory responses (15-18).
Chemokine receptor downregulation can occur by either a slow process of decreasing
mRNA stability, or by rapid desensitization steps initiated by the recruitment of !arrestins (19, 20). Binding of !-arrestins to GPCRs inhibits further interactions between
the receptor and G proteins, promoting internalization followed by degradation and/or
recycling of the receptor complex (18, 19). Endocytosis of GPCRs at the plasma
membrane is a key regulatory process to rapidly attenuate cellular responsiveness, thus
preventing prolonged signaling (21). Studies have reported that monocytes downregulate
CCR2 when migrating in response to MCP-1, and others have shown that upon MCP-1
binding, activated CCR2 receptors undergo endocytosis in leukocytes (22, 23). Moreover,
internalization of CCR2 following MCP-1 binding in monocytes has been shown to be !arrestin-dependent, demonstrating that MCP-1 engagement promotes rapid CCR2
desensitization (24). Alternatively, inflammatory cytokines including TNF-" and IL-1!
have been reported to reduce CCR2 expression at the mRNA level (20).
We have previously demonstrated that macrophages are essential mediators of
virus-induced inflammatory disease in the CNS and skeletal muscle in an SHP-1dependent manner. SHP-1 is a central regulator of inflammation and plays a pertinent
role in controlling macrophage-mediated inflammatory responses (25-27). Following
peripheral infection with the attenuated picornavirus, Theiler’s murine encephalomyelitis
virus (TMEV), mice lacking SHP-1 (motheaten, me/me) suffer rapid inflammatory
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-Chapter 4demyelinating disease of the CNS, while wild type littermates suffer inflammatory
skeletal muscle dystrophic calcification (3, 28). In skeletal muscle, a robust infiltration of
macrophages expressing a relatively immature phenotype corresponded with absence of
muscle disease in motheaten mice, whereas a moderate infiltration of mature,
proinflammatory macrophages corresponded with severe muscle damage and
calcification in WT littermates. Following MCP-1-dependent recruitment into inflamed
tissues, CD11b+Ly6chiCCR2hi inflammatory monocytes typically mature into
macrophages by first downregulating CCR2 expression and subsequently downregulating
Ly6c while upregulating F4/80 expression (2, 12-14). However, motheaten muscleinfiltrating CD11b+Ly6chi cells maintained high levels of CCR2 compared to WT
littermates, suggesting that enhanced expression of CCR2 correlated with an increased
macrophage response in the absence of SHP-1 (28).
As seen with skeletal muscle, a robust infiltration of CD11b+Ly6chi inflammatory
monocytes was observed in the CNS of motheaten mice, correlating with increased
TMEV infection and demyelination (3). TMEV infection promoted MCP-1 and TNF-"
secretion in the circulation and CNS of WT and motheaten animals, although higher
levels of these inflammatory mediators were observed in motheaten mice (3).
Neutralizing MCP-1 resulted in reduced macrophage infiltration, disease severity, and
viral burden in the CNS of motheaten mice, suggesting a key role for MCP-1/CCR2 in
promoting TMEV-induced demyelinating disease by recruiting inflammatory monocytes
and TMEV to the CNS (3). Understanding the mechanisms by which SHP-1 controls
macrophage-mediated neuroinflammation following TMEV infection may aid in
understanding dysregulated immune events driving macrophage-mediated inflammatory
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-Chapter 4diseases such as MS, as macrophages derived from peripheral blood samples from MS
patients exhibit decreased expression of SHP-1, MCP-1 is highly expressed in acute
lesions during MS, and macrophages are essential effector cells of active demyelination
in MS (29, 30).
SHP-1-deficient macrophages additionally displayed enhanced migration toward
MCP-1 compared to WT macrophages, further suggesting that SHP-1 regulates CCR2
signaling in monocytes/macrophages (31). SHP-1 was additionally shown to regulate
internalization of various GPCRs including chemokine receptors (32-35). We therefore
questioned if SHP-1 controls monocyte/macrophage inflammatory responses through
regulation of CCR2 expression. We found that SHP-1-/- inflammatory monocytes isolated
from bone marrow, blood or spleens consistently displayed high levels of CCR2
compared to WT inflammatory monocytes following TMEV infection, confirming that
SHP-1 indeed regulates CCR2 expression on monocytes. We additionally tested if SHP-1
controls CCR2 downregulation in response to MCP-1 or TNF-", yet further optimization
steps will be necessary to fully investigate how SHP-1 restricts CCR2 expression on
monocytes. Taken together, these findings define an important mechanism by which
SHP-1 mediates monocyte/macrophage inflammatory responses.
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-Chapter 4Materials and Methods

Animals

C3H homozygous wild type (+/+), heterozygous wild type (+/-) and SHP-1deficient motheaten (me/me, C3FeLe.B6 a/a-Ptpn6me/J) mice were produced from
heterozygous breeding pairs obtained from The Jackson Laboratory (Bar Harbor, Maine;
No. 000225). Appropriate genotypes of all mice were verified commercially from tail
DNA (Transnetyx, Inc. Cordova, TN). All animal experiments were performed under
approval from the Institutional Animal Care and Use Committee (IACUC) at SUNY
Upstate Medical University.

Infections

BeAn TMEV was obtained from ATCC (Manassas, VA; No. VR-995) and
propagated within BHK-21 cells (ATCC; No. CCL-10). Plaque assays were performed to
determine viral titer as plaque-forming units per milliliter (PFU/ml). Mock supernatant
was derived from mock-infected BHK-21 cells. 12-day-old me/me mice and homozygous
or heterozygous WT littermates were inoculated intraperitoneally (IP) with a volume of
100µl containing either mock supernatant or 6x106 PFU BeAn TMEV. Animals were
sacrificed at 48 or 72 hours P.I. for subsequent flow cytometry analysis.
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-Chapter 4Flow cytometry

Prior to sacrifice, mice were injected IP with 200µl containing 80U of heparin
sodium salt (Sigma-Aldrich, St. Louis, MO; No. H319). After 15-20 minutes mice were
sacrificed and blood was immediately collected into EDTA-coated capillary tubes
(Sarstedt, Numbrecht, Germany; No. 20.1288.100) by cardiac puncture. Blood was
centrifuged for 10 minutes at 4°C, subjected to two rounds of red blood cell lysis (RBC),
and passed through 40µm filters prior to staining.
Spleens were dissected, homogenized and passed through 70µm filters. RBCs
were lysed and cells were passed through 40µm filters prior to staining. Bone marrow
cells were additionally isolated by flushing 10% FBS in PBS through tibias and fibulas
using a 26 gauge needle affixed to a 1ml syringe. Bone marrow cells were prepared for
flow cytometry staining as described for splenocytes.
To block CD16/32 Fc#Rs, cells were incubated with supernatant harvested from
2.4G2 cells (2.4G2 hybridoma line from ATCC; No. HB-197) for 30 minutes at 4°C.
Surface receptors were labeled for 30 minutes at 4°C with the following Abs and
concentrations diluted in 2.4G2 supernatant: Ly6c-PE (BioLegend, San Diego, CA; No.
128007; 1:400), CD11b-Pacific Blue (BioLegend, No. 101223; 1:800) and CCR2-APC
(R&D Systems, Minneapolis, MN; No. FAB5538A; 1:5). Flow cytometry was performed
using a BD LSR Fortessa cytometer equipped with FACSDiva software (Becton
Dickinson; San Jose, CA), and analyzed with FlowJo software (Tree Star Inc, Ashland,
OR).
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-Chapter 4In vitro cytokine stimulation

Bone marrow cells were collected from three to four-week-old naïve homozygous
WT, heterozygous WT, or motheaten mice, filtered and subjected to RBC lysis. Cells
were resuspended in DMEM containing 10% FBS and 20% supernatant derived from the
M-CSF-secreting cell line, L929 cells (36, 37). Cells were untreated or stimulated with
100ng/ml recombinant mouse MCP-1 (R&D Systems, Minneapolis, MN; No. 479-JE) or
100U/ml (corresponding to 3ng/ml) recombinant mouse TNF-" (R&D Systems, No. 410MT) for 3 or 24 hours at 37°C. Following cytokine stimulation, cells were stained with
Abs against Ly6c, CD11b and CCR2, and flow cytometry analysis was performed as
described above.
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We have previously found that SHP-1-deficient mice respond to peripheral
TMEV inoculation with both infection and robust macrophage infiltrations within the
CNS and skeletal muscle, correlating with enhanced CNS and muscle inflammation. To
understand the factors responsible for this enhanced macrophage-mediated inflammatory
response, we assessed the phenotype of immature monocytes from homozygous WT,
heterozygous WT and motheaten animals following TMEV infection. Flow cytometry
was performed to analyze surface expression of CCR2 on CD11b+Ly6chi or
CD11b+Ly6clo cells isolated from bone marrow, blood, or spleens at 48 hours post mock
or TMEV infection. As expected, CD11b+Ly6clo cells from mock or TMEV-infected
mice expressed minimal levels of CCR2, independent of SHP-1 expression (Figure 1).
Additionally, all CD11b+Ly6chi cells from mock-infected mice expressed high levels of
CCR2, independent of SHP-1 expression (Figure 1).
At 48 hours post infection (P.I.), however, a proportion of homozygous and
heterozygous WT CD11b+Ly6chi cells displayed reduced CCR2 expression, while all
CD11b+Ly6chi cells from motheaten mice maintained relatively high levels of CCR2
expression (Figure 1). This finding was observed in three independent experiments,
indicating that TMEV infection promoted CCR2 surface downregulation on
inflammatory monocytes in an SHP-1-dependent manner. Consistent with this
observation, inflammatory monocyte CCR2 MFI levels, from TMEV-infected animals
relative to mock-infected animals, were higher in motheaten compared to WT mice
(Figure 2). Similar findings were additionally observed at 72 hours P.I. (Figure 3).
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-Chapter 4Consistent with these observations, motheaten CD11b+Ly6chi cells isolated from skeletal
muscle at 5 days P.I. and spinal cords at 3 days P.I. maintained high levels of CCR2
expression compared to WT (spinal cord data not shown) (28). Thus, SHP-1-/inflammatory monocytes displayed high levels of CCR2 compared to WT inflammatory
monocytes in bone marrow, blood, spleens, skeletal muscle and CNS tissues between two
to five days P.I., demonstrating that SHP-1 somehow mediated CCR2 downregulation on
inflammatory monocytes following TMEV infection.
We next sought to understand how SHP-1-/- monocytes maintained high CCR2
expression following TMEV infection. High levels of the chemokine, MCP-1, were
observed in blood and CNS tissues in TMEV-infected motheaten mice compared to WT
littermates (3). Additionally, motheaten macrophages displayed high responsiveness to
MCP-1 compared to WT macrophages in vitro (31). We thus questioned if SHP-1
promoted rapid CCR2 desensitization following engagement with MCP-1. To address
this, we isolated bone marrow cells from homozygous WT, heterozygous WT or
motheaten mice, stimulated these cells with MCP-1 for three hours, and assessed CCR2
expression by flow cytometry analysis. Contrary to our expectations, all bone marrowderived CD11b+Ly6chi cells treated with MCP-1 downregulated CCR2 expression
compared to untreated controls, independent of SHP-1 expression (Figure 4). These
findings suggested that SHP-1-dependent inflammatory monocyte CCR2 downregulation
following TMEV infection might occur independent of MCP-1 signaling.
In addition to MCP-1, the proinflammatory cytokine, TNF-", has been reported to
dampen CCR2 expression at the mRNA level (20, 38, 39). High levels of TNF-" were
found in blood and CNS tissues in both motheaten and WT mice following TMEV
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-Chapter 4infection, although these levels were increased in motheaten animals (3). We thus
questioned if SHP-1 promoted CCR2 downregulation by inflammatory monocytes
following TNF-" stimulation. To address this, we treated homozygous WT, heterozygous
WT, or motheaten bone marrow-derived cells with TNF-", MCP-1, or left cells untreated
for 24 hours, and assessed the phenotypes of these cells by flow cytometry. To our
surprise, after 24 hours of culture, all motheaten bone marrow-derived cells
downregulated Ly6c expression, independent of cytokine treatment (Figure 5). Thus,
these cells essentially lost their CD11b+Ly6chi population, hindering our ability to assess
CCR2 expression on SHP-1-/- inflammatory monocytes. Correspondingly, all treatment
groups of motheaten cells were deficient in CCR2 expression (Figure 6). Alternatively,
homozygous and heterozygous WT CD11b+Ly6chi cells displayed higher levels of CCR2
when treated with TNF-" compared to MCP-1 (Figure 6). These findings suggest that
TNF-" does not downregulate CCR2 to the same degree as MCP-1.
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The findings presented in this chapter describe a novel mechanism by which SHP1 governs inflammatory monocyte migration into inflamed tissues. SHP-1 has been
reported to regulate monocyte/macrophage migration, and correspondingly, an
overwhelming number of macrophages accumulate in the skin, lungs and kidneys in
naïve motheaten mice in response to commensal microbes, and accumulate in the CNS
and skeletal muscle of TMEV-infected motheaten mice (3, 25-28, 31, 40, 41). This
excessive infiltration of inflammatory monocytes in motheaten tissues following TMEV
infection correlated with avoidance of skeletal muscle disease, yet was detrimental to the
CNS, promoting demyelinating disease following peripheral TMEV inoculation (3, 28).
The outcome of extensive inflammation in either muscle or CNS of motheaten mice
correlates with the phenotype of macrophages infiltrating these tissues, being more
inflammatory in the CNS than in muscle. It is not well understood exactly how SHP-1
restricts migration of these cells, and characterizing this will provide key insight into
mechanisms employed by SHP-1 to govern inflammatory responses.
This chapter reports a unique observation that SHP-1-/- inflammatory monocytes
maintain high chemokine receptor expression following virus infection, correlating with
an increased infiltration of macrophages observed in TMEV-infected tissues. Although
assessment of CCR2 expression on bone marrow, blood and splenic CD11b+Ly6chi cells
isolated from TMEV-infected WT compared to motheaten mice should be repeated to
complete this study, similar phenotypic differences were additionally observed in TMEVinfected spinal cords (not shown) and skeletal muscle (28). Chemokine receptor
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-Chapter 4downregulation following chemokine engagement is an important regulatory step to
avoid excessive receptor activation and subsequent inappropriate inflammatory responses
(18, 42). It is therefore likely that maintenance of high CCR2 surface expression
promotes hyperresponsiveness of SHP-1-/- inflammatory monocytes to the chemokine,
MCP-1.
The experiments described in this study assessed surface expression of the MCP-1
receptor, CCR2. Although we consistently observed higher surface expression of CCR2
on SHP-1-/- inflammatory monocytes following TMEV infection, we did not evaluate
whether WT monocytes downregulate CCR2 by rapid internalization and desensitization
steps, or by slow downregulation at the mRNA level. Rather, we attempted to determine
if SHP-1 promoted CCR2 downregulation in an MCP-1- or TNF-"-dependent manner
using in vitro cytokine/chemokine treatments. MCP-1 promotes rapid CCR2
desensitization, whereas TNF-" was reported to reduce CCR2 expression at the mRNA
level (20, 23, 43). We have additionally reported that WT and motheaten CNS tissues
cultures secrete MCP-1 and TNF-" following TMEV infection, and these levels were
significantly higher in motheaten mice (3). We assessed MCP-1-mediated effects after 3
or 24 hours of stimulation, and assessed effects of TNF-" stimulation after 24 hours.
However, these experiments were not sufficient to determine if SHP-1 promoted CCR2
downregulation by MCP-1 or TNF-" stimulation. After 3 hours all cells treated with
MCP-1 appeared to downregulate CCR2, including motheaten cells. After 24 hours, all
motheaten bone marrow-derived cells lost Ly6c and CCR2 expression, regardless of the
treatment, and TNF-" did not appear to reduce CCR2 expression in WT cells to the same
degree as that which was observed in vivo following TMEV infection. It would therefore
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-Chapter 4be of particular interest to observe CCR2 expression following a brief stimulation with
TNF-" for 3 hours rather than 24 hours, as during this brief culture period, motheaten
bone marrow-derived cells maintained an inflammatory monocyte population that
displayed high Ly6c levels. This would therefore allow for direct comparison of TNF-"or MCP-1-dependent effects on inflammatory monocyte CCR2 expression in an SHP-1dependent manner, to determine how SHP-1 promotes CCR2 downregulation following
TMEV infection. It is also possible that even shorter durations of both MCP-1 and TNF-"
stimulation would be optimal to assess factors driving CCR2 downregulation in WT
cells. Rapid chemokine receptor desensitization steps have been reported to occur within
minutes, whereas the half-life of CCR2 mRNA downregulation following TNF-"
stimulation was reported to be 45 minutes (20). Thus, it would be of particular interest to
assess CCR2 expression on bone marrow-derived cells after stimulating with MCP-1 or
TNF-" for 15, 30, 60 and 90 minutes.
In addition to the duration of in vitro treatments, additional factors may need
further optimization to determine if SHP-1 regulates CCR2 expression in an MCP-1- or
TNF-"-dependent manner. The experiments reported in this chapter involved treatments
of bone marrow-derived cells cultured in media containing serum and the cytokine, MCSF. GM-CSF and M-CSF are macrophage-specific growth factors, and unpublished
observations in our lab and additional reports indicate that GM-CSF supports a more
inflammatory, M1-like macrophage phenotype, whereas M-CSF promotes a less
inflammatory, M2-like macrophage phenotype (44-46). We have not yet measured in
vivo expression levels of M-CSF or GM-CSF following TMEV infection, although it
would be of great interest to do so. Regardless, GM-CSF may support a more
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-Chapter 4inflammatory phenotype in vitro, allowing us to better mimic the inflammatory
microenvironment during TMEV infection in vivo. Thus, investigations into the
mechanism by which SHP-1 promotes inflammatory monocyte CCR2 downregulation,
including those cultivated with GM-CSF, may recapitulate conditions in vivo. It is also
possible that other cells present in the cultures under the influence of M-CSF secreted
cytokines that altered the phenotype or activation of bone marrow-derived inflammatory
monocytes, and thus it may be optimal to perform in vitro stimulation experiments on
purified monocyte populations.
The experiments described above incorporate alternative methods to determine if
SHP-1 promotes CCR2 downregulation specifically in response to MCP-1 or TNF-"
stimulation. However, it is also possible that alternative cytokines may be involved in
promoting CCR2 downregulation on WT inflammatory monocytes in vivo, as
proinflammatory cytokines including IFN-# and IL-1! have been reported to decrease
CCR2 expression (20). It would be important to determine if TMEV induces SHP-1dependent CCR2 receptor downregulation by rapid desensitization steps or mRNA
downregulation. The manner by which CCR2 is downregulated in infected WT
monocytes should correlate with SHP-1-dependent cytokine/chemokine-specific effects
on CCR2 expression. To address this, we would first compare surface versus intracellular
CCR2 protein expression by flow cytometry. To evaluate intracellular CCR2 expression,
we would quench surface CCR2 receptors with high concentrations of unconjugated antiCCR2 antibodies, to prevent detection of surface CCR2 expression by flow cytometry.
We would then perform intracellular CCR2 labeling with fluorochrome-conjugated Abs.
If increased intracellular CCR2 expression correlates with decreased CCR2 surface
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-Chapter 4expression in TMEV-infected WT monocytes, this would suggest that SHP-1 promotes
CCR2 internalization and desensitization following TMEV infection. Additionally,
inflammatory monocytes would be sorted from infected mice and subjected to qPCR
analysis to measure CCR2 mRNA levels in WT compared to motheaten mice. If
decreased CCR2 mRNA levels correspond with decreased surface expression in WT
mice following TMEV infection, this would suggest that SHP-1 restricts CCR2
expression in inflammatory monocytes at the mRNA level. Thus, these experiments will
provide insight into the nature of CCR2 downregulation in WT mice following TMEV
infection, which is critical to fully understand how SHP-1-/- monocytes avoid this
process.
This chapter describes an important observation that SHP-1 promotes CCR2
downregulation on inflammatory monocytes following TMEV infection, corresponding
with a modest infiltration of inflammatory monocytes/macrophages into skeletal muscle
and CNS tissues in WT mice. Alternatively, mice lacking SHP-1 display high CCR2
levels on inflammatory monocytes following TMEV infection, corresponding with an
excessive infiltration of inflammatory monocytes/macrophages into skeletal muscle and
CNS tissues. However, since WT muscle-infiltrating macrophages, and SHP-1-/- CNSinfiltrating macrophages, displayed a more inflammatory phenotype and promoted tissue
damage, it is likely that SHP-1 acts within both monocytes/macrophages and CNS glia to
mediate TMEV pathogenesis. Thus, our data suggests that SHP-1 restricts macrophage
M1-like maturation and responsiveness toward MCP-1, whereas SHP-1 also restricts
inflammatory cytokine/chemokine production by CNS glia, promoting enhanced
infiltration and inflammatory maturation of monocytes in the absence of SHP-1. These
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-Chapter 4findings reveal an important mechanism utilized by SHP-1 to restrict macrophagemediated inflammatory responses, although additional work is needed to fully understand
the role of SHP-1 in this process. Determining whether SHP-1 restricts CCR2 expression
on inflammatory monocytes during the course of an infection by either surface receptor
internalization and desensitization steps, or by decreasing CCR2 mRNA stability, may
reveal novel therapeutic targets for inflammatory diseases mediated by macrophages.
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FIGURE 1. Monocyte CCR2 expression at 48 hours P.I. Homozygous WT (SHP-1+/+),
heterozygous WT (SHP-1+/-) and me/me (SHP-1-/-) mice were infected with TMEV or mock
supernatant for 48 hours. Cells were isolated from bone marrow (A), blood (B) or spleens (C) and
labeled with Abs against CD11b, Ly6c and CCR2 for flow cytometry analysis. Representative
histograms depict CCR2 surface expression on CD11b+Ly6chi (black line) or CD11b+Ly6clo (gray
shaded) monocyte populations. Experiment was performed in triplicate; n = 1. (A) Bisector
divides CCR2+ and CCR2- cell populations.
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FIGURE 2. Relative CCR2 MFI levels on inflammatory monocytes. Homozygous WT (SHP1+/+), heterozygous WT (SHP-1+/-) and me/me (SHP-1-/-) mice were mock infected or infected
with TMEV for 48 hours. Cells were isolated from bone marrow (BM), blood and spleens and
labeled with Abs against CD11b, Ly6c and CCR2 for flow cytometry analysis. Relative CCR2
MFI levels on CD11b+Ly6chi cells depict % MFI levels of cells from TMEV-infected mice
relative to cells from mock-infected controls; n = 2.
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FIGURE 3. Monocyte CCR2 expression at 72 hours P.I. Homozygous WT (SHP-1+/+),
heterozygous WT (SHP-1+/-) and me/me (SHP-1-/-) mice were infected with TMEV or mock
supernatant for 72 hours. Cells were isolated from bone marrow (A), blood (B) or spleens (C) and
labeled with Abs against CD11b, Ly6c and CCR2 for flow cytometry analysis. Histograms depict
CCR2 surface expression on CD11b+Ly6chi (black line) or CD11b+Ly6clo (gray shaded)
monocyte populations; n = 1.
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FIGURE 4. MCP-dependent monocyte CCR2 expression. Bone marrow-derived cells were
isolated from homozygous WT (SHP-1+/+), heterozygous WT (SHP-1+/-) and me/me (SHP-1-/-)
mice. Cells were untreated (gray shaded) or stimulated with MCP-1 (black line) for three hours.
Surface expression of CCR2 on CD11b+Ly6chi cells was measured by flow cytometry.
Representative histograms shown; n = 5.
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FIGURE 5. Monocyte populations following 24-hour treatments. Bone marrow-derived cells
were isolated from homozygous WT (SHP-1+/+), heterozygous WT (SHP-1+/-), and me/me (SHP1-/-) mice, and were cultured alone or stimulated with MCP-1 or TNF-" for 24 hours. CD11b and
Ly6c expression was assessed by flow cytometry. Representative plots shown; n = 4.
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FIGURE 6. Monocyte CCR2 expression following 24-hour treatments. Bone marrow-derived
cells from homozygous WT (SHP-1+/+), heterozygous WT (SHP-1+/-), and me/me (SHP-1-/-) mice
were cultured alone (gray shaded) or stimulated with MCP-1 (thin black line) or TNF-" (thick
gray line) for 24 hours. CCR2 surface expression on CD11b+Ly6chi cells was measured by flow
cytometry. Representative histograms shown; n = 4.
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-Chapter 5Chronic inflammatory diseases including multiple sclerosis (MS) and idiopathic
inflammatory myopathies (IIMs) are thought to result from environmental triggers in
genetically susceptible individuals. Genes associated with the inflammatory immune
response have been identified as potential risk factors for these inflammatory diseases,
and extensive evidence has associated infectious agents such as viruses with MS and
IIMs. These diseases are not fully characterized, and there is an urgent need to identify
new therapeutic targets with the potential to improve prognosis. This dissertation
incorporates a unique model system to explore how the key immune regulator, Src
homology region 2 domain-containing phosphatase 1 (SHP-1), influences skeletal muscle
or central nervous system (CNS) inflammation, and subsequent debilitating dystrophic
calcification or demyelination, in response to a virus trigger.
SHP-1 is a hematopoietic protein tyrosine phosphatase that controls many aspects
of inflammatory signaling (1). In particular, SHP-1 regulates critical macrophage
activities including survival, activation, polarization, adhesion and phagocytic activity (1,
2). Mice lacking SHP-1 (motheaten, me/me) suffer a spontaneous inflammatory
phenotype driven by excessive macrophage-mediated inflammatory responses to bacteria,
suggesting that the primary function of SHP-1 is controlling macrophage responses to
microbial infections (3-7). However, to our knowledge we are the first to investigate the
extent to which SHP-1 mediates inflammatory immune responses to virus infections.
We have previously identified SHP-1 as a susceptibility gene mediating virusinduced inflammatory CNS demyelinating disease. An increased number of TMEV
genomes were observed in blood-borne CD11b+Ly6chi inflammatory monocytes from
motheaten mice compared to WT (unpublished data), corresponding with a robust
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-Chapter 5infiltration of macrophages and TMEV, and subsequent demyelination, in the CNS of
motheaten mice compared to WT (8). Macrophages were found to be essential effector
cells facilitating TMEV-induced CNS disease, as inhibiting macrophage accumulation in
motheaten CNS tissues by neutralizing MCP-1, or depleting macrophages with
clodronate liposomes, resulted in decreased viral load and demyelination in the CNS,
correlating with attenuated clinical disease (8, 9). Despite this, we have not precisely
defined the role(s) of macrophages in promoting this disease pathology.
Alternatively, this dissertation describes a newly discovered role for SHP-1 in
governing TMEV-induced skeletal muscle disease. Prior to this, attenuated TMEV strains
have only been reported once to induce skeletal muscle disease following peripheral
infection, and genetic/cellular factors involved in mediating TMEV-induced myositis
were not investigated (10). Thus, to the extent of our knowledge we are the first to report
findings revealing factors involved in TMEV-induced myositis, including SHP-1 and
proinflammatory (M1-like) macrophages. Our findings suggested that proinflammatory
macrophages promoted this disease in WT animals, as muscle-infiltrating WT
macrophages displayed an increased proinflammatory phenotype, blocking SHP-1
activation in WT macrophages by inhibiting CD47 interactions with SIRP! attenuated
muscle disease severity, and depletion of macrophages from infected WT mice
corresponded with reduced muscle disease (11). However, we have not discerned the
mechanisms by which proinflammatory macrophages promote muscle disease in WT
mice, determined if muscle-infiltrating macrophages are protective against muscle
disease in SHP-1-/- mice, or addressed if additional cell types are involved controlling the
outcome of TMEV infection of skeletal muscle.
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FIGURE 1. Proposed mechanism of SHP-1-dependent TMEV pathogenesis. SHP-1 limits
macrophage infiltration into TMEV-infected tissues by restricting CCR2 expression. SHP-1
additionally promotes M1-like macrophage maturation, and during peripheral (skeletal muscle)
TMEV infection these M1-like macrophages promote myofiber damage and calcification.
Alternatively, SHP-1 restricts inflammatory responses by CNS resident cells such as astrocytes,
limiting the expression of inflammatory signals that promote monocyte recruitment (MCP-1) and
likely M1-like macrophage differentiation (GM-CSF). In the absence of SHP-1,
monocytes/macrophages maintain high levels of CCR2, promoting an increased macrophage
infiltration into peripheral and CNS tissues. SHP-1-/- muscle-infiltrating macrophages do not
optimally differentiate into an inflammatory phenotype and thus do not cause myofiber damage.
In the CNS of SHP-1-/- mice, astrocytes likely secrete high levels of MCP-1 and GM-CSF, further
promoting an increased monocyte infiltration and additionally compensating for an inherent
resistance of SHP-1-/- monocytes to mature into M1-like cells. These SHP-1-/- M1-like
macrophages promote demyelinating disease in the CNS.

The work described in this dissertation has uncovered unique functions of SHP-1
during a virus infection, as summarized in Figure 1. We have identified SHP-1 and M1like macrophages as key factors promoting virus-induced myositis and subsequent
dystrophic calcification. We have additionally discovered that SHP-1 regulates
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-Chapter 5inflammatory responses in peripheral (skeletal muscle) and immune-privileged (CNS)
tissues in opposing ways following virus infection, and we presume that SHP-1 acts
within both macrophages and CNS glia to mediate TMEV pathogenesis. Following
peripheral TMEV infection, SHP-1 promotes M1-differentiation of muscle-infiltrating
macrophages and subsequent debilitating myositis, whereas SHP-1-/- CNS-infiltrating
macrophages additionally display an M1-like phenotype and promote demyelinating
disease. These data suggest that in the absence of SHP-1, monocytes possess an inherent
resistance to full maturation into M1-like cells in peripheral tissues, and thus SHP-1-/macrophages are non-pathogenic in muscle. Alternatively, it is likely that inflammatory
signals produced by SHP-1-/- resident cells such as astrocytes compensate for the
immature SHP-1-/- macrophage state and thus strongly promote M1-like differentiation
and subsequent demyelinating disease (Figure 1). Lastly, this dissertation demonstrated
that SHP-1 restricts CCR2 expression on inflammatory monocytes in the circulation or in
peripheral or immune-privileged tissues following TMEV infection, suggesting that
regulation of CCR2 expression is a unique mechanism by which SHP-1 activity in
monocytes restricts inflammatory responses.

Opposite roles of SHP-1 in skeletal muscle and CNS tissues

These findings suggest that SHP-1 regulates macrophage maturation in the CNS
and skeletal muscle in unique ways that may depend on both macrophage-specific and
target tissue expression of SHP-1. The data presented in chapters 2 and 4 suggest that
high CCR2 expression produces a common outcome of excessive CNS- and muscle-
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-Chapter 5infiltration of monocytes/macrophages in SHP-1-deficient mice. This finding correlates
with our previous report of increased MCP-1 expression in peripheral blood and CNS
tissues following TMEV infection, and increased responsiveness of SHP-1-/macrophages to MCP-1, compared to WT macrophages (8, 9). Despite this common
observation of high CCR2 levels on motheaten macrophages, motheaten CNS-infiltrating
macrophages displayed a proinflammatory phenotype and correlated with debilitating
demyelinating disease, whereas motheaten muscle-infiltrating macrophages displayed an
immature, non-inflammatory phenotype that corresponded with absence of muscle
calcification. Therefore, it is likely that SHP-1-/- macrophages experience very different
maturation signals in either peripheral or CNS tissues during TMEV infection, which is
the subject of ongoing research in our laboratory.
Unpublished findings in our lab suggest that the cytokine GM-CSF promotes a
more inflammatory profile of macrophages that is highly supportive for TMEV
replication, consistent with the phenotype of WT muscle-infiltrating and me/me CNSinfiltrating macrophages. These findings are additionally consistent with published
reports describing GM-CSF as a cytokine promoting M1-like macrophage differentiation
(12-14). Although SHP-1-/- monocytes are unable to differentiate into mature, M1-like
macrophages in peripheral tissues, GM-CSF might serve as a secondary signal in SHP-1-/CNS tissues, promoting the maturation of SHP-1-/- monocytes into mature M1-like
macrophages in the CNS.
As acute inflammatory responses are ideal for rapid pathogen clearance, it is
likely that under SHP-1 control, proinflammatory responses are the default in the
periphery during infections in order to eradicate infectious agents (15, 16). Alternatively,
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-Chapter 5CNS tissue is designed as a predominantly immune-privileged organ to protect against
neuronal death, as inflammatory responses in the CNS can cause substantial debilitating
and irreversible damage (17-19). Thus, SHP-1 may restrict inflammatory responses at the
level of CNS glia as a protective measure, and correspondingly, we have observed an
increased production of proinflammatory cytokines and chemokines in motheaten CNS
tissues following TMEV infection, compared to WT, even prior to detectible macrophage
infiltration (8, 9). We therefore predict that SHP-1 restricts GM-CSF production by CNS
glial cells such as astrocytes (Figure 1). Thus, despite SHP-1 being required for M1-like
macrophage differentiation in the periphery, it is likely that high levels of
proinflammatory cytokines, which may include GM-CSF, in SHP-1-/- CNS tissues drive
M1-like inflammatory macrophage differentiation.
In order to test if GM-CSF promotes TMEV-induced CNS disease, we could
experimentally reduce GM-CSF activity in the CNS by injecting motheaten mice with
GM-CSF-neutralizing antibodies. If neutralizing GM-CSF in motheaten CNS tissues
inhibits M1-like macrophage differentiation, and restricts TMEV-induced demyelinating
disease, this would suggest that SHP-1 activity in CNS glia controls GM-CSF production,
and increased levels of GM-CSF in SHP-1-/- CNS tissues promote inflammatory
macrophage differentiation and subsequent demyelination. In summary, it is possible that
SHP-1 inhibits production of GM-CSF or perhaps other M1-inducing cytokine(s) in the
CNS following TMEV infection, and in the absence of SHP-1, high GM-CSF expression
in the CNS promotes inflammatory macrophage differentiation and subsequent
demyelinating disease.

!

"$"!

-Chapter 5Macrophages and TMEV-induced muscle calcification

In chapter 2, we observed two distinct muscle-infiltrating macrophage populations
in WT and me/me mice, including less mature CD11b+Ly6chi and more mature
CD11b+Ly6clo cells. In motheaten mouse muscles, both of these cell types displayed a
less mature phenotype than in WT muscles, as SHP-1-/- Ly6chi cells maintained high
levels of CCR2, and SHP-1-/- Ly6clo cells expressed low levels of F4/80 (11). Although
we observed SHP-1-dependent differences in these two distinct populations, we sorted
both of these Ly6chi and Ly6clo populations together for RNA profiling. RNA analysis on
these Ly6c+ (hi + lo) cells revealed that WT macrophages displayed enhanced inflammatory
profile compared to motheaten cells. However, it would be of interest to assess the RNA
profile of each individual Ly6chi or Ly6clo population. It is possible that the differences
seen between WT and motheaten mouse macrophages would be enhanced when viewing
these populations independently, or alternatively, other differences or similarities within
individual populations may have been masked by assessing combined differences. Thus,
evaluating the RNA profile of each Ly6c+ population would provide additional insight
into SHP-1-dependent macrophage effector functions during TMEV infection.
In this chapter, initial efforts to determine if SHP-1 activity in macrophages
mediates TMEV-induced muscle calcification involved CD47 neutralization. CD47 is
expressed ubiquitously, whereas its receptor, SIRP!, is primarily expressed by
macrophages, and contains an ITIM sequence that activates SHP-1 (2, 20). We aimed to
block SHP-1 activation in WT macrophages by inhibiting CD47-SIRP! interactions, and
indeed neutralizing CD47 resulted in attenuated muscle disease in WT mice (11).
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CD47-neutralized WT mice displayed an immature phenotype, expressing high levels of
Ly6c and low levels of F4/80 compared to untreated control animals (11). These data
suggested that blocking SHP-1 activation in WT macrophages corresponded with an
immature macrophage phenotype and reduced muscle disease. Interestingly, SIRP!CD47 interactions were demonstrated to induce NO production by macrophages in an
SHP-1-dependent manner, suggesting that SIRP!-mediated SHP-1 activation may be key
signaling events required to promote inflammatory M1-like maturation of macrophages
(21). In addition, expression of IL-6 and IL-12 by macrophages was shown to depend on
the presence of SHP-1 (22, 23). It would therefore be of particular interest to repeat this
experiment and further correlate the immature, non-inflammatory phenotype of muscleinfiltrating macrophages between motheaten mice and WT mice treated with CD47blocking Abs by flow cytometry, and by RNA analysis of FACS-sorted macrophages. If
CD47 neutralization indeed blocked SHP-1 activation in WT macrophages, we would
expect muscle-infiltrating Ly6chi cells to maintain high levels of CCR2 expression, and
we would expect Ly6clo cells to express low levels of F4/80, compared to untreated
controls. Additionally, we would expect muscle-infiltrating macrophages isolated from
untreated WT mice to express higher levels of proinflammatory genes, compared to WT
mice treated with CD47 blocking Abs. These data would further support the notion that
SHP-1 promotes maturation of macrophages into M1-like cells in peripheral tissues,
corresponding with increased muscle disease.
We additionally performed experiments using clodronate liposomes to deplete
macrophages from WT mice in order to determine if WT macrophages promote muscle
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-Chapter 5disease. Indeed, WT mice treated with clodronate liposomes displayed reduced muscle
disease severity compared to WT mice treated with control liposomes, indicating that
proinflammatory macrophages in WT mice exacerbated TMEV-induced muscle disease
(11). Although clodronate liposomes have been extensively reported to selectively
deplete macrophages in vivo, we did not conclusively determine if clodronate liposomes
depleted muscle-infiltrating macrophages following TMEV infection (24-28).
Preliminary H&E staining revealed that both WT mice treated with control or clodronate
liposomes displayed extensive skeletal muscle inflammation, although muscle-infiltrating
cells in control liposome-treated mice appeared to display larger, pale/less dense nuclei
(consistent with macrophages), whereas muscle-infiltrating cells in clodronate liposometreated mice displayed darker/more condensed, and in some cases lobulated nuclei
(consistent with neutrophils; data not shown). It would thus be of great interest to
perform flow cytometry and/or immunohistochemistry to determine if clodronate
liposome injections reduced or altered the specific inflammatory infiltrates in TMEVinfected muscles. If clodronate liposomes increased neutrophil infiltration, while
decreasing macrophage infiltration into skeletal muscle, this would further suggest that
macrophages promote muscle disease in WT mice, whereas neutrophils are not
pathogenic during TMEV infection of skeletal muscle.

Mechanisms of tissue damage by proinflammatory macrophages

Macrophages skewed toward an M1-like phenotype correlated with debilitating
muscle disease in WT mice, and debilitating CNS disease in motheaten mice (8, 9, 11). It
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directly by secreting proinflammatory cytokines such as IL-6, IL-1" or TNF-!, or nitric
oxide (NO) via iNOS, as these factors have been demonstrated to induce myofiber
damage and death, and inhibit myofiber regeneration. In particular, TNF-! has been
shown to reduce myotube protein content, induce muscle fiber decay, inhibit myogenic
differentiation and trigger apoptosis of myofibers, while IL-1" was reported to trigger
iNOS-mediated muscle fiber necrosis (29, 30). M1 macrophages have been reported to
induce muscle damage by NO-mediated myofiber lysis, and IL-6 has been widely
associated with the onset and progression of muscle wasting (31, 32) (33-37).
In addition to promoting myofiber damage, proinflammatory factors produced by
M1 macrophages including IL-6, IL-1", TNF-!, or NO have been extensively shown to
promote oligodendrocyte (myelin-producing cells) damage and demyelination.
Experimental autoimmune encephalomyelitis (EAE) is a murine MS model where
autoimmune responses are induced toward myelin-specific peptides (38). IL-6 was shown
to be essential for the progression of EAE, and is additionally present in active MS
plaques (39-45). TNF-! and its receptors are upregulated within active MS lesions, and
TNF-! was reported to induce oligodendrocyte death and increase disease severity in MS
animal models (46-51). IL-1! has been reported to be cytotoxic to oligodendrocytes in
vivo and in vitro (52, 53). Moreover, chronic administration of IL-1! promoted
demyelination in rats, and neutralizing IL-1! and/or TNF-! was sufficient to reduce
disease in these animals (50, 54). NO has exhibited cytotoxic behaviors towards
oligodendrocytes in vitro, and iNOS is upregulated in brains during MS or EAE (55-58).
It is therefore strongly possible that these inflammatory factors produced by M1-like
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muscle and/or motheaten CNS tissues, respectively.
In order to determine if M1-like macrophages promote skeletal muscle and/or
CNS damage via the production of these proinflammatory factors, in vivo neutralization
assays could be performed. For instance, treatment of animals with NO inhibitors or
neutralizing antibodies against IL-6, TNF-! or IL-1" might determine what factor(s)
secreted by macrophages induce oligodendrocyte and/or myofiber damage in vivo. It is
possible, however, that cytotoxicity effects may not be altered by the addition of
neutralizing antibodies or NO inhibitors. This may indicate that M1-like macrophages
induce oligodendrocyte and/or myofiber damage via the production of alternative factors
such as reactive oxygen species or proteolytic factors, or by direct interactions with target
cells, such as via FasL-induced apoptosis.
It is also possible that WT muscle-infiltrating and/or motheaten CNS-infiltrating
macrophages promote tissue damage through the recruitment and/or activation of
additional effector cells, such as T lymphocytes. CD8+ T cells (also referred to as
cytotoxic T lymphocytes) have been reported to cause substantial tissue damage in efforts
to kill infected cells (59-64). M1-like macrophages activate Th1 cells, which could help
CD8+ T cell-mediated killing of infected oligodendrocytes and/or myofibers. As such,
CD4+ and CD8+ T cells are often essential for demyelination to occur in mouse models of
MS, including EAE and TMEV-induced demyelinating disease (65). Interestingly, the
proinflammatory cytokine, IL-6, has been reported to mediate the transition from innate
to adaptive immunity (39). During EAE, IL-6 promoted the differentiation of naïve CD4+
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proliferation and CNS infiltration, which are crucial for EAE progression (42-45, 66-68).
It is also possible that M1-like macrophages promote TMEV-induced muscle
disease in WT mice via recruitment and/or activation of T cells. Severe combined
immunodeficiency mice (SCID) mice infected I.P. with DA TMEV displayed extensive
skeletal muscle damage and calcification, yet this disease was somewhat reduced to that
observed in WT mice with functional lymphocytes (10). SCID mice lack functional B
and T cells, suggesting that while innate immune cells are the primary effector cells
promoting TMEV-induced muscle disease, adaptive immune cells further enhance
disease progression (69). Additionally, CD8+ T cell and Th1 responses have been
extensively associated with IIMs (70-72). In particular, CD8+ T cells were reported to
secrete perforin and granzyme in inflammatory myopathies, and thus excessive CD8+ T
cell activity could lead to substantial myofiber death (73).
It would therefore be of particular interest to assess the numbers and phenotypes
of muscle- and CNS-infiltrating T cells by flow cytometry, following TMEV infection.
Initial observations in our lab revealed low numbers of CNS- and skeletal muscleinfiltrating T cells by flow cytometry or immunohistochemistry (respectively), yet it
would be important to verify these findings and further assess the phenotypes of these
cells by flow cytometry. We might observe an increased infiltration of CD8+ T cells, Th1
or Th17 cells in motheaten CNS tissue and/or WT skeletal muscle, corresponding with
increased disease following TMEV infection. This might suggest that proinflammatory
macrophages promote disease following TMEV infection by recruitment/activation of T
cells, rather than through direct cytotoxic affects. Additionally, a more comprehensive
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-Chapter 5analysis of cytokines and chemokines present in CNS and skeletal muscle following
TMEV infection would aid in our understanding of the inflammatory events occurring
within these tissues in an SHP-1-dependent manner.
It is additionally possible that increased B cell secretion of IgG in motheaten CNS
tissues and/or WT skeletal muscle promotes antibody-dependent cell-mediated
cytotoxicity (ADCC) by macrophages. Monocytes/macrophages possess Fc receptors,
and can perform ADCC through Fc receptor-mediated interactions with IgG-coated target
cells, inducing lysis of the target cells (74-76). Thus, macrophage Fc receptors might
interact with IgG-coated oligodendrocytes and/or myofibers in TMEV-infected animals,
promoting direct cytotoxic effects by macrophages. B cells were detected in TMEVinfected WT and motheaten muscles (not shown), yet differences in the
numbers/phenotypes of these cells have not been assessed. To address this, flow
cytometry could be performed to determine if increased numbers of IgG-secreting plasma
cells are present in TMEV-infected motheaten spinal cords and/or WT skeletal muscles.
Additionally, performing IgG ELISAs on homogenized spinal cords, brains and skeletal
muscle from infected animals could determine if infected motheaten CNS and WT
skeletal muscle tissues are associated with high levels of IgG antibodies.
To further assess the role of lymphocytes in TMEV-induced CNS or muscle
disease we could perform infections on viable motheaten mice crossed with lymphocytedeficient mice (mev/mev RAG-1-/- double mutants), as these mice have been utilized to
assess which cell types contribute to the spontaneous inflammatory phenotype in
motheaten mice (6, 7). If mev/mev RAG-1-/- mice suffer comparable CNS disease
pathology to motheaten mice following TMEV infection, in the absence of skeletal
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-Chapter 5muscle calcification, this would confirm that lymphocytes are not necessary to promote
TMEV-induced CNS disease or protect against TMEV-induced muscle disease.
Alternatively, RAG-1-/- WT animals could be infected to determine if lymphocytes are
necessary to promote TMEV-induced muscle calcification in WT mice.

Function of SHP-1-/- muscle-infiltrating macrophages

The findings presented in chapter 2 identify WT muscle-infiltrating macrophages
as pathogenic during TMEV infection. However, a much more pronounced infiltration of
macrophages was seen in motheaten muscles compared to WT, yet these macrophages
displayed a relatively immature phenotype compared to the mature, proinflammatory
phenotype seen in WT muscles (11). Since WT macrophages are detrimental during
TMEV infection of skeletal muscle, we postulated that motheaten mice avoid TMEVinduced muscle calcification because SHP-1-/- muscle-infiltrating macrophages have
reduced pathogenicity and therefore do not promote muscle damage. However, it is still
possible that while WT mouse macrophages are pathogenic, motheaten mouse
macrophages may additionally serve protective roles during TMEV infection of skeletal
muscle.
Monocytic myeloid-derived suppressor cells (MDSCs) are immature myeloid
cells defined as CD11b+Ly6g-Ly6chi, and these cells express high levels of Arginase 1
and iNOS (77-81). MDSCs have been reported to suppress T cell responses, modulate
cytokine production by macrophages, and promote M2-differentiation of macrophages
(77, 82). In accordance with this, an unidentified splenocyte population in motheaten
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-Chapter 5mice was reported to suppress B cells and T cells (83). It is therefore possible that
motheaten muscle-infiltrating monocytes mature into MDSCs following TMEV
infection, and these cells may restrict myofiber damage by proinflammatory
macrophages, T cells or B cells. MDSCs have additionally been reported to interact with
regulatory T cells (Tregs) to further suppress inflammatory responses (84).
We could therefore perform suppression assays to determine if motheaten muscleinfiltrating macrophages display suppressive functions. This could be done by isolating
CD11b+Ly6c+ muscle-infiltrating cells from infected WT or motheaten mice, coculturing these cells with stimulated T cells, and measuring suppression of either T cell
proliferation or IFN-# production. Additional suppression assays of motheaten muscleinfiltrating macrophages could be performed with proinflammatory macrophages cultured
in GM-CSF, to determine if these cells can suppress GM-CSF-stimulated inflammatory
phenotypes. If motheaten muscle-infiltrating macrophages suppress the inflammatory
profile of GM-CSF-stimulated macrophages, this would suggest that motheaten muscleinfiltrating macrophages protect against TMEV-induced muscle disease by suppressing
macrophage inflammatory responses. These experiments would additionally be supported
by a more in depth comparison of proinflammatory and anti-inflammatory cytokine
production in WT compared to motheaten mouse muscles.

Cell-specific roles of SHP-1 during TMEV infection

As described above, although proinflammatory macrophages are essential effector
cells mediating TMEV-induced demyelinating disease and skeletal muscle calcification,
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-Chapter 5it is not yet known if SHP-1 acts solely within these cells to mediate TMEV infection. In
chapter 3, we attempted to utilize conditional knockout mice to determine the extent to
which SHP-1 activity in macrophages or skeletal muscle mediates TMEV-induced CNS
and/or muscle disease. We predict that SHP-1 activity in macrophages restricts CCR2mediated migration and promotes M1-like maturation, whereas SHP-1 activity in CNS
resident cells such as astrocytes restricts inflammatory cytokine/chemokine production
that can additionally recruit and activate macrophages towards an M1 phenotype. Despite
this, our efforts to verify this hypothesis using targeted SHP-1 depletion approaches
remained inconclusive, as SHP-1 was highly induced by TMEV infection in macrophages
from LysMcre; SHP-1$/$ and CD11b-cre; SHP-1$/$ mice, and we were unable to
determine if SHP-1 was depleted from skeletal myofibers in Ckm-cre; SHP-1$/$ mice.
We did not, however, assess the role of CNS tissue-specific SHP-1 expression in
mediating TMEV-induced demyelination. These studies are ongoing by another member
of our lab, utilizing Nestin-cre mice. Despite this, our findings using LysMcre, CD11bcre and Ckm-cre mice suggested to us that the Cre/LoxP system might not be useful for
our studies, as SHP-1 is highly inducible by virus expression, and is expressed early in
hematopoietic cell lineages with high turn over rates.
It would be important to determine if it is possible to maintain a depletion of
SHP-1 in macrophages during TMEV infection using other types of knockout mice.
Thus, widespread Cre-expressing mice such as EIIa-cre animals could be used to
recapitulate a motheaten mouse using Cre/LoxP technology. If EIIa-cre; SHP-1$/$ suffer
comparable disease pathologies to motheaten mice (CNS disease in the absence of
muscle calcification), this would indicate that it is possible to recapitulate motheaten
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-Chapter 5mice in the context of TMEV infection, using the Cre/LoxP system. It would then be of
interest to determine if hematopoietic SHP-1 activity is necessary to mediate TMEV
infection. This could be done through the generation of Vav1-cre; SHP-1$/$ mice, as
Vav1-cre mice were reported to deplete genes-of-interest from all hematopoietic and
endothelial cells, including the bone marrow compartment (85, 86). These mice might
allow for a depletion of SHP-1 early enough in the hematopoietic lineage to circumvent
SHP-1 induction by TMEV infection. If Vav1-cre; SHP-1$/$ mice display comparable
disease pathologies to motheaten mice, this would indicate that SHP-1 expression within
hematopoietic cells, rather than tissue-specific SHP-1, is essential for promoting CNS
disease and/or preventing muscle disease. Alternatively, if SHP-1 depletion from
hematopoietic cells is maintained during infection, yet mice display comparable disease
outcome to WT mice, this could indicate that either SHP-1 activity within the tissue itself
is essential to control disease outcome, or that SHP-1 acts both within the tissue and
within hematopoietic cells in cooperation to mediate TMEV infection.
As mentioned above, performing infections on RAG-1-/- and mev/mev RAG-1-/mice would provide an alternative method to determine if adaptive immune cells are
involved in SHP-1-dependent TMEV pathogenesis. In addition to this, adoptive transfer
experiments could be performed to specifically determine what cell types are responsible
for mediating disease. Since motheaten mice succumb to TMEV-induced CNS disease
rapidly (5-8 days P.I.), transferring motheaten mouse splenic monocytes into WT mice
would permit assessment of these SHP-1-/- cells in WT mouse muscle pathology.
However, there are several factors that may require extensive optimization steps. For
example, we might need to optimize the number of cells to be transferred, the time to
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-Chapter 5transfer cells into mice (before or after infection), when to isolate cells from motheaten
mice (naïve or post-infection), what tissue(s) to isolate these cells from (spleen or bone
marrow), and how to track the cells to ensure a sufficient transfer occurred. Thus, if
adoptive transfer experiments of motheaten cells into WT mice reveal similar TMEVinduced disease pathologies to WT mice, it would be difficult to interpret whether the
experiment needed further optimization, or if the transferred cells did not promote CNS
disease and/or protect against muscle disease. However, the reciprocal experiment in
which WT monocytes are transferred into me/me mice would provide an important
control if these animals develop rapid onset muscle fiber necrosis, prior to succumbing to
CNS demyelination.

SHP-1-dependent CCR2 expression

The findings presented in chapters 2 and 4 identified a novel mechanism by which
SHP-1 promotes excessive macrophage-mediated inflammatory responses. We found that
following TMEV infection, SHP-1 restricted CCR2 surface expression on circulating,
muscle-infiltrating and CNS-infiltrating inflammatory monocytes, whereas SHP-1-/inflammatory monocytes maintained high surface levels of CCR2. This high expression
of CCR2 likely contributed to the excessive macrophage infiltrations observed in SHP-1-/skeletal muscle and CNS tissues, and may additionally facilitate the fatal, microbe-driven
accumulation of macrophages in the skin, lungs, and kidneys of naïve motheaten mice.
Thus, determining the mechanism by which SHP-1 promoted CCR2 downregulation on
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-Chapter 5inflammatory monocytes following TMEV infection will provide new insight into SHP-1
regulatory roles of macrophage-mediated inflammatory responses.
Rapid receptor internalization following chemokine engagement is a key
regulatory process to prevent excessive inflammatory responses, and chemokine
receptors can additionally be downmodulated by a slow process of decreasing mRNA
stability (87, 88). MCP-1 has been reported to induce rapid CCR2 internalization,
whereas proinflammatory cytokines such as TNF-! or IL-1" have been reported to
decrease CCR2 mRNA levels (88-91). Chapter 4 investigated whether SHP-1 promoted
CCR2 downregulation by MCP-1- or TNF-!-dependent mechanisms, however, these
experiments were not sufficient to determine the mechanism by which SHP-1 promoted
CCR2 downregulation following TMEV infection.
To further characterize how SHP-1 restricts CCR2 expression on inflammatory
monocytes following TMEV infection, additional studies could be performed to
determine if SHP-1 promotes CCR2 internalization or mRNA downregulation following
TMEV infection. To investigate if SHP-1-mediated CCR2 downregulation occurs at the
mRNA level, CCR2 mRNA expression in inflammatory monocytes could be compared
between TMEV-infected WT and motheaten mice by qPCR. Additionally, to assess if
SHP-1 promotes CCR2 internalization and desensitization, flow cytometry could be
performed to compare surface and intracellular CCR2 protein expression on
inflammatory monocytes isolated from infected WT or motheaten mice. Low surface:
intracellular ratios of CCR2 protein levels in WT mouse monocytes would indicate that
SHP-1 promotes rapid receptor internalization following TMEV infection. This would be
expected to correlate with high surface: intracellular ratios of CCR2 protein expression in
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-Chapter 5motheaten mouse monocytes. To provide further evidence into the mechanism by which
SHP-1 promotes CCR2 downregulation on inflammatory monocytes, in vitro stimulation
experiments with MCP-1, TNF-!, or IL-1" could be performed, as MCP-1 can stimulate
rapid receptor internalization, whereas TNF-! and IL-1" can reduce CCR2 mRNA levels.
However, these experiments might need further optimization steps, such as the
duration(s) of cytokine/chemokine stimulation, stimulating bone marrow-derived cells in
the presence of GM-CSF versus M-CSF, or performing experiments on purified
monocyte populations.

Concluding remarks

In conclusion, the data presented in this manuscript describe unique roles of SHP1 in regulating virus-induced macrophage-mediated inflammatory responses, as depicted
in Figure 1. These data indicate that SHP-1 restricts inflammatory monocyte responses to
virus infections by restricting CCR2 expression. In addition, SHP-1 promotes
proinflammatory macrophage differentiation, while alternatively inhibiting
proinflammatory cytokine/chemokine production by CNS resident cells such as
astrocytes. Thus, SHP-1 activity within immune-privileged tissues such as CNS likely
restricts proinflammatory M1-like macrophage differentiation by inhibiting inflammatory
cytokine production by CNS glia. Thus, SHP-1 regulates tissue-specific inflammatory
responses in unique ways that may depend on cell-specific expression and function of
SHP-1 in infiltrating monocytes and in CNS glia. Lastly, these findings demonstrate that
proinflammatory M1-like macrophages promote both TMEV-induced skeletal myofiber
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-Chapter 5death and calcification, and TMEV-induced CNS demyelination. These data may reveal
new yet tailored therapeutic strategies for inflammatory diseases mediated by M1-like
macrophages, including MS or IIMs.
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