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ABSTRACT 

 

The Glu-Leu-Arg (ELR)(+) chemokine C-X-C ligand 1 (CXCL1) is widely 

known to be involved in the recruitment of neutrophils to sites of inflammation by 

binding to the receptor C-X-C receptor 2 (CXCR2) expressed on the surface of 

neutrophils. The role of neutrophils in central nervous system (CNS) diseases has not 

been well characterized. Thus, we wanted to better understand the role of the 

CXCL1/CXCR2 signaling axis in the context of mouse models of the human 

demyelinating disease multiple sclerosis (MS), including infection with the JHM strain of 

mouse hepatitis virus (JHMV) and the myelin oligodendrocyte glycoprotein (MOG) 

peptide from amino acid 35 to 55 (MOG35-55)-induced Experimental Autoimmune 

Encephalomyelitis (EAE) model. In both models, the doxycycline (Dox)-inducible 

expression of CXCL1 from astrocytes selectively increased the recruitment of neutrophils 

into the spinal cord, correlating with an increase in both morbidity and demyelination. 

Antibody-mediated depletion of neutrophils during the overexpression of CXCL1 in the 

CNS correlated with a decrease in the severity of demyelination, indicating a role for 

neutrophils in white matter disease in JHMV-infected mice and MOG35-55-induced EAE.  

During CNS development, proliferation and migration of oligodendrocyte 

progenitor cells (OPCs) was dependent upon surface expression of the chemokine 

receptor CXCR2; genetic ablation of Cxcr2 resulted in misalignments in oligodendrocyte 

lineage cells (OLCs), decreased white matter in the spinal cord, and decreased myelin 
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sheath thickness. Subsequent studies have determined that CXCR2 signaling has 

important roles on both hematopoietic and non-hematopoietic cells in remyelination in 

different models of demyelination. To better determine the role the CXCR2 signaling on 

OLCs during the pathogenesis of JHMV and MOG35-55 EAE, mice were engineered in 

which CXCR2 expression was inducibly ablated on oligodendroglia upon treatment with 

tamoxifen. Using both the JHMV infection and EAE models, we observed no significant 

changes in clinical disease, demyelination, or leukocyte infiltration into the CNS 

following tamoxifen-induced ablation in oligodendrocytes, indicating that CXCR2 in 

OLCs does not appear to be important in the pathogenesis of JHMV and MOG35-55 EAE. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my partner and future wife Carla, my son Steven, my mother Sylvia, my father Jeff, 
and my sister Juliana for all their love and support without which this would not have 

been possible. 
 



 

 

 

TABLE OF CONTENTS 

 

ABSTRACT ....................................................................................................................... iii	

LIST OF ABBREVIATIONS ............................................................................................ ix	

ACKNOWLEDGMENTS ............................................................................................... xiii 

Chapters 

1. INTRODUCTION .......................................................................................................... 1	

1.1 Multiple sclerosis ................................................................................................. 2	
1.2 Introduction to mouse hepatitis virus ................................................................... 5	
1.3 Neutrophils, BBB breakdown, and CXCR2 signaling during acute JHMV-
induced disease .......................................................................................................... 8	
1.4 Experimental autoimmune encephalomyelitis: A model of autoimmune 
inflammatory demyelination .................................................................................... 11	
1.5 Neutrophils and EAE pathogenesis ................................................................... 13	
1.6 ELR(+) CXC chemokine signaling during chronic JHMV-induced disease and 
EAE .......................................................................................................................... 15	
1.7 Summary ............................................................................................................ 19	
1.8 References .......................................................................................................... 20	

2. NEUTROPHILS AND VIRAL-INDUCED NEUROLOGIC DISEASE ..................... 36 

2.1 Introduction ........................................................................................................ 37 
2.2 Neutrophils and acute viral-induced encephalomyelitis .................................... 37 
2.3 Neutrophils and viral-induced demyelination .................................................... 38 
2.4 A transgenic model to study viral-induced neutrophil-mediated  
neuropathology  ....................................................................................................... 38 
2.5 Perspectives ....................................................................................................... 40 
2.6 Acknowledgements ............................................................................................ 40 
2.7 References .......................................................................................................... 40 

3. INDUCIBLE EXPRESSION OF CXCL1 WITHIN THE CENTRAL NERVOUS 
SYSTEM AMPLIFIES VIRAL-INDUCED DEMYELINATION .................................. 42 

3.1 Abstract .............................................................................................................. 43 
3.2 Introduction ........................................................................................................ 43 
3.3 Materials and methods ....................................................................................... 44 

3.3.1 pBI-CXCL1 vector construction ............................................................ 44	



vii 

3.3.2 Virus and mice ....................................................................................... 44	
3.3.3 Primary astrocyte cultures ...................................................................... 44	
3.3.4 Gene expression analysis ....................................................................... 44	
3.3.5 ELISA .................................................................................................... 44	
3.3.6 Flow cytometry ...................................................................................... 44	
3.3.7 Sodium fluorescein BBB permeability assay ........................................ 44	
3.3.8 Clinical severity and histopathology ...................................................... 44 
3.3.9 Immunofluorescence .............................................................................. 44	
3.3.10 Neutrophil depletion ............................................................................ 44	
3.3.11 Statistical analysis ................................................................................ 44	

3.4 Results ................................................................................................................ 44 
3.4.1 Dox treatment of pBI-CXCL1-rtTA double-tg mice elevates CXCL1 
mRNA and protein within the CNS ................................................................ 44	
3.4.2 CXCL1 overexpression increases morbidity/mortality in double-tg  
mice ................................................................................................................. 45	
3.4.3 Neutrophil migration to the CNS is increased in Dox-treated double-tg 
mice ................................................................................................................. 46	
3.4.4 Demyelination is increased in response to elevated CNS expression of 
CXCL1 ............................................................................................................ 47	
3.4.5 Neutrophil accumulation within the spinal cord correlates with increased 
demyelination .................................................................................................. 48	

3.5 Discussion .......................................................................................................... 49 
3.6 Acknowledgments ............................................................................................. 51 
3.7 Disclosures ......................................................................................................... 51 
3.8 References .......................................................................................................... 51 

4. INDUCED CENTRAL NERVOUS SYSTEM EXPRESSION OF CXCL1 
AUGMENTS NEUROLOGIC DISEASE IN AN AUTOIMMUNE MODEL OF 
MULTIPLE SCLEROSIS VIA ENHANCED NEUTROPHIL RECRUITMENT .......... 55	

4.1 Abstract .............................................................................................................. 56	
4.2 Introduction ........................................................................................................ 56	
4.3 Materials and methods ....................................................................................... 58	

4.3.1 Mice ....................................................................................................... 58	
4.3.2 MOG35-55 EAE immunization ................................................................ 59	
4.3.3 Flow cytometry ...................................................................................... 60	
4.3.4 Ex vivo peptide restimulation ................................................................. 60	
4.3.5 Quantitative real-time PCR .................................................................... 61	
4.3.6 Histology ................................................................................................ 61	
4.3.7 Immunofluorescence .............................................................................. 61	
4.3.8 Antibody administration ........................................................................ 62	
4.3.9 Statistical analysis .................................................................................. 62	

4.4 Results ................................................................................................................ 62	
4.4.1 Increased clinical disease following Dox-induced expression of  
CXCL1 ............................................................................................................ 62	
4.4.2 Induced expression of CXCL1 does not increase either T cell or 
macrophage infiltration into the CNS ............................................................. 64	



viii 

4.4.3 Increased neutrophil accumulation within the spinal cord in response to 
Dox-induced expression of CXCL1 ................................................................ 65	
4.4.4 Neutrophils increase the severity of demyelination in Dox-treated double 
tg EAE mice .................................................................................................... 66	

4.5 Discussion .......................................................................................................... 67	
4.6 References .......................................................................................................... 69	

5. DISRUPTED CXCR2 SIGNALING IN OLIGODENDROGLIA LINEAGE CELLS 
DOES NOT AFFECT SUSCEPTIBILITY TO NEUROINFLAMMATORY 
DEMYELINATION ......................................................................................................... 80	

5.1 Introduction ........................................................................................................ 81	
5.2 Methods.............................................................................................................. 83	

5.2.1 Mice and tamoxifen treatment ............................................................... 83	
5.2.2 Viral infection ........................................................................................ 83	
5.2.3 EAE induction ........................................................................................ 83	
5.2.4 Flow cytometry ...................................................................................... 84	
5.2.5 Histopathology ....................................................................................... 85	
5.2.6 Immunofluorescence/Immunocytochemistry ........................................ 85	
5.2.7 Primary oligodendrocyte cultures .......................................................... 86	
5.2.8 Western blotting ..................................................................................... 86	
5.2.9 PMA/Ionomycin stimulation assay ........................................................ 87	

5.3 Results ................................................................................................................ 87	
5.3.2 Disrupted CXCR2 signaling in oligodendroglia does not affect 
susceptibility to EAE ...................................................................................... 89	
5.3.3 Silencing of CXCR2 signaling on oligodendroglia does not impair 
immune cell infiltration into the CNS upon EAE induction ........................... 90	
5.3.4 Cxcr2 ablation within oligodendrocytes does not affect viral-induced 
demyelination .................................................................................................. 90	

5.4 Discussion .......................................................................................................... 91	
5.5 Conclusions ........................................................................................................ 95	
5.6 References .......................................................................................................... 96	

6. CONCLUSION ........................................................................................................... 110	

6.1 Overexpression of CXCL1 in models of MS ................................................... 111	
6.2 Oligodendrocyte expression of CXCR2 role in MS models ............................ 112	
6.3 Future directions .............................................................................................. 114	
6.4 References ........................................................................................................ 117	

APPENDIX: SPHINGOSINE-1-PHOSPHATE RECEPTOR ANTAGONISM 
ENHANCES PROLIFERATION AND MIGRATION OF ENGRAPHTED NEURAL 
PROGENITOR CELLS IN A MODEL OF VIRAL-INDUCED DEMYELINATION . 121 

 
 



 

 

 

 

LIST OF ABBREVIATIONS 

 

4-OHT .................................................................................................. 4-Hydroxytamoxifen 

AD ......................................................................................................... Alzheimer’s disease 

ADCC ......................................................... antibody-dependent cell-mediated cytotoxicity 

APCs ................................................................................................ antigen presenting cells 

ASCs ............................................................................................... antibody-secreting cells 

BBB ........................................................................................................ blood brain barrier 

Bcl ............................................................................................................. B-cell lymphoma 

CCL ...................................................................................................................... C-C ligand 

CCR .................................................................................................................. C-C receptor 

cCxcr2 fl/fl ........................................................ Plp-Cre-ER(T) :: Cxcr2 fl/fl :: R26-stop-Td +/- 

CEACAM1a ........................................ carcinoembryonic antigen cell adhesion molecule 1	

CFA ......................................................................................... Complete Freund’s Adjuvant 

CNPase ......................................................................... cyclic nucleotide phosphodiesterase	

CNS ................................................................................................... central nervous system 

CSF ......................................................................................................... cerebrospinal fluid 

CXCL .............................................................................................................. C-X-C ligand	

CXCR ........................................................................................................... C-X-C receptor 

DCs ................................................................................................................. dendritic cells 

DMTs ........................................................................................ disease modifying therapies	

Dox .................................................................................................................... Doxycycline 

d.p.i. ........................................................................................................ days post-infection	



 
 

x 

EAE ............................................................. Experimental Autoimmune Encephalomyelitis 

EBV.......................................................................................................... Epstein-Barr virus 

ELR .................................................................................................................. Glu-Leu-Arg 

FDA ..................................................................................... Food and Drug Administration 

G-CSF ....................................................................... granulocyte-colony stimulating factor 

GFAP ....................................................................................... glial fibrillary acidic protein 

GM-CSF ............................................... granulocyte-macrophage colony-stimulating factor 

GST-π ........................................................................................... glutathione S-transferase 

H&E .................................................................................................. hematoxylin and eosin	

HERV ................................................................................. human endogenous retroviruses	

HHV-6 .................................................................................................. human herpesvirus 6 

HIV-1 .............................................................................. human immunodeficiency virus 1	

i.c. ........................................................................................................................ intracranial 

IFN ......................................................................................................................... interferon  

IL .......................................................................................................................... interleukin 

Iono ...................................................................................................................... Ionomycin	

i.p. .................................................................................................................. intraperitoneal 

JHMV ........... J2.2v-1 variant of the John Howard Mueller strain of Mouse Hepatitis Virus 

LCMV .......................................................................... lymphocytic choriomeningitis virus 

LFB ................................................................................................................ luxol fast blue 

mAb..................................................................................................... monoclonal antibody	

MBP ...................................................................................................... myelin basic protein 

MHC ............................................................................... major histocompatibility complex	

MHV ................................................................................................. Mouse Hepatitis Virus 

MMPs ........................................................................................... matrix metalloproteinases 



 
 

xi 

MOG35-55 .............. myelin oligodendrocyte glycoprotein peptide from amino acid 35 to 55 

mRNA ........................................................................................ messenger ribonucleic acid 

MS ............................................................................................................ Multiple Sclerosis 

NETs ....................................................................................... neutrophil extracellular traps	

NK ..................................................................................................................... natural killer 

NMO ..................................................................................................... neuromyelitis optica 

NPCs ................................................................................................. neural progenitor cells	

OLCs ...................................................................................... oligodendrocyte lineage cells 

OPCs ................................................................................. oligodendrocyte progenitor cells 

P1 ................................................................................................................. post-natal day 1 

p.i. ................................................................................................................... post-infection 

PLP139-151 .................................................. proteolipid peptide from amino acids 139 to 151 

PMA .............................................................................................. phorbol myristate acetate 

PP-MS ..................................................................... primary progressive Multiple Sclerosis 

RNA ............................................................................................................. ribonucleic acid 

RR-MS ...................................................................... relapsing remitting Multiple Sclerosis	

rtTA ............................................................... reverse tetracycline-controlled trans activator 

SOCS3 ........................................................................... suppressor of cytokine signaling 3	

SP-MS ................................................................. secondary progressive Multiple Sclerosis	

tg ........................................................................................................................... transgenic 

TGF ............................................................................................ transforming growth factor 

Th ............................................................................................................................. T helper 

TNF ..................................................................................................... tumor necrosis factor 

TRE ..................................................................... tetracycline-responsive promoter element 

Tregs ......................................................................................................... regulatory T cells 



 
 

xii 

UTR......................................................................................................... untranslated region 

WNV ............................................................................................................ West Nile virus 

 



 

 

 

 

ACKNOWLEDGMENTS 

 

 I am extremely grateful to my mentor Thomas Lane for all of his guidance, 

leadership, and enthusiasm. I am thankful for the opportunity to learn from such a 

remarkable advisor. I would also like to thank my committee members Robert Fujinami, 

Ryan O’Connell, Matthew Williams, and K.C. Brennan, as well as the Department of 

Pathology for all their feedback, support, and recommendations during these past years. I 

would like to acknowledge Brett Marro and Caroline Blanc for their time and dedication 

in training me as well as all the past and present members of the Lane lab for their 

feedback and discussions inside and out of lab meetings. I would like to thank my partner 

and soon-to-be wife Carla for her love and encouragement every day throughout my time 

as a graduate student. Lastly, I am also gracious for all of my family, including my 

mother Sylvia, father Jeff, sister Juliana, and son Steven for all their support, love, and 

positive thoughts over the years. 

 



 

 

 

 

 

 

 

 

CHAPTER 1 

 

INTRODUCTION 

  



2 

 

1.1 Multiple sclerosis 

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating autoimmune 

disease that affects the central nervous system (CNS) (1, 2). Diagnosis of the disease 

typically ranges between 20 and 40 years of age and similar to most other autoimmune 

diseases, affects more women than men at a 2-3:1 ratio (3, 4). To date, over 2.5 million 

people have MS and this number continues to rise (3, 5). MS is considered to be a 

misguided T cell attack to proteins embedded within the myelin sheath in the CNS. 

Nonetheless, both the innate and adaptive immune response have been shown to be 

involved in the pathogenesis of MS, including infiltrating macrophages, activated 

microglia, natural killer (NK) cells, dendritic cells (DCs), T helper 1 (Th1) and T helper 

17 (Th17) CD4+ T cells, CD8+ T cells, B cells, and plasma cells (3). In addition, 

emerging evidence has begun to show that neutrophils may also be involved in the 

pathogenesis of MS, by both studies in preclinical animal models of MS e.g. 

Experimental Autoimmune Encephalomyelitis (EAE) and indirect evidence in MS 

patients (4, 6-11). While there is no cure for MS, there are many approved therapies that 

can dampen disease and decrease relapses (12). Current disease modifying therapies 

(DMTs) that have been effective for MS have mainly been developed to dampen the 

adaptive immune response, indicating that B and T cells play a large role in the 

pathogenesis of the disease by dampening new lesion formation and rate of relapse in 

relapsing remitting MS (RR-MS) patients (5, 13, 14). Symptoms of MS can still occur in 

patients on these DMTs, arguing that both B and T cells are not the only cell types 

involved in MS pathogenesis, thus new DMTs for the innate immune response need to be 

studied and developed to dampen MS symptoms (5, 13, 14).  
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Environmental factors that may contribute to development of MS include 

prepubescent development in latitudes higher than 40o, vitamin D deficiency, Epstein-

Barr virus (EBV) infection as a child, and cigarette smoke (15-17). In addition to EBV, 

other pathogens have been identified to be linked to the development and/or exacerbation 

of MS, including human herpesvirus 6 (HHV-6), and human endogenous retroviruses 

(HERV) that may lead to induction of MS through molecular mimicry (18-20). Bacterial 

infections by Mycoplasma pneumoniae, Chlamydia pneumoniae, Streptococcus 

pneumoniae, and the production of superantigens from Staphylococcus aureus, as well as 

infection by the protozoa Acanthamoeba castellanii have also been suggested to be risk 

factors associated with development of MS (18). In contrast, many species of helminthes 

infections have been associated with a decrease in risk for the development of MS and 

this has been suggested to be associated with elevated T helper 2 (Th2) immune 

responses (18). The fact that autoimmune diseases, such as MS, have risen in the past 3 

decades in developing countries has given evidence to the hygiene hypothesis, which 

states that the decrease in the incidence of infectious diseases due to clean water, 

improved hygiene, antibiotics, and vaccinations leads to an increase in autoimmune 

diseases (21, 22).  

During the early stage of MS pathology, there are acute regions of inflammation 

within the white matter of the CNS resulting in demyelination (23). Oligodendrocytes 

will then become destroyed and/or damaged; in addition, axonal conduction will become 

impeded due to the loss of myelin. This is why many patients will have the following 

common symptoms that can impair their quality of life, including walking difficulties, 

sensory disturbances, vision problems, cognitive issues, depression, and intestinal and 
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sexual dysfunctions (2, 4, 24). In RR-MS patients, episodic focal attacks correlating with 

many of these common symptoms typically occur, varying in duration from 24 hours to 

many weeks, which typically completely resolve (25). The remission in these patients is 

related to decreases in inflammation and partial remyelination to restore some of the lost 

axonal conduction (26, 27). While oligodendrocyte progenitor cells (OPCs) are typically 

dispersed throughout a healthy CNS, in subacute lesions within the CNS in MS patients, 

they can be enriched (28). In addition, perivascular infiltrates into the CNS that migrate 

and accumulate within subacute lesions of demyelination include activated CD4+ T cells, 

CD8+ T cells, and macrophages interacting with local reactive microglia to release 

various proinflammatory cytokines dysregulating oligodendrocytes (23, 29). In addition, 

CD8+ T cells that are clonally expanded and major histocompatibility complex (MHC) 

class I restricted appear close to demyelinated axons during MS, thought to interact with 

myelin protein epitopes (30). Patients will form what are known as shadow plaques in 

previously demyelinated areas; these are remyelinated white matter areas due to the 

maturation of OPCs and produce very thin myelin sheath surrounding axons (28, 31-34). 

There are two main forms of MS with which patients can be diagnosed; 85% of 

diagnosed patients have the RR-MS form, while 15% of patients are diagnosed with the 

primary progressive form (PP-MS) (4). After 30 years with RR-MS, approximately 66% 

of patients will develop a more progressive form of the disease termed secondary 

progressive MS (SP-MS) (4). Progressive forms of MS do not have stages of remission 

and instead, symptoms will progressively get worse. The progressive form of disease 

does not consist much of the adaptive immune system, although axonal degeneration and 

grey matter neuropathy persist (35-38). Microglial activation within the CNS, plus 
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macrophages, T cells, and B cells, are observed near the border of preformed MS lesions 

(39, 40). While OPCs are known to aid in the remyelination process, OPCs ultimately fail 

at remyelinating damaged areas of the CNS, resulting in an inability to recover (26, 41).  

 

1.2 Introduction to mouse hepatitis virus 

Mouse hepatitis virus (MHV) is a member of the family Coronaviridae, a virus 

family of enveloped positive-sense single-stranded ribonucleic acid (RNA) (26-32kb) 

viruses (42). MHV has many different strains that can cause various pathologies in mice 

depending on both strain and age. These include the enterotropic strain MHV-Y, which is 

highly contagious and can lead to outbreaks in housed lab mice colonies causing enteritis; 

the hepatotropic strain MHV-2, causing hepatitis by intraperitoneal (i.p.) injection or 

neurotropic after intracranial (i.c.) injection leading to minor meningitis; and the MHV 

A59 strain, which is both neurotropic and hepatotropic following i.c. injection that infects 

neurons and glia in the CNS giving the mice mild encephalomyelitis and some 

demyelination, while only i.p. injection gives rise to hepatitis (43-46). In addition, the 

well-studied neurotropic strain of MHV is the neuroattenuated J2.2v-1 variant of the John 

Howard Mueller strain, termed JHMV, causes acute encephalitis that leads to chronic 

demyelination in susceptible adult mouse strains (47-50). Demyelination and chronic 

neuroinflammation in JHMV-infected mice occurs due to the chronic persistence of viral 

RNA in the white matter tracts (51). Lab strains of mice susceptible to JHMV infection 

within the CNS are used as a model of viral-induced demyelination and 

encephalomyelitis to study the human demyelinating disease MS (52). There are many 

preclinical models that recapitulate clinical and histological symptoms of MS. An 
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environmental trigger that is proposed to contribute to inducing MS clinical symptoms in 

genetically susceptible people is viral infection; thus, studying JHMV will give insights 

into viral-induced demyelination/remyelination during persistent neurotropic viral 

infection. 

JHMV was derived from the highly lethal JHM-DL laboratory strain using a 

monoclonal antibody (mAb) (49, 50). JHMV is a model to study aspects of viral infection 

within the CNS for both viral-induced encephalomyelitis and mechanisms regarding 

neuroinflammation. It is also used as a model for the human demyelinating disease MS to 

study immunological mechanisms contributing to viral-induced demyelination as well as 

to study remyelination during in the chronic stage of disease. 

The route of infection of JHMV is by direct i.c. infection that first leads to 

infection and replication of ependymal cells of the lateral ventricles and subsequently 

infects astrocytes, oligodendrocytes, and microglia by binding to the surface-expressed 

receptor carcinoembryonic antigen cell adhesion molecule 1 (CEACAM1a) (47-49, 53). 

Viral titers analyzed by plaque assay within the CNS peak around day 5-7 post-infection 

(p.i.) and by 14 days post-infection (d.p.i.), no viral replication is detectable, although 

viral RNA persists within the CNS and leads to a continued neuroinflammation, immune 

cell infiltration, and demyelination that does not completely resolve (42, 48, 54, 55). 

Following i.c. infection with JHMV, the innate antiviral response is rapidly 

initiated within 48 hours with localized expression of proinflammatory cytokines and 

chemokines including interleukin-1α (IL-1α), IL-1β, IL-6, IL-12, and tumor necrosis 

factor-α (TNF-α) and the production of matrix metalloproteinases (MMPs) (47, 56-58). 

Similar to almost all viral infections, the type I interferon response is an important 
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immune response for host defense to JHMV infection through the production of 

interferon-α (IFN-α) early during disease (57, 58). The first cell types infiltrating into the 

CNS are part of the innate immune response and these include neutrophils, NK cells, and 

infiltrating monocytes/macrophages (42, 48). During JHMV infection, 

monocytes/macrophages expressing the chemokine C-C receptor 2 (CCR2) are recruited 

to the CNS by responding to its C-C ligand 2 (CCL2) (59-61). Extensive research into 

aspects of the innate immune response have shown that both neutrophils and 

monocytes/macrophages are important for breaking down the blood brain barrier (BBB) 

by the production of MMPs and this facilitates CNS entry of virus-specific T cells that 

aid in controlling viral replication (56, 61-64). NK cells have been shown to not be 

important for viral clearance (65).  

Ultimately, the adaptive immune response is required for control of JHMV within 

the CNS. This is done primarily by virus-specific CD4+ and CD8+ T cells, which first 

expand in the draining cervical lymph nodes, and then traffic through the BBB and into 

the CNS by responding to the chemokines CCL5, CXCL9, and CXCL10 (66-71). CCR2 

ablation, but not its ligand CCL2, impeded recruitment of virus-specific T cells to the 

CNS, resulting in an increase in mortality following JHMV infection of the CNS and it is 

believed to be due to CCR2 expression on endothelial cells to aid in the breakdown of the 

BBB (59, 72). In addition, CCL2 signaling is involved in the recruitment of 

monocytes/macrophages to the CNS during JHMV infection by binding to CCR2 

expressed on the surface of these cells (59-61). To help control viral replication during 

JHMV infection, antigen presenting cells (APCs) will increase MHC class I and II 

molecules and by the recruitment of virus-specific CD4+ and CD8+ T cells into the CNS 
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limiting replication within astrocytes, oligodendrocytes, and microglia via production of 

IFN-γ; in contrast to perforin secretion by CD8+ viral-specific T cells for the control of 

replicating virus from astrocytes and microglia (42, 54, 73-76). 

Although virus-specific T cells help control JHMV replication within infected 

cells, sterile immunity is not achieved and virus persists primarily within white matter 

tracts. During chronic JHMV infection, viral recrudescence is controlled by antibody-

secreting cells (ASCs) and ablation of these cells results in the reappearance of 

replicating virus (54, 55, 77-80). While infiltrating T cells and macrophages are 

important in controlling viral replication during acute disease, these cells are also 

responsible for the demyelination observed in the spinal cord of JHMV-infected mice 

(48). In addition, during both the acute and chronic stages of disease, chemokine and 

chemokine receptor production within the CNS leads to chronic neuroinflammation and 

demyelination (42, 48). 

 

1.3 Neutrophils, BBB breakdown, and CXCR2 signaling during  

acute JHMV-induced disease 

Neutrophils are part of the innate immune system and are well studied in the 

context of killing of invading pathogens by releasing toxic factors, including the release 

of microbicidal granules, neutrophil extracellular traps (NETs), reactive oxygen and 

nitrogen species, and the ability to phagocytize invading pathogens to digest them (81-

84). However, how neutrophils aid in host defense in response to viral infection of the 

CNS has been less well characterized. Some examples of how neutrophils are involved in 

CNS viral infection include promoting vascular leakage and lethality in the acute phase 
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of disease during lymphocytic choriomeningitis virus (LCMV) and enhancement of the 

expression of the neutrophil attracting chemokine, CXCL5, during human 

immunodeficiency virus 1 (HIV-1) that contributes to neuronal death (85, 86). 

Furthermore, neutrophil depletion during West Nile virus (WNV)-induced neurologic 

disease in mice has shown to play either a beneficial or detrimental role, depending on 

when neutrophils were depleted (87). 

In other preclinical CNS models of neurodegenerative disease, the depletion of 

neutrophils was beneficial. Decreased recruitment of neutrophils into the CNS by 

CXCR2 antagonism during middle cerebral artery occlusion resulted in a reduction in 

neurological deficits and infarct volume (88). In addition, when neutrophils were 

depleted in a model of aneurysmal subarachnoid hemorrhage, the mice showed memory 

improvements (89, 90). Lastly, in a model for Alzheimer’s disease (AD), targeting 

neutrophil recruitment to the CNS reduced gliosis and cognitive decline (91). Neutrophils 

have been shown to aid in breakdown of the BBB early during disease/injury, leading to 

the enhancement of CNS inflammation in animal models of spinal cord injury, 

autoimmune demyelination, and viral-induced demyelination (56, 92-95). Together, these 

data show that neutrophils within the CNS can act as a double-edged sword and that early 

during infection, they can help open the BBB to allow for clearance of infectious virus, 

although it is possible that neutrophils can amplify disease due to the secretion of toxic 

factors and new studies will be needed to better understand the role of prolonged 

neutrophil infiltration into the CNS during JHMV infection.  

 Chemokines and chemokine receptors are important for the recruitment of 

leukocytes to sites of inflammation (96-99). Chemokines have been shown to be 



10 

 

important during different biological processes, including organogenesis, maturation and 

migration of stem cells, formation of secondary lymphoid tissues, and angiogenesis (98-

105). Of particular interest is the chemokine receptor CXCR2, which is present mainly on 

neutrophils and is important for neutrophil chemotaxis out of the bone marrow and to 

sites of inflammation (84). The chemotaxis of the CXCR2+ neutrophils occurs when 

ELR(+) CXC chemokines e.g. CXCL1, 2, 5, and 7 are expressed in inflamed tissue (84, 

96). In addition to neutrophil chemotaxis, signaling through CXCR2 is important in 

oligodendrocyte precursor positioning during CNS development, can be anti-apoptoic, 

enhance the production of growth factors, and can modulate synaptic transmission (96). 

In humans, these ELR(+) CXC chemokines will bind the receptors CXCR1 and CXCR2, 

(96, 106).  

In the cerebrospinal fluid (CSF) of MS patients, CXCL8 was elevated and 

neutrophils were observed in the CSF correlating with clinical relapse (8, 96, 107). In 

addition, Segal and colleagues have recently shown that in the plasma of RR-MS 

patients, there is an increase in CXCL1, CXCL5, and neutrophil elastase in patients with 

new lesion formation and an increase in plasma levels of CXCL1, neutrophil elastase, 

CCL11, and granulocyte-colony stimulating factor (G-CSF) in SP-MS patients correlated 

with overall CNS tissue damage by T2 lesion volume analysis (6, 11). Transcriptional 

profiling studies of lesions from MS patients showed an increase of IL-6, IFN-γ, and IL-

17 (10). Thus, the elevated levels of ELR(+) CXC chemokines in MS patients may be 

due to the production of IL-17 from Th17 cells, which are known to be recruited to the 

CNS and can signal through the IL-17 receptor, potentially enhancing expression of these 

chemokines (108-114).  
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In an early study of transgenic mice in which CXCL1 was constitutively 

expressed from oligodendrocytes, adult mice showed an increase in neutrophil infiltration 

into the CNS, causing an increase in mortality (115). We wanted to expand on the 

understanding of how ELR(+) CXC chemokines played a role in preclinical disease 

models of MS when overproduced from a natural source within the CNS, specifically 

CXCL1 from astrocytes. We designed transgenic mice utilizing the reverse tetracycline-

controlled transcriptional activation system to allow for controlled overexpression of 

CXCL1 from astrocytes in response to doxycycline (Dox) treatment (116). Utilizing this 

“tet-on” system, we used a doxycycline-inducible reverse tetracycline-controlled trans 

activator (rtTA) protein termed rtTA2s-M2, which will bind more efficiently to the 

tetracycline-responsive promoter element (TRE) in the presence of Dox, allowing for 

overexpression CXCL1 (117-119). How inducible expression of CXCL1 affects host 

defense and disease following JHMV infection of the CNS will be covered in Chapter 3.  

 

1.4 Experimental autoimmune encephalomyelitis: A model of  

autoimmune inflammatory demyelination 

In addition to the JHMV model of neurologic disease and demyelination, EAE is 

another animal model used to study immune-mediated demyelination and serves as a 

well-accepted preclinical model of MS. There are many different variations of EAE that 

can be induced in animal models that can vary depending on the antigen used in 

immunization, age, sex, and genetic strain of animal (120). EAE has been used for 

decades as a model for MS and has helped in the understanding of neuroinflammation, 

immune-mediated tissue damage, and immune surveillance of the CNS (12). A few 
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commonly studied models of EAE include the use of Lewis rats, DA rats, SJL mice, and 

C57BL/6 mice (1). The underlying protocol for inducing EAE involves an administration 

of an encephalitogenic peptide from a myelin-specific protein emulsified in Complete 

Freund’s Adjuvant (CFA) and subsequently injected with pertussis toxin (121-123). For 

example, SJL mice can be immunized with the proteolipid peptide from amino acids 139 

to 151 (PLP139-151), causing a relapsing remitting form of disease (120-123). Another 

example utilizes the MOG35-55 injected into the C57BL/6 mouse strain, causing an acute 

neuroinflammation and demyelination that does not completely resolve (121-123). 

Mechanistic studies of EAE pathogenesis and drug development have employed both 

EAE models due to the large array of transgenic mice available on these backgrounds (1, 

12). Thus, EAE has been used as a proof of concept model for MS, aiding in the 

development of Food and Drug Administration (FDA)-approved therapies, including 

glatiramer acetate, mitoxantrone, natalizumab, fingolimod, fumarate, and teriflunomide, 

as well as drugs that are under clinical trials for MS patients, including rituximab and 

laquinimod (12, 124, 125). 

In EAE, autoreactive T cells in the CNS will interact with CNS resident antigen 

presenting cells (APCs), including resident microglia, macrophages, DCs, and B cells, 

that cause an inflammatory cascade leading to white matter damage (124, 126). 

Infiltrating monocytes/macrophages can migrate into the CNS by an inflammatory 

cascade through production of cytokines and chemokines produced from these 

autoreactive T cells (124, 126). These monocytes/macrophages, in combination with 

autoreactive antibodies produced from plasma cells, lead to myelin destruction and 

axonal damage through mechanisms, including antibody-dependent cell-mediated 
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cytotoxicity (ADCC), phagocytosis, and the production of toxic factors (124, 126). It has 

also been shown that myelin-loaded macrophages can drain back into cervical and lumbar 

lymph nodes and the spleen where new autoreactive T cells specific for additional 

myelin-specific proteins can arise (126). Lastly, MOG-specific CD8+ T cells, B cells, 

microglia, astrocytes, and even neutrophils have been shown to play a role in EAE 

pathogenesis (4, 124, 127-129). For instance, Th17+ T cells produce many 

proinflammatory cytokines, including granulocyte-macrophage colony-stimulating factor 

(GM-CSF), IL-2, IL-9, IL-17, and IL-21 that can all disturb glial cell survival (130, 131). 

 

1.5 Neutrophils and EAE pathogenesis 

During EAE, ELR(+) CXC chemokines are elevated in the CNS during the acute 

stage of disease (132, 133). Neutrophils have been implemented in the pathogenesis of 

EAE and depletion of neutrophils by anti-Ly6G and/or anti-CXCR2 has shown to delay 

onset or decrease exacerbation of clinical disease as well as decreased demyelination 

(132-135). Both G-CSF and CXCL1 drive the migration/recruitment of neutrophils out of 

the bone marrow and into the blood within 48 hours after MOG35-55 peptide 

immunization (11). There is a significant increase from the preclinical to the onset of 

symptoms of the ELR(+) CXC chemokines CXCL1, CXCL2, and CXCL5, in the brain 

and spinal cord of mice immunized with MOG35-55 EAE (133). When neutrophils from 

wild type mice are adoptively transferred into Cxcr2 -/- mice, it results in the re-

establishment of clinical symptoms, although the clinical scores do not return to wildtype 

levels, indicating a role for CXCR2+ neutrophils during EAE pathogenesis (132). When 

MOG35-55 EAE mice were treated with anti-CXCL1, onset of clinical disease was delayed 
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by approximately 3 days, correlating with a decrease in Ly6G+ neutrophils being 

recruited to the cerebral cortex (133). During MOG35-55, previous studies by Friese and 

colleagues showed by anti-Ly6G studies that neutrophils are important contributors early 

during pathogenesis likely by aiding in BBB breakdown and maturing APCs within the 

perivascular regions within the spinal cord (134). Cxcr2 -/- mice were resistant to 

demyelination in the cuprizone model, demonstrating that CXCR2+ neutrophils were 

important in inducing demyelination in this model (136).  

In atypical EAE, it has been shown that the neutrophil-chemoattractant 

chemokine CXCL2 is increased in the brainstem, resulting in increased neutrophil 

accumulation within the CNS and exacerbation of disease (137-139). When the 

suppressor of cytokine signaling 3 (SOCS3) gene is knocked out in neutrophils, mice are 

more susceptible to atypcial signs of EAE by allowing for increased recruitment of 

neutrophils to the cerebellum and brainstem (140). Adoptive transfer studies in EAE have 

shown that both IFN-γ-producing Th1 cells, and IL-17-producing Th17 cells can 

independently produce disease and potentially have independent mechanisms (141, 142). 

Specifically IL-17 has been shown to enhance the expression of ELR(+) CXC 

chemokines through the IL-17R and knockout studies of Il-17rc has shown a dampening 

of EAE disease correlating with a decrease in ELR(+) CXC chemokines (90). In addition, 

when Act1, part of the IL-17 receptor complex, is knocked out in the CNS - specifically 

in NG2+ OPCs and to a lesser extent astrocytes (but not in mature oligodendrocytes or 

neurons), there is a reduction in EAE pathogenesis correlating with a decrease in 

neutrophil recruitment and ELR(+) CXC chemokine production, including messenger 

ribonucleic acid (mRNA) of Cxcl1 and Cxcl2 in the spinal cord (130). This illustrates that 
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signaling through OPCs and astrocytes of the Th17 pathway increases ELR(+) CXC 

chemokines and overall neuroinflammation (130). Together these data indicate a role for 

ELR(+) CXC chemokines and their receptor, CXCR2, in neutrophils to aid in the 

pathogenesis of demyelinating mouse models, EAE and cuprizone. Thus, further studies 

will require determining the pathogenic role of neutrophils during MOG35-55 EAE 

pathogenesis following the breakdown of the BBB; to this end, we utilized the mice 

described previously that overexpress CXCL1 from glial fibrillary acidic protein 

(GFAP)+ astrocytes in a Dox-dependent manner and will be discussed in Chapter 4. 

 

1.6 ELR(+) CXC chemokine signaling during chronic  

JHMV-induced disease and EAE 

During chronic JHMV infection, oligodendrocytes serve as a reservoir for JHMV 

and these animals experience chronic neuroinflammation and demyelination (90). Direct 

viral-induced lysis does not appear to be a cause of demyelination as immunodeficient 

mice showed replication in oligodendrocytes with minimal demyelination (49, 53, 143). 

Adoptive transfer of splenocytes isolated from JHMV infected mouse into JHMV-

infected immunodeficient mice results in widespread demyelination, indicating that T 

cells are important in white matter damage (143-145). Similarly, JHMV infection of CD4 

or CD8 knockout mice resulted in demyelination, although the data indicated a more 

important role for CD4+ T cells in contributing to white matter damage (70). CD4+ T 

cells have been shown to secrete CCL5, a chemokine that attracts inflammatory 

macrophages enhancing demyelination in the CNS during JHMV, arguing this is one 

potential mechanism by which CD4+ T cells contribute to disease (70, 143, 146-148). 
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Nonetheless, the mechanisms of action of both CD4+ T cells and CD8+ T cells is 

somewhat controversial during JHMV infection in that, IFN-γ secretion by CD8+ T cells 

has been shown to enhance demyelination by recruiting macrophages/microglia to white 

matter tracts, while a different study showed CD4+ T cell secretion of IFN-γ was 

protective and aided in controlling of viral replication in the CNS (149-151). Activated 

bystander CD4+ T cells that were not viral antigen specific within the CNS did not 

appear to contribute to demyelination, arguing that white matter damage is mediated by 

virus-specific T cells (152). Adoptive transfer of CD4+CD25+FoxP3+ regulatory T cells 

(Tregs) into JHMV-infected mice resulted in muted clinical disease severity accompanied 

by reduced neuroinflammation and demyelination (153). Together this shows insights 

into the mechanisms of how T cells are required for clearance of JHMV from the CNS, 

although they also contribute to enhanced neuroinflammation and demyelination and into 

the chronic stage of disease. 

T cell production of IFN-γ has been observed out to 4 weeks following JHMV 

infection and this potentially contributes to dysregulation of oligodendrocytes and 

demyelination (58). IFN-γ production from CD8+ T cells contributes to demyelination 

and oligodendrocyte damage and destruction during an adoptive transfer study (149). 

OPCs have displayed more sensitivity to IFN-γ induced apoptosis compared to mature 

oligodendrocytes, although apoptosis still occurs in IFN-γ receptor knockout 

oligodendrocyte lineage cells (OLCs), suggesting the mechanism of demyelination is not 

only due to IFN-γ; release of chemokines such as CXCL10 by activated glia may cause 

dysregulation and/or death of oligodendrocytes whereas CXCL1 may be beneficial (74, 

154-160). Activated microglia and macrophages are involved in demyelination by 
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directly stripping myelin from axons (146, 161, 162). While defining the specific roles of 

microglia and macrophages in demyelination in JHMV-infected mice, recent studies in 

EAE argue that infiltrating macrophages are more pathogenic than microglia, suggesting 

this may be true in JHMV infection as well (163). The process of demyelination is 

multifaceted and many factors contribute to its mechanism, thus utilizing the mouse 

model of chronic JHMV infection will continue to give us insights into this process and 

how to combat it. 

Growing evidence has suggested that CXCR2 in neutrophils, as well as CXCR2 

on resident CNS cells, may play a role in the pathogenesis of MS (4). When MS and 

neuromyelitis optica (NMO) patients were administered the neutrophil-activating 

molecule G-CSF, symptoms of disease were exacerbated, arguing that neutrophils may 

play a role in the pathogenesis of MS and NMO (164, 165). In addition, neutrophils have 

been shown to be higher in MS patients and in a more primed state than healthy patients 

(34). In the CNS of MS patients, CXCL1 was upregulated in astrocytes within active 

lesions adjacent to proliferating CXCR2+ oligodendrocytes (166). Cultured mouse OPCs 

began to proliferate when given spinal cord astrocytes secreting CXCL1 and human fetal 

oligodendrocytes from early to mature showed expression of CXCR2, while fetal human 

astrocytes showed production of CXCL1 when induced by IL-1β, but not IFN-γ or 

transforming growth factor β (TGFβ) (166-168). It is also known that the 

CXCL1/CXCR2 signaling axis is important for spinal cord OPC proliferation and 

positioning during development (169). Adult Cxcr2 -/- mice have misaligned glial cells 

within the CNS including OPC numbers and positioning, as well as decreased white 

matter area and myelin sheath thickness in the spinal cord and OPCs derived from these 
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Cxcr2 -/- mice have a decreased capacity to differentiate into mature oligodendrocytes 

(170). Adoptive transfer of bone marrow transfer of wildtype mouse cells into Cxcr2 -/- 

mice revealed an increase in recovery that was attributed to OPCs increased replication 

and oligodendrocyte differentiation in demyelinated regions in both EAE and cuprizone 

models of demyelination (171). This indicated that resident glial cell expression of 

CXCR2 inhibits myelin repair after demyelination occurred. During both EAE and spinal 

cord injury, CXCR2 antagonism increased oligodendrocyte differentiation and aided in 

recovery, suggesting that CXCR2 increases clinical severity, although antagonistic 

studies are difficult to differentiate between decreased immune cell infiltration and on 

glial cells (172, 173). All together, this points to a clear role of CXCR2 in OPCs during 

development and potentially OPC differentiation in general. 

During the chronic stage of JHMV infection, our lab has previously determined 

that anti-CXCR2 treatment increased clinical disease severity that was associated with 

increased apoptosis of oligodendrocytes and demyelination (160). These data correlated 

with in vitro data from cultured OPCs derived from mouse neural progenitor cells (NPCs) 

in which CXCL1 administration blocked OPC apoptosis (160). Not only is OPC 

apoptosis decreased in the presence of CXCL1 during JHMV infection, but also when 

treated with IFN-γ, possibly by inducing CXCL10, which signals through the specific 

receptor CXCR3 (158). When cultured OPCs from Cxcr3 -/- mice were treated with IFN-

γ, there was also a reduction in apoptosis, further arguing that CXCL10 may augment 

demyelination by directly killing oligodendrocytes (158). Mechanisms of how CXCL1 

aids in CXCR2+ OPC protection from apoptosis include decreasing caspase 3, a pro-

apoptotic protein, and increasing the anti-apoptotic protein B-cell lymphoma 2 (Bcl2) 
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(158). 

Collectively, findings derived from in vitro and in vivo models advocate that 

CXCR2 signaling is involved in oligodendrocyte biology. However, all of these 

experiments have employed either Cxcr2 whole-body knockout mice or treatment with 

blocking antibodies or small molecule antagonists to assess how CXCR2 signaling 

controls these events. Therefore, accurate interpretation of how CXCR2 signaling 

modulates oligodendroglia biology is confounded by the fact that microglia, astrocytes, 

and neurons may express CXCR2, leading to potential off-target effects of CXCR2-

targeted therapies. To circumvent this issue, we have generated mice in which CXCR2 is 

ablated in a tamoxifen-inducible manner in oligodendroglia in adult mice in order to 

evaluate how signaling through this receptor affects disease progression in EAE and 

JHMV-induced neurologic disease. These findings are detailed in Chapter 5. 

 

1.7 Summary 

Chapters 3 and 4 examine how CXCL1 influences the pathogenesis of JHMV 

and MOG35-55-induced EAE. Transgenic mice were developed on a C57BL/6 background 

to overexpress the chemokine CXCL1, driven by a GFAP promoter when induced by the 

tetracycline derivative, doxycycline, to allow for controlled overexpression of CXCL1 in 

astrocytes (174). Increased expression of CXCL1 from GFAP+ astrocytes correlated with 

an enhancement recruitment of neutrophils, but not other immune cells, into the CNS, 

mainly into the spinal cord, enhancing clinical disease and demyelination in both JHMV 

and MOG35-55 EAE. When neutrophils were depleted by antibody treatment, there was a 

decrease in CNS pathology, suggesting that neutrophils were directly leading to 
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demyelination.  

Chapter 5 evaluates the role of CXCR2 signaling on OLCs within the JHMV and 

MOG33-55 EAE mouse models of neuroinflammation/demyelination. To accomplish this, 

we designed transgenic mice in which Cxcr2 is selectively ablated within 

oligodendrocytes upon treatment with tamoxifen (175). Neuroinflammation and 

demyelination were not affected during both the JHMV and MOG35-55 EAE pathogenesis, 

suggesting that CXCR2 signaling on oligodendrocytes is not important in controlling 

disease progression. Future studies understanding the roles of chemokine and chemokine 

receptor signaling in glial cells will help us determine novel therapeutic targets for MS 

patients. Taken together, this indicates that blocking of neutrophil attracting molecules by 

the use of therapeutic agents may aid in decreasing neuroinflammation and demyelination 

in MS patients. 

 

1.8 References 

1. Lassmann, H., and M. Bradl. 2016. Multiple sclerosis: experimental models and 
reality. Acta. Neuropathol. 133:223-244. 

2. Compston, A., and A. Coles. 2008. Multiple sclerosis. Lancet 372: 1502-1517. 

3. Hemmer, B., M. Kerschensteiner, and T. Korn. 2015. Role of the innate and 
adaptive immune responses in the course of multiple sclerosis. The Lancet 
Neurol. 14: 406-419. 

4. Casserly, C. S., J. C. Nantes, R. F. Whittaker Hawkins, and L. Vallieres. 2017. 
Neutrophil perversion in demyelinating autoimmune diseases: mechanisms to 
medicine. Autoimmun. Rev. 16: 294-307. 

5. Steinman, L. 2014. Immunology of relapse and remission in multiple sclerosis. 
Annu. Rev. Immunol. 32: 257-281. 

6. Huber, A. K., L. Wang, P. Han, X. Zhang, S. Ekholm, A. Srinivasan, D. N. Irani, 
and B. M. Segal. 2014. Dysregulation of the IL-23/IL-17 axis and myeloid factors 
in secondary progressive MS. Neurology 83: 1500-1507. 



21 

 

7. Campbell, S. J., U. Meier, S. Mardiguian, Y. Jiang, E. T. Littleton, A. Bristow, J. 
Relton, T. J. Connor, and D. C. Anthony. 2010. Sickness behaviour is induced by 
a peripheral CXC-chemokine also expressed in multiple sclerosis and EAE. Brain 
Behav. Immun. 24: 738-746. 

8. Lund, B. T., N. Ashikian, H. Q. Ta, Y. Chakryan, K. Manoukian, S. Groshen, W. 
Gilmore, G. S. Cheema, W. Stohl, M. E. Burnett, D. Ko, N. J. Kachuck, and L. P. 
Weiner. 2004. Increased CXCL8 (IL-8) expression in multiple sclerosis. J. 
Neuroimmunol. 155: 161-171. 

9. Burman, J., E. Svensson, M. Fransson, A. S. Loskog, H. Zetterberg, R. Raininko, 
A. Svenningsson, J. Fagius, and S. M. Mangsbo. 2014. The cerebrospinal fluid 
cytokine signature of multiple sclerosis: a homogenous response that does not 
conform to the Th1/Th2/Th17 convention. J. Neuroimmunol. 277: 153-159. 

10. Lock, C., G. Hermans, R. Pedotti, A. Brendolan, E. Schadt, H. Garren, A. Langer-
Gould, S. Strober, B. Cannella, J. Allard, P. Klonowski, A. Austin, N. Lad, N. 
Kaminski, S. J. Galli, J. R. Oksenberg, C. S. Raine, R. Heller, and L. Steinman. 
2002. Gene-microarray analysis of multiple sclerosis lesions yields new targets 
validated in autoimmune encephalomyelitis. Nat. Med. 8: 500-508. 

11. Rumble, J. M., A. K. Huber, G. Krishnamoorthy, A. Srinivasan, D. A. Giles, X. 
Zhang, L. Wang, and B. M. Segal. 2015. Neutrophil-related factors as biomarkers 
in EAE and MS. J. Exp. Med. 212: 23-35. 

12. Denic, A., A. J. Johnson, A. J. Bieber, A. E. Warrington, M. Rodriguez, and I. 
Pirko. 2011. The relevance of animal models in multiple sclerosis research. 
Pathophysiology 18: 21-29. 

13. Hauser, S. L., J. R. Chan, and J. R. Oksenberg. 2013. Multiple sclerosis: prospects 
and promise. Ann. Neurol. 74: 317-327. 

14. Lopez-Diego, R. S., and H. L. Weiner. 2008. Novel therapeutic strategies for 
multiple sclerosis--a multifaceted adversary. Nat. Rev. Drug Discov. 7: 909-925. 

15. Ascherio, A., and K. L. Munger. 2007. Environmental risk factors for multiple 
sclerosis. Part II: noninfectious factors. Ann. Neurol. 61: 504-513. 

16. Ascherio, A., and K. L. Munger. 2007. Environmental risk factors for multiple 
sclerosis. Part I: the role of infection. Ann. Neurol. 61: 288-299. 

17. Charalambidou, E., M. Pantzaris, and I. Patrikios. 2016. Multiple sclerosis in 
Cyprus: a fourteen year (2000-2014) epidemiological study. American Journal of 
Epidemiology and Infectious Disease 4: 1-9. 

18. Libbey, J. E., M. F. Cusick, and R. S. Fujinami. 2014. Role of pathogens in 
multiple sclerosis. Int. Rev. Immunol. 33: 266-283. 



22 

 

19. Tejada-Simon, M. V., Y. C. Zang, J. Hong, V. M. Rivera, and J. Z. Zhang. 2003. 
Cross-reactivity with myelin basic protein and human herpesvirus-6 in multiple 
sclerosis. Ann. Neurol. 53: 189-197. 

20. Cirone, M., L. Cuomo, C. Zompetta, S. Ruggieri, L. Frati, A. Faggioni, and G. 
Ragona. 2002. Human herpesvirus 6 and multiple sclerosis: a study of T cell 
cross-reactivity to viral and myelin basic protein antigens. J. Med. Virol. 68: 268-
272. 

21. Bach, J. F. 2002. The effect of infections on susceptibility to autoimmune and 
allergic diseases. N. Engl. J. Med. 347: 911-920. 

22. Libbey, J. E., and R. S. Fujinami. 2010. Potential triggers of MS. Results Probl. 
Cell Differ. 51: 21-42. 

23. Lassmann, H., W. Bruck, and C. F. Lucchinetti. 2007. The immunopathology of 
multiple sclerosis: an overview. Brain Pathol 17: 210-218. 

24. Ghasemi, N., S. Razavi, and E. Nikzad. 2017. Multiple sclerosis: pathogenesis, 
symptoms, diagnoses and cell-based therapy. Cell J. 19: 1-10. 

25. Compston, A., and A. Coles. 2002. Multiple sclerosis. Lancet 359: 1221-1231. 

26. Chang, A., W. W. Tourtellotte, R. Rudick, and B. D. Trapp. 2002. Premyelinating 
oligodendrocytes in chronic lesions of multiple sclerosis. N. Engl. J. Med. 346: 
165-173. 

27. Kornek, B., M. K. Storch, R. Weissert, E. Wallstroem, A. Stefferl, T. Olsson, C. 
Linington, M. Schmidbauer, and H. Lassmann. 2000. Multiple sclerosis and 
chronic autoimmune encephalomyelitis: a comparative quantitative study of 
axonal injury in active, inactive, and remyelinated lesions. Am. J. Pathol. 157: 
267-276. 

28. Chang, A., A. Nishiyama, J. Peterson, J. Prineas, and B. D. Trapp. 2000. NG2-
positive oligodendrocyte progenitor cells in adult human brain and multiple 
sclerosis lesions. J. Neurosci. 20: 6404-6412. 

29. Traugott, U., E. L. Reinherz, and C. S. Raine. 1983. Multiple sclerosis. 
Distribution of T cells, T cell subsets and Ia-positive macrophages in lesions of 
different ages. J. Neuroimmunol. 4: 201-221. 

30. Neumann, H., I. M. Medana, J. Bauer, and H. Lassmann. 2002. Cytotoxic T 
lymphocytes in autoimmune and degenerative CNS diseases. Trends Neurosci. 
25: 313-319. 

31. Halfpenny, C., T. Benn, and N. Scolding. 2002. Cell transplantation, myelin 
repair, and multiple sclerosis. Lancet Neurol. 1: 31-40. 



23 

 

32. Lucchinetti, C., W. Bruck, J. Parisi, B. Scheithauer, M. Rodriguez, and H. 
Lassmann. 1999. A quantitative analysis of oligodendrocytes in multiple sclerosis 
lesions. A study of 113 cases. Brain 122 ( Pt 12): 2279-2295. 

33. Prineas, J. W., E. E. Kwon, P. Z. Goldenberg, A. A. Ilyas, R. H. Quarles, J. A. 
Benjamins, and T. J. Sprinkle. 1989. Multiple sclerosis. Oligodendrocyte 
proliferation and differentiation in fresh lesions. Lab. Invest. 61: 489-503. 

34. Lassmann, H. 1983. Chronic relapsing experimental allergic encephalomyelitis: 
its value as an experimental model for multiple sclerosis. J. Neurol. 229: 207-220. 

35. Bjartmar, C., and B. D. Trapp. 2003. Axonal degeneration and progressive 
neurologic disability in multiple sclerosis. Neurotox. Res. 5: 157-164. 

36. Peterson, J. W., L. Bo, S. Mork, A. Chang, and B. D. Trapp. 2001. Transected 
neurites, apoptotic neurons, and reduced inflammation in cortical multiple 
sclerosis lesions. Ann. Neurol. 50: 389-400. 

37. Trapp, B. D., J. Peterson, R. M. Ransohoff, R. Rudick, S. Mork, and L. Bo. 1998. 
Axonal transection in the lesions of multiple sclerosis. N. Engl. J. Med. 338: 278-
285. 

38. Antel, J., S. Antel, Z. Caramanos, D. L. Arnold, and T. Kuhlmann. 2012. Primary 
progressive multiple sclerosis: part of the MS disease spectrum or separate 
disease entity? Acta. Neuropathol. 123: 627-638. 

39. Prineas, J. W., and R. G. Wright. 1978. Macrophages, lymphocytes, and plasma 
cells in the perivascular compartment in chronic multiple sclerosis. Lab. Invest. 
38: 409-421. 

40. Traugott, U., E. L. Reinherz, and C. S. Raine. 1983. Multiple sclerosis: 
distribution of T cell subsets within active chronic lesions. Science 219: 308-310. 

41. Wolswijk, G. 1998. Oligodendrocyte regeneration in the adult rodent CNS and the 
failure of this process in multiple sclerosis. Prog. Brain Res. 117: 233-247. 

42. Bergmann, C. C., T. E. Lane, and S. A. Stohlman. 2006. Coronavirus infection of 
the central nervous system: host-virus stand-off. Nat. Rev. Microbiol. 4: 121-132. 

43. Barthold, S. W., D. S. Beck, and A. L. Smith. 1993. Enterotropic coronavirus 
(mouse hepatitis virus) in mice: influence of host age and strain on infection and 
disease. Lab. Anim. Sci. 43: 276-284. 

44. Lavi, E., D. H. Gilden, M. K. Highkin, and S. R. Weiss. 1986. The organ tropism 
of mouse hepatitis virus A59 in mice is dependent on dose and route of 
inoculation. Lab. Anim. Sci. 36: 130-135. 

45. Lavi, E., D. H. Gilden, M. K. Highkin, and S. R. Weiss. 1984. Persistence of 



24 

 

mouse hepatitis virus A59 RNA in a slow virus demyelinating infection in mice 
as detected by in situ hybridization. J. Virol. 51: 563-566. 

46. Das Sarma, J., L. Fu, S. T. Hingley, M. M. Lai, and E. Lavi. 2001. Sequence 
analysis of the S gene of recombinant MHV-2/A59 coronaviruses reveals three 
candidate mutations associated with demyelination and hepatitis. J. Neurovirol. 7: 
432-436. 

47. Bender, S. J., and S. R. Weiss. 2010. Pathogenesis of murine coronavirus in the 
central nervous system. J. Neuroimmune Pharm. 5: 336-354. 

48. Marten, N. W., S. A. Stohlman, and C. C. Bergmann. 2001. MHV infection of the 
CNS: mechanisms of immune-mediated control. Viral Immunol. 14: 1-18. 

49. Fleming, J. O., M. D. Trousdale, F. A. el-Zaatari, S. A. Stohlman, and L. P. 
Weiner. 1986. Pathogenicity of antigenic variants of murine coronavirus JHM 
selected with monoclonal antibodies. J. Virol. 58: 869-875. 

50. Cheever, F. S., J. B. Daniels, and et al. 1949. A murine virus (JHM) causing 
disseminated encephalomyelitis with extensive destruction of myelin. J. Exp. 
Med. 90: 181-210. 

51. Lane, T. E., V. C. Asensio, N. Yu, A. D. Paoletti, I. L. Campbell, and M. J. 
Buchmeier. 1998. Dynamic regulation of alpha- and beta-chemokine expression 
in the central nervous system during mouse hepatitis virus-induced demyelinating 
disease. J. Immunol. 160: 970-978. 

52. Lane, T. E., and M. J. Buchmeier. 1997. Murine coronavirus infection: a 
paradigm for virus-induced demyelinating disease. Trends Microbiol. 5: 9-14. 

53. Wang, F. I., D. R. Hinton, W. Gilmore, M. D. Trousdale, and J. O. Fleming. 1992. 
Sequential infection of glial cells by the murine hepatitis virus JHM strain (MHV-
4) leads to a characteristic distribution of demyelination. Lab. Invest. 66: 744-754. 

54. Ramakrishna, C., C. C. Bergmann, K. V. Holmes, and S. A. Stohlman. 2004. 
Expression of the mouse hepatitis virus receptor by central nervous system 
microglia. J. Virol. 78: 7828-7832. 

55. Marten, N. W., S. A. Stohlman, R. D. Atkinson, D. R. Hinton, J. O. Fleming, and 
C. C. Bergmann. 2000. Contributions of CD8+ T cells and viral spread to 
demyelinating disease. J. Immunol. 164: 4080-4088. 

56. Hosking, M. P., L. Liu, R. M. Ransohoff, and T. E. Lane. 2009. A protective role 
for ELR+ chemokines during acute viral encephalomyelitis. PloS Pathog. 5: 
e1000648. 

57. Pearce, B. D., M. V. Hobbs, T. S. McGraw, and M. J. Buchmeier. 1994. Cytokine 
induction during T-cell-mediated clearance of mouse hepatitis virus from neurons 



25 

 

in vivo. J. Virol. 68: 5483-5495. 

58. Parra, B., D. R. Hinton, M. T. Lin, D. J. Cua, and S. A. Stohlman. 1997. Kinetics 
of cytokine mRNA expression in the central nervous system following lethal and 
nonlethal coronavirus-induced acute encephalomyelitis. Virology 233: 260-270. 

59. Held, K. S., B. P. Chen, W. A. Kuziel, B. J. Rollins, and T. E. Lane. 2004. 
Differential roles of CCL2 and CCR2 in host defense to coronavirus infection. 
Virology 329: 251-260. 

60. Kim, T. S., and S. Perlman. 2005. Viral expression of CCL2 is sufficient to 
induce demyelination in RAG1-/- mice infected with a neurotropic coronavirus. J. 
Virol. 79: 7113-7120. 

61. Savarin, C., S. A. Stohlman, R. Atkinson, R. M. Ransohoff, and C. C. Bergmann. 
2010. Monocytes regulate T cell migration through the glia limitans during acute 
viral encephalitis. J. Virol. 84: 4878-4888. 

62. Yong, V. W., R. K. Zabad, S. Agrawal, A. Goncalves Dasilva, and L. M. Metz. 
2007. Elevation of matrix metalloproteinases (MMPs) in multiple sclerosis and 
impact of immunomodulators. J. Neurol. Sci. 259: 79-84. 

63. Zhou, J., S. A. Stohlman, D. R. Hinton, and N. W. Marten. 2003. Neutrophils 
promote mononuclear cell infiltration during viral-induced encephalitis. J. 
Immunol. 170: 3331-3336. 

64. Zhou, J., S. A. Stohlman, R. Atkinson, D. R. Hinton, and N. W. Marten. 2002. 
Matrix metalloproteinase expression correlates with virulence following 
neurotropic mouse hepatitis virus infection. J. Virol. 76: 7374-7384. 

65. Zuo, J., S. A. Stohlman, J. B. Hoskin, D. R. Hinton, R. Atkinson, and C. C. 
Bergmann. 2006. Mouse hepatitis virus pathogenesis in the central nervous 
system is independent of IL-15 and natural killer cells. Virology 350: 206-215. 

66. Marten, N. W., S. A. Stohlman, J. Zhou, and C. C. Bergmann. 2003. Kinetics of 
virus-specific CD8+ -T-cell expansion and trafficking following central nervous 
system infection. J. Virol. 77: 2775-2778. 

67. Trifilo, M. J., C. Montalto-Morrison, L. N. Stiles, K. R. Hurst, J. L. Hardison, J. 
E. Manning, P. S. Masters, and T. E. Lane. 2004. CXC chemokine ligand 10 
controls viral infection in the central nervous system: evidence for a role in innate 
immune response through recruitment and activation of natural killer cells. J. 
Virol. 78: 585-594. 

68. Liu, M. T., B. P. Chen, P. Oertel, M. J. Buchmeier, T. A. Hamilton, D. A. 
Armstrong, and T. E. Lane. 2001. The CXC chemokines IP-10 and Mig are 
essential in host defense following infection with a neurotropic coronavirus. Adv. 
Exp. Med. Biol. 494: 323-327. 



26 

 

69. Liu, M. T., B. P. Chen, P. Oertel, M. J. Buchmeier, D. Armstrong, T. A. 
Hamilton, and T. E. Lane. 2000. The T cell chemoattractant IFN-inducible protein 
10 is essential in host defense against viral-induced neurologic disease. J. 
Immunol. 165: 2327-2330. 

70. Lane, T. E., M. T. Liu, B. P. Chen, V. C. Asensio, R. M. Samawi, A. D. Paoletti, 
I. L. Campbell, S. L. Kunkel, H. S. Fox, and M. J. Buchmeier. 2000. A central 
role for CD4(+) T cells and RANTES in virus-induced central nervous system 
inflammation and demyelination. J. Virol. 74: 1415-1424. 

71. Stiles, L. N., M. P. Hosking, R. A. Edwards, R. M. Strieter, and T. E. Lane. 2006. 
Differential roles for CXCR3 in CD4+ and CD8+ T cell trafficking following 
viral infection of the CNS. Eur. J. Immunol. 36: 613-622. 

72. Dimitrijevic, O. B., S. M. Stamatovic, R. F. Keep, and A. V. Andjelkovic. 2007. 
Absence of the chemokine receptor CCR2 protects against cerebral 
ischemia/reperfusion injury in mice. Stroke 38: 1345-1353. 

73. Malone, K. E., S. A. Stohlman, C. Ramakrishna, W. Macklin, and C. C. 
Bergmann. 2008. Induction of class I antigen processing components in 
oligodendroglia and microglia during viral encephalomyelitis. Glia 56: 426-435. 

74. Gonzalez, J. M., C. C. Bergmann, C. Ramakrishna, D. R. Hinton, R. Atkinson, J. 
Hoskin, W. B. Macklin, and S. A. Stohlman. 2006. Inhibition of interferon-
gamma signaling in oligodendroglia delays coronavirus clearance without altering 
demyelination. Am. J. Pathol. 168: 796-804. 

75. Lin, M. T., S. A. Stohlman, and D. R. Hinton. 1997. Mouse hepatitis virus is 
cleared from the central nervous systems of mice lacking perforin-mediated 
cytolysis. J. Virol. 71: 383-391. 

76. Parra, B., D. R. Hinton, N. W. Marten, C. C. Bergmann, M. T. Lin, C. S. Yang, 
and S. A. Stohlman. 1999. IFN-gamma is required for viral clearance from central 
nervous system oligodendroglia. J. Immunol. 162: 1641-1647. 

77. Marten, N. W., S. A. Stohlman, and C. C. Bergmann. 2000. Role of viral 
persistence in retaining CD8(+) T cells within the central nervous system. J. 
Virol. 74: 7903-7910. 

78. Ramakrishna, C., S. A. Stohlman, R. D. Atkinson, M. J. Shlomchik, and C. C. 
Bergmann. 2002. Mechanisms of central nervous system viral persistence: the 
critical role of antibody and B cells. J. Immunol. 168: 1204-1211. 

79. Ramakrishna, C., C. C. Bergmann, R. Atkinson, and S. A. Stohlman. 2003. 
Control of central nervous system viral persistence by neutralizing antibody. J. 
Virol. 77: 4670-4678. 

80. Lin, M. T., D. R. Hinton, N. W. Marten, C. C. Bergmann, and S. A. Stohlman. 



27 

 

1999. Antibody prevents virus reactivation within the central nervous system. J. 
Immunol. 162: 7358-7368. 

81. Borregaard, N. 2010. Neutrophils, from marrow to microbes. Immunity 33: 657-
670. 

82. Nathan, C. 2006. Neutrophils and immunity: challenges and opportunities. Nat. 
Rev. Immunol. 6: 173-182. 

83. Mantovani, A., M. A. Cassatella, C. Costantini, and S. Jaillon. 2011. Neutrophils 
in the activation and regulation of innate and adaptive immunity. Nat. Rev. 
Immunol. 11: 519-531. 

84. Sadik, C. D., N. D. Kim, and A. D. Luster. 2011. Neutrophils cascading their way 
to inflammation. Trends Immunol. 32: 452-460. 

85. Guha, D., C. R. Klamar, T. Reinhart, and V. Ayyavoo. 2015. Transcriptional 
regulation of CXCL5 in HIV-1-infected macrophages and its functional 
consequences on CNS pathology. J. Interf. Cytok. Res. 35: 373-384. 

86. Kim, J. V., S. S. Kang, M. L. Dustin, and D. B. McGavern. 2009. 
Myelomonocytic cell recruitment causes fatal CNS vascular injury during acute 
viral meningitis. Nature 457: 191-195. 

87. Bai, F., K. F. Kong, J. Dai, F. Qian, L. Zhang, C. R. Brown, E. Fikrig, and R. R. 
Montgomery. 2010. A paradoxical role for neutrophils in the pathogenesis of 
West Nile virus. J. Infect. Dis. 202: 1804-1812. 

88. Herz, J., P. Sabellek, T. E. Lane, M. Gunzer, D. M. Hermann, and T. R. 
Doeppner. 2015. Role of neutrophils in exacerbation of brain injury after focal 
cerebral ischemia in hyperlipidemic mice. Stroke 46: 2916-2925. 

89. Provencio, J. J., V. Swank, H. Lu, S. Brunet, S. Baltan, R. V. Khapre, H. Seerapu, 
O. N. Kokiko-Cochran, B. T. Lamb, and R. M. Ransohoff. 2016. Neutrophil 
depletion after subarachnoid hemorrhage improves memory via NMDA receptors. 
Brain Behav. Immun. 54: 233-242. 

90. Hu, Y., N. Ota, I. Peng, C. J. Refino, D. M. Danilenko, P. Caplazi, and W. 
Ouyang. 2010. IL-17RC is required for IL-17A- and IL-17F-dependent signaling 
and the pathogenesis of experimental autoimmune encephalomyelitis. J. Immunol. 
184: 4307-4316. 

91. Zenaro, E., E. Pietronigro, V. Della Bianca, G. Piacentino, L. Marongiu, S. Budui, 
E. Turano, B. Rossi, S. Angiari, S. Dusi, A. Montresor, T. Carlucci, S. Nani, G. 
Tosadori, L. Calciano, D. Catalucci, G. Berton, B. Bonetti, and G. Constantin. 
2015. Neutrophils promote Alzheimer's disease-like pathology and cognitive 
decline via LFA-1 integrin. Nat. Med. 21: 880-886. 



28 

 

92. Bao, F., V. Omana, A. Brown, and L. C. Weaver. 2012. The systemic 
inflammatory response after spinal cord injury in the rat is decreased by 
alpha4beta1 integrin blockade. J. Neurotrauma. 29: 1626-1637. 

93. Gorio, A., L. Madaschi, G. Zadra, G. Marfia, B. Cavalieri, R. Bertini, and A. M. 
Di Giulio. 2007. Reparixin, an inhibitor of CXCR2 function, attenuates 
inflammatory responses and promotes recovery of function after traumatic lesion 
to the spinal cord. J. Pharmacol. Exp. Ther. 322: 973-981. 

94. Saiwai, H., Y. Ohkawa, H. Yamada, H. Kumamaru, A. Harada, H. Okano, T. 
Yokomizo, Y. Iwamoto, and S. Okada. 2010. The LTB4-BLT1 axis mediates 
neutrophil infiltration and secondary injury in experimental spinal cord injury. 
Am. J. Pathol. 176: 2352-2366. 

95. Tonai, T., K. Shiba, Y. Taketani, Y. Ohmoto, K. Murata, M. Muraguchi, H. 
Ohsaki, E. Takeda, and T. Nishisho. 2001. A neutrophil elastase inhibitor (ONO-
5046) reduces neurologic damage after spinal cord injury in rats. J. Neurochem. 
78: 1064-1072. 

96. Semple, B. D., T. Kossmann, and M. C. Morganti-Kossmann. 2010. Role of 
chemokines in CNS health and pathology: a focus on the CCL2/CCR2 and 
CXCL8/CXCR2 networks. J. Cerebr. Blood F. Met. 30: 459-473. 

97. Rossi, D., and A. Zlotnik. 2000. The biology of chemokines and their receptors. 
Ann. Rev. Immunol. 18: 217-242. 

98. Tran, P. B., and R. J. Miller. 2003. Chemokine receptors: signposts to brain 
development and disease. Nat. Rev. Neurosci. 4: 444-455. 

99. Lazennec, G., and A. Richmond. 2010. Chemokines and chemokine receptors: 
new insights into cancer-related inflammation. Trends Mol. Med. 16: 133-144. 

100. Tachibana, K., S. Hirota, H. Iizasa, H. Yoshida, K. Kawabata, Y. Kataoka, Y. 
Kitamura, K. Matsushima, N. Yoshida, S. Nishikawa, T. Kishimoto, and T. 
Nagasawa. 1998. The chemokine receptor CXCR4 is essential for vascularization 
of the gastrointestinal tract. Nature 393: 591-594. 

101. McGrath, K. E., A. D. Koniski, K. M. Maltby, J. K. McGann, and J. Palis. 1999. 
Embryonic expression and function of the chemokine SDF-1 and its receptor, 
CXCR4. Dev. Biol. 213: 442-456. 

102. Doitsidou, M., M. Reichman-Fried, J. Stebler, M. Koprunner, J. Dorries, D. 
Meyer, C. V. Esguerra, T. Leung, and E. Raz. 2002. Guidance of primordial germ 
cell migration by the chemokine SDF-1. Cell 111: 647-659. 

103. Nagasawa, T., S. Hirota, K. Tachibana, N. Takakura, S. Nishikawa, Y. Kitamura, 
N. Yoshida, H. Kikutani, and T. Kishimoto. 1996. Defects of B-cell 
lymphopoiesis and bone-marrow myelopoiesis in mice lacking the CXC 



29 

 

chemokine PBSF/SDF-1. Nature 382: 635-638. 

104. Szekanecz, Z., and A. E. Koch. 2001. Chemokines and angiogenesis. Curr. Opin. 
Rheumatol. 13: 202-208. 

105. Ma, Q., D. Jones, and T. A. Springer. 1999. The chemokine receptor CXCR4 is 
required for the retention of B lineage and granulocytic precursors within the bone 
marrow microenvironment. Immunity 10: 463-471. 

106. Lee, J., G. Cacalano, T. Camerato, K. Toy, M. W. Moore, and W. I. Wood. 1995. 
Chemokine binding and activities mediated by the mouse IL-8 receptor. J. 
Immunol. 155: 2158-2164. 

107. Kostic, M., T. Dzopalic, S. Zivanovic, N. Zivkovic, A. Cvetanovic, I. Stojanovic, 
S. Vojinovic, G. Marjanovic, V. Savic, and M. Colic. 2014. IL-17 and glutamate 
excitotoxicity in the pathogenesis of multiple sclerosis. Scand. J. Immunol. 79: 
181-186. 

108. Laan, M., J. Lotvall, K. F. Chung, and A. Linden. 2001. IL-17-induced cytokine 
release in human bronchial epithelial cells in vitro: role of mitogen-activated 
protein (MAP) kinases. Br. J. Pharmacol. 133: 200-206. 

109. Laan, M., Z. H. Cui, H. Hoshino, J. Lotvall, M. Sjostrand, D. C. Gruenert, B. E. 
Skoogh, and A. Linden. 1999. Neutrophil recruitment by human IL-17 via C-X-C 
chemokine release in the airways. J. Immunol. 162: 2347-2352. 

110. Jones, C. E., and K. Chan. 2002. Interleukin-17 stimulates the expression of 
interleukin-8, growth-related oncogene-alpha, and granulocyte-colony-stimulating 
factor by human airway epithelial cells. Am. J. Resp. Cell Mol. 26: 748-753. 

111. Prause, O., M. Laan, J. Lotvall, and A. Linden. 2003. Pharmacological 
modulation of interleukin-17-induced GCP-2-, GRO-alpha- and interleukin-8 
release in human bronchial epithelial cells. Eur. J. Pharmacol. 462: 193-198. 

112. Weaver, C. T., R. D. Hatton, P. R. Mangan, and L. E. Harrington. 2007. IL-17 
family cytokines and the expanding diversity of effector T cell lineages. Annu. 
Rev. Immunol. 25: 821-852. 

113. Shen, F., and S. L. Gaffen. 2008. Structure-function relationships in the IL-17 
receptor: implications for signal transduction and therapy. Cytokine 41: 92-104. 

114. Fossiez, F., O. Djossou, P. Chomarat, L. Flores-Romo, S. Ait-Yahia, C. Maat, J. J. 
Pin, P. Garrone, E. Garcia, S. Saeland, D. Blanchard, C. Gaillard, B. Das 
Mahapatra, E. Rouvier, P. Golstein, J. Banchereau, and S. Lebecque. 1996. T cell 
interleukin-17 induces stromal cells to produce proinflammatory and 
hematopoietic cytokines. J. Exp. Med. 183: 2593-2603. 

115. Tani, M., M. E. Fuentes, J. W. Peterson, B. D. Trapp, S. K. Durham, J. K. Loy, R. 



30 

 

Bravo, R. M. Ransohoff, and S. A. Lira. 1996. Neutrophil infiltration, glial 
reaction, and neurological disease in transgenic mice expressing the chemokine 
N51/KC in oligodendrocytes. J. Clin. Invest. 98: 529-539. 

116. Marro, B. S., J. J. Grist, and T. E. Lane. 2016. Inducible expression of CXCL1 
within the central nervous system amplifies viral-induced demyelination. J. 
Immunol. 196: 1855-1864. 

117. Hilgendorf, I., F. K. Swirski, and C. S. Robbins. 2015. Monocyte fate in 
atherosclerosis. Arterioscl. Throm. Vas. 35: 272-279. 

118. Urlinger, S., U. Baron, M. Thellmann, M. T. Hasan, H. Bujard, and W. Hillen. 
2000. Exploring the sequence space for tetracycline-dependent transcriptional 
activators: novel mutations yield expanded range and sensitivity. P. Natl. Acad. 
Sci. USA 97: 7963-7968. 

119. Schonig, K., and H. Bujard. 2003. Generating conditional mouse mutants via 
tetracycline-controlled gene expression. Methods Mol. Biol. 209: 69-104. 

120. Gold, R., C. Linington, and H. Lassmann. 2006. Understanding pathogenesis and 
therapy of multiple sclerosis via animal models: 70 years of merits and culprits in 
experimental autoimmune encephalomyelitis research. Brain 129: 1953-1971. 

121. Martin, R., H. F. McFarland, and D. E. McFarlin. 1992. Immunological aspects of 
demyelinating diseases. Annu. Rev. Immunol. 10: 153-187. 

122. Billiau, A., and P. Matthys. 2001. Modes of action of Freund's adjuvants in 
experimental models of autoimmune diseases. J. Leukocyte Biol. 70: 849-860. 

123. Bernard, C. C. 1976. Experimental autoimmune encephalomyelitis in mice: 
genetic control of susceptibility. J. Immunogenet. 3: 263-274. 

124. Constantinescu, C. S., N. Farooqi, K. O'Brien, and B. Gran. 2011. Experimental 
autoimmune encephalomyelitis (EAE) as a model for multiple sclerosis (MS). Br. 
J. Pharmacol. 164: 1079-1106. 

125. Robinson, A. P., C. T. Harp, A. Noronha, and S. D. Miller. 2014. The 
experimental autoimmune encephalomyelitis (EAE) model of MS: utility for 
understanding disease pathophysiology and treatment. Handb. Clin. Neurol. 122: 
173-189. 

126. t Hart, B. A., R. Q. Hintzen, and J. D. Laman. 2009. Multiple sclerosis - a 
response-to-damage model. Trends Mol. Med. 15: 235-244. 

127. Segal, B. M. 2003. Experimental autoimmune encephalomyelitis: cytokines, 
effector T cells, and antigen-presenting cells in a prototypical Th1-mediated 
autoimmune disease. Curr. Allergy Asthm. R. 3: 86-93. 



31 

 

128. Huseby, E. S., D. Liggitt, T. Brabb, B. Schnabel, C. Ohlen, and J. Goverman. 
2001. A pathogenic role for myelin-specific CD8(+) T cells in a model for 
multiple sclerosis. J. Exp. Med. 194: 669-676. 

129. Sun, D., J. N. Whitaker, Z. Huang, D. Liu, C. Coleclough, H. Wekerle, and C. S. 
Raine. 2001. Myelin antigen-specific CD8+ T cells are encephalitogenic and 
produce severe disease in C57BL/6 mice. J. Immunol. 166: 7579-7587. 

130. Kang, Z., C. Wang, J. Zepp, L. Wu, K. Sun, J. Zhao, U. Chandrasekharan, P. E. 
DiCorleto, B. D. Trapp, R. M. Ransohoff, and X. Li. 2013. Act1 mediates IL-17-
induced EAE pathogenesis selectively in NG2+ glial cells. Nat. Neurosci. 16: 
1401-1408. 

131. t Hart, B. A., B. Gran, and R. Weissert. 2011. EAE: imperfect but useful models 
of multiple sclerosis. Trends Mol. Med. 17: 119-125. 

132. Carlson, T., M. Kroenke, P. Rao, T. E. Lane, and B. Segal. 2008. The Th17-ELR+ 
CXC chemokine pathway is essential for the development of central nervous 
system autoimmune disease. J. Exp. Med. 205: 811-823. 

133. Roy, M., J. F. Richard, A. Dumas, and L. Vallieres. 2012. CXCL1 can be 
regulated by IL-6 and promotes granulocyte adhesion to brain capillaries during 
bacterial toxin exposure and encephalomyelitis. J. Neuroinflamm. 9: 18. 

134. Steinbach, K., M. Piedavent, S. Bauer, J. T. Neumann, and M. A. Friese. 2013. 
Neutrophils amplify autoimmune central nervous system infiltrates by maturing 
local APCs. J. Immunol. 191: 4531-4539. 

135. McColl, S. R., M. A. Staykova, A. Wozniak, S. Fordham, J. Bruce, and D. O. 
Willenborg. 1998. Treatment with anti-granulocyte antibodies inhibits the effector 
phase of experimental autoimmune encephalomyelitis. J. Immunol. 161: 6421-
6426. 

136. Liu, L., A. Belkadi, L. Darnall, T. Hu, C. Drescher, A. C. Cotleur, D. Padovani-
Claudio, T. He, K. Choi, T. E. Lane, R. H. Miller, and R. M. Ransohoff. 2010. 
CXCR2-positive neutrophils are essential for cuprizone-induced demyelination: 
relevance to multiple sclerosis. Nat. Neurosci. 13: 319-326. 

137. Stoolman, J. S., P. C. Duncker, A. K. Huber, and B. M. Segal. 2014. Site-specific 
chemokine expression regulates central nervous system inflammation and 
determines clinical phenotype in autoimmune encephalomyelitis. J. Immunol. 
193: 564-570. 

138. Pierson, E. R., C. A. Wagner, and J. M. Goverman. 2016. The contribution of 
neutrophils to CNS autoimmunity. Cl. Immunol. S1521-6616: 30143-7. 

139. Simmons, S. B., D. Liggitt, and J. M. Goverman. 2014. Cytokine-regulated 
neutrophil recruitment is required for brain but not spinal cord inflammation 



32 

 

during experimental autoimmune encephalomyelitis. J. Immunol. 193: 555-563. 

140. Liu, Y., A. T. Holdbrooks, G. P. Meares, J. A. Buckley, E. N. Benveniste, and H. 
Qin. 2015. Preferential recruitment of neutrophils into the cerebellum and 
brainstem contributes to the atypical experimental autoimmune encephalomyelitis 
phenotype. J. Immunol. 195: 841-852. 

141. Kroenke, M. A., T. J. Carlson, A. V. Andjelkovic, and B. M. Segal. 2008. IL-12- 
and IL-23-modulated T cells induce distinct types of EAE based on histology, 
CNS chemokine profile, and response to cytokine inhibition. J. Exp. Med. 205: 
1535-1541. 

142. Stromnes, I. M., L. M. Cerretti, D. Liggitt, R. A. Harris, and J. M. Goverman. 
2008. Differential regulation of central nervous system autoimmunity by T(H)1 
and T(H)17 cells. Nat. Med. 14: 337-342. 

143. Wu, G. F., and S. Perlman. 1999. Macrophage infiltration, but not apoptosis, is 
correlated with immune-mediated demyelination following murine infection with 
a neurotropic coronavirus. J. Virol. 73: 8771-8780. 

144. Wang, F. I., S. A. Stohlman, and J. O. Fleming. 1990. Demyelination induced by 
murine hepatitis virus JHM strain (MHV-4) is immunologically mediated. J. 
Neuroimmunol. 30: 31-41. 

145. Houtman, J. J., and J. O. Fleming. 1996. Pathogenesis of mouse hepatitis virus-
induced demyelination. J. Neurovirol. 2: 361-376. 

146. Fleury, H. J., R. D. Sheppard, M. B. Bornstein, and C. S. Raine. 1980. Further 
ultrastructural observations of virus morphogenesis and myelin pathology in JHM 
virus encephalomyelitis. Neuropathol. Appl. Neurobiol. 6: 165-179. 

147. Glass, W. G., M. J. Hickey, J. L. Hardison, M. T. Liu, J. E. Manning, and T. E. 
Lane. 2004. Antibody targeting of the CC chemokine ligand 5 results in 
diminished leukocyte infiltration into the central nervous system and reduced 
neurologic disease in a viral model of multiple sclerosis. J. Immunol. 172: 4018-
4025. 

148. Glass, W. G., M. T. Liu, W. A. Kuziel, and T. E. Lane. 2001. Reduced 
macrophage infiltration and demyelination in mice lacking the chemokine 
receptor CCR5 following infection with a neurotropic coronavirus. Virology 288: 
8-17. 

149. Pewe, L., and S. Perlman. 2002. Cutting edge: CD8 T cell-mediated 
demyelination is IFN-gamma dependent in mice infected with a neurotropic 
coronavirus. J. Immunol. 168: 1547-1551. 

150. Pewe, L., J. Haring, and S. Perlman. 2002. CD4 T-cell-mediated demyelination is 
increased in the absence of gamma interferon in mice infected with mouse 



33 

 

hepatitis virus. J. Virol. 76: 7329-7333. 

151. Stohlman, S. A., D. R. Hinton, B. Parra, R. Atkinson, and C. C. Bergmann. 2008. 
CD4 T cells contribute to virus control and pathology following central nervous 
system infection with neurotropic mouse hepatitis virus. J. Virol. 82: 2130-2139. 

152. Haring, J. S., and S. Perlman. 2003. Bystander CD4 T cells do not mediate 
demyelination in mice infected with a neurotropic coronavirus. J. Neuroimmunol. 
137: 42-50. 

153. Trandem, K., D. Anghelina, J. Zhao, and S. Perlman. 2010. Regulatory T cells 
inhibit T cell proliferation and decrease demyelination in mice chronically 
infected with a coronavirus. J. Immunol. 184: 4391-4400. 

154. Horiuchi, M., A. Itoh, D. Pleasure, and T. Itoh. 2006. MEK-ERK signaling is 
involved in interferon-gamma-induced death of oligodendroglial progenitor cells. 
J. Biol. Chem. 281: 20095-20106. 

155. Chew, L. J., W. C. King, A. Kennedy, and V. Gallo. 2005. Interferon-gamma 
inhibits cell cycle exit in differentiating oligodendrocyte progenitor cells. Glia 52: 
127-143. 

156. Balabanov, R., K. Strand, A. Kemper, J. Y. Lee, and B. Popko. 2006. Suppressor 
of cytokine signaling 1 expression protects oligodendrocytes from the deleterious 
effects of interferon-gamma. J. Neurosci. 26: 5143-5152. 

157. Baerwald, K. D., and B. Popko. 1998. Developing and mature oligodendrocytes 
respond differently to the immune cytokine interferon-gamma. J. Neurosci. Res. 
52: 230-239. 

158. Tirotta, E., R. M. Ransohoff, and T. E. Lane. 2011. CXCR2 signaling protects 
oligodendrocyte progenitor cells from IFN-gamma/CXCL10-mediated apoptosis. 
Glia 59: 1518-1528. 

159. Lane, T. E., H. S. Fox, and M. J. Buchmeier. 1999. Inhibition of nitric oxide 
synthase-2 reduces the severity of mouse hepatitis virus-induced demyelination: 
implications for NOS2/NO regulation of chemokine expression and inflammation. 
J. Neurovirol. 5: 48-54. 

160. Hosking, M. P., E. Tirotta, R. M. Ransohoff, and T. E. Lane. 2010. CXCR2 
signaling protects oligodendrocytes and restricts demyelination in a mouse model 
of viral-induced demyelination. PloS One 5: e11340. 

161. Das Sarma, J. 2014. Microglia-mediated neuroinflammation is an amplifier of 
virus-induced neuropathology. J. Neurovirol. 20: 122-136. 

162. Templeton, S. P., T. S. Kim, K. O'Malley, and S. Perlman. 2008. Maturation and 
localization of macrophages and microglia during infection with a neurotropic 



34 

 

murine coronavirus. Brain Pathol. 18: 40-51. 

163. Yamasaki, R., H. Lu, O. Butovsky, N. Ohno, A. M. Rietsch, R. Cialic, P. M. Wu, 
C. E. Doykan, J. Lin, A. C. Cotleur, G. Kidd, M. M. Zorlu, N. Sun, W. Hu, L. 
Liu, J. C. Lee, S. E. Taylor, L. Uehlein, D. Dixon, J. Gu, C. M. Floruta, M. Zhu, I. 
F. Charo, H. L. Weiner, and R. M. Ransohoff. 2014. Differential roles of 
microglia and monocytes in the inflamed central nervous system. J. Exp. Med. 
211: 1533-1549. 

164. Openshaw, H., O. Stuve, J. P. Antel, R. Nash, B. T. Lund, L. P. Weiner, A. 
Kashyap, P. McSweeney, and S. Forman. 2000. Multiple sclerosis flares 
associated with recombinant granulocyte colony-stimulating factor. Neurol. 54: 
2147-2150. 

165. Jacob, A., S. Saadoun, J. Kitley, M. Leite, J. Palace, F. Schon, and M. C. 
Papadopoulos. 2012. Detrimental role of granulocyte-colony stimulating factor in 
neuromyelitis optica: clinical case and histological evidence. Mult. Scler. 18: 
1801-1803. 

166. Omari, K. M., G. John, R. Lango, and C. S. Raine. 2006. Role for CXCR2 and 
CXCL1 on glia in multiple sclerosis. Glia 53: 24-31. 

167. Robinson, S., M. Tani, R. M. Strieter, R. M. Ransohoff, and R. H. Miller. 1998. 
The chemokine growth-regulated oncogene-alpha promotes spinal cord 
oligodendrocyte precursor proliferation. J. Neurosci. 18: 10457-10463. 

168. Filipovic, R., and N. Zecevic. 2008. The effect of CXCL1 on human fetal 
oligodendrocyte progenitor cells. Glia 56: 1-15. 

169. Tsai, H. H., E. Frost, V. To, S. Robinson, C. Ffrench-Constant, R. Geertman, R. 
M. Ransohoff, and R. H. Miller. 2002. The chemokine receptor CXCR2 controls 
positioning of oligodendrocyte precursors in developing spinal cord by arresting 
their migration. Cell 110: 373-383. 

170. Padovani-Claudio, D. A., L. Liu, R. M. Ransohoff, and R. H. Miller. 2006. 
Alterations in the oligodendrocyte lineage, myelin, and white matter in adult mice 
lacking the chemokine receptor CXCR2. Glia 54: 471-483. 

171. Liu, L., L. Darnall, T. Hu, K. Choi, T. E. Lane, and R. M. Ransohoff. 2010. 
Myelin repair is accelerated by inactivating CXCR2 on nonhematopoietic cells. J. 
Neurosci. 30: 9074-9083. 

172. Kerstetter, A. E., D. A. Padovani-Claudio, L. Bai, and R. H. Miller. 2009. 
Inhibition of CXCR2 signaling promotes recovery in models of multiple sclerosis. 
Exp. Neurol. 220: 44-56. 

173. Marsh, D. R., and J. M. Flemming. 2011. Inhibition of CXCR1 and CXCR2 
chemokine receptors attenuates acute inflammation, preserves gray matter and 



35 

 

diminishes autonomic dysreflexia after spinal cord injury. Spinal Cord 49: 337-
344. 

174. Grist, J. J., B. Marro, and T. E. Lane. 2016. Neutrophils and viral-induced 
neurologic disease. Cl. Immunol. S1521-6616: 30082-1. 

175. Liu, L., M. Li, L. C. Spangler, C. Spear, M. Veenstra, L. Darnall, C. Chang, A. C. 
Cotleur, and R. M. Ransohoff. 2013. Functional defect of peripheral neutrophils 
in mice with induced deletion of CXCR2. Genesis 51: 587-595. 

 



 

 

 

 

 

 

 

 

CHAPTER 2 

 

NEUTROPHILS AND VIRAL-INDUCED NEUROLOGIC DISEASE 

 

Reprinted from Clinical Immunology, Grist, J.J., Marro, B., and T.E. Lane, Neutrophils 

and viral-induced neurologic disease, Copyright (2016), with permission from Elsevier. 



37 

 

Neutrophils and viral-induced neurologic disease

Jonathan J. Grist a, Brett Marro b, Thomas E. Lane a,⁎
a Department of Pathology, University of Utah School of Medicine, Salt Lake City, UT 84112, United States
b Department of Immunology & Microbial Science, The Scripps Research Institute, La Jolla, CA 92037, United States

a b s t r a c ta r t i c l e i n f o

Article history:
Received 22 March 2016
Received in revised form 22 May 2016
Accepted with revision 23 May 2016
Available online xxxx

Infection of the central nervous system (CNS) by neurotropic viruses represents an increasing worldwide
problem in terms of morbidity and mortality for people of all ages. Although unique structural features of the
blood-brain-barrier (BBB) provide a physical and physiological barrier, a number of neurotropic viruses are
able to enter the CNS resulting in a variety of pathological outcomes. Nonetheless, antigen-specific lymphocytes
are ultimately able to accumulatewithin the CNS and contribute to defense by reducing or eliminating the invad-
ing viral pathogen. Alternatively, infiltration of activated cells of the immune systemmay be detrimental, as these
cells can contribute to neuropathology that may result in long-term cellular damage or death. More recently,
myeloid cells e.g. neutrophils have been implicated in contributing to both host defense and disease in response
to viral infection of the CNS. This review highlights recent studies using coronavirus-induced neurologic disease
as a model to determine how neutrophils affect effective control of viral replication as well as demyelination.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Intracranial infection of susceptible mice with the JHM strain of
mouse hepatitis virus (JHMV) causes an acute encephalomyelitis
followed by a chronic demyelinating disease similar to the human
demyelinating disease multiple sclerosis (MS). Early following JHMV
infection of the CNS, the virus targets ependymal cells lining the ventri-
cles, replicates, and rapidly disseminates into the brain parenchyma at
which point the virus infects and replicates within astrocytes, oligoden-
droglia, and microglia throughout the brain and spinal cord [45]. In
response to viral infection of glial cells, a rapid and orchestrated expres-
sion of chemokines occurs that contribute to attracting inflammatory
cells into the CNS. In terms of host defense, secretion of chemokines de-
rived from the CNS, including CXCL10 and CCL5, promote themigration
and accumulation of virus-specific CD4+ and CD8+ T cells that control
viral replication via secretion of IFN-γ and cytolytic activity. While in-
flammatory T cells are effective in eliminating virus, sterile immunity
is not achieved; viral protein and/or RNA persist within astrocytes and
oligodendroglia resulting in chronic expression of chemokine genes
leading to chronic neuroinflammation and demyelination. Histological
features associated with viral persistence include the development of
an immune-mediated demyelinating disease similar to the human de-
myelinating diseaseMS in that both T cells andmacrophages are critical
mediators of disease severity and contribute to myelin damage [5,32].

Through the course of both acute and chronic JHMV-induced neuro-
logic infection, there is a coordinated expression of chemokines and

chemokine receptors that regulate inflammation contributing to
both host defense and disease exacerbation. Among the chemokines
expressed during infection are members of the ELR(+) chemokine
family CXCL1, CXCL2, and CXCL5. CXCL1 and CXCL2 are potent
chemoattractants for neutrophils via binding and signaling through
the receptor CXCR2 [28,39,48]. Moreover, PMNs have been shown to
enhance CNS inflammation by disrupting blood brain barrier (BBB)
integrity in various animal models of chronic neuroinflammation in-
cluding spinal cord injury (SCI) [9,44] and autoimmune demyelination
[4] while blocking or silencing of CXCR2 signaling mutes inflammation
and tissue damage inmousemodels in which PMN infiltration is critical
to disease initiation [2,4,9,18,24,25,43,47].

2. Neutrophils and acute viral-induced encephalomyelitis

Neutrophils represent a component of the innate immune response
and provide an essential role in killing invading pathogens through an
arsenal of defense mechanisms including release of microbicidal gran-
ules and release of reactive oxygen/nitrogen species [3,30]. While a
clear role for neutrophils in combating bacterial pathogens is docu-
mented [3,30], how these cells contribute to host defense and disease
in response to CNS viral infection is less well characterized. McGavern
et al. [19] employed two-photon microscopy to elegantly demonstrate
that neutrophils, along with monocytes, were responsible for vascular
leakage and acute lethality following lymphocytic choriomeningitis
virus (LCMV) infection of the CNS. Human immunodeficiency virus-1
(HIV-1) infection of monocyte-derived macrophages increases expres-
sion of CXCL5 that serves to attract neutrophils that may augment
neuropathology by contributing to neuron death [10]. Experimental
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infection of mice with West Nile virus (WNV) in which neutrophil traf-
ficking to the CNS is impaired results in increased protection fromWNV
encephalitis by limiting immune cell access to the CNS thus diminishing
neuropathology [46]. With regards to JHMV-induced encephalomyeli-
tis, early work by Stohlman et al. [50] highlighted a previously unrecog-
nized role for neutrophils in effectively controlling viral replication
within the CNS. The underlyingmechanisms by which neutrophils con-
tribute to an effective host defense are related to neutrophil-mediated
permeabilization of the blood-brain-barrier (BBB) through release of
matrix metalloproteinase 9 (MMP-9) [50] although other factors inde-
pendent of MMP-9 may also be involved [37]. In addition, monocytes
can also enhance T cell accumulation within the CNS of JHMV-infected
mice through the glia limitans [37]. Neutrophils are rapidly mobilized
from the bone-marrow and into the blood in response to CNS infection
by JHMV and this most likely reflects the precipitous increase in expres-
sion of the neutrophil chemoattractants CXCL1, CXCL2, and CXCL5 that
all bind to their cognate receptor CXCR2with high binding [12]. Indeed,
treatment of JHMV-infected mice with a blocking antibody specific for
CXCR2 resulted impaired migration of CXCR2-bearing neutrophils to
the CNS and this resulted in increased mortality that was associated
with impaired ability to control viral replication within the CNS [12].
Blocking neutrophil accumulation within the CNS resulted in reduced
expression of MMP-9, limited permeabilization of the BBB, and dimin-
ished infiltration of virus-specific T cells [12]. Collectively, these findings
illustrate that neutrophils are an important component of an effective
host defense following CNS infection with a neurotropic virus.

3. Neutrophils and viral-induced demyelination

Neutrophil infiltration into the CNS has been associated with neuro-
logic disease in pre-clinical animal models [6,14,34,38,40]. Herz et al.
[11] have recently demonstrated that CXCR2 antagonization reduced
neurological deficits and infarct volumes following middle cerebral
artery occlusion and this was associated with reduced neutrophil
infiltration into the CNS. Similarly, depletion of neutrophils following
subarachnoid hemorrhage was found to improve memory in a model
of aneurysmal subarachnoid hemorrhage (SAH) [33]. Additionally,
Zenaro et al. [49] have demonstrated a role for the adhesion molecule
lymphocyte function-associated antigen 1 (LFA-1) in promoting neu-
trophil accumulation within the CNS and amplifying AD-like pathology
in transgenic models of Alzheimer's disease (AD). Depletion of neutro-
phils and/or a deficiency in LFA-1 resulted in protection from cognitive
decline and reduced gliosis arguing that blocking neutrophil trafficking
may be beneficial in AD [49]. Within models of spinal cord injury/
trauma, neutrophils are among the first cells to accumulate within the
site of injury and a number of studies argue for a pathogenic role for
these cells through limiting tissue sparing andmotor recoverywhile in-
creasing expression of pro-inflammatory cytokines [1,36]. Collectively,
these studies demonstrate that in animal models of chronic neuroin-
flammation/neurodegeneration neutrophils can amplify the severity
histologic disease and argue that blocking entry into the CNS may
limit the severity of neurologic disease.

A role for neutrophils in immune-mediated demyelination remains
to be well characterized. Ransohoff et al. [22], have shown that
CXCR2-positive neutrophils are essential for cuprizone-induced demye-
lination and potentially contribute to oligodendrocyte cell loss.
Questions remain regarding the importance of neutrophils in the path-
ogenesis of MS given the paucity of these cells in active lesions; howev-
er, elevated neutrophil numbers within the cerebrospinal fluid (CSF) of
MS patients have been correlated with clinical relapse [20]. Administra-
tion of granulocyte-colony-stimulating factor (G-CSF), a neutrophil
activatingmolecule, toMS and neuromyelitis optica (NMO) patients re-
sulted in disease exacerbation arguing for a role for these cells in ampli-
fying disease severity [16,31]. Additionally, neutrophils have been
reported to be more numerous and exhibit a more primed state in
MS patients [29]. Recent studies [15,35] highlight the importance

of CXCL1 as well as other myeloid-chemoattractant molecules as
having a possible role in potentiating disease in patients with either
relapsing-remitting or progressive forms of MS, suggesting that soluble
factors that attract neutrophils and/or neutrophil-related molecules
may be important therapeutic targets for MS patients. Support for this
notion is derived from studies employing experimental autoimmune
encephalomyelitis (EAE) as a model for MS in which disease onset is
mute when neutrophil trafficking to the CNS is disrupted [4,27]. More
recently, Stoolman et al. [42] have expanded on these findings to
show that enriched expression of CXCL2 within the brainstem attracts
neutrophils that substantially contribute to atypical EAE. Similarly,
mice in which neutrophils lack suppressor of cytokine signaling 3
(SOCS3) exhibit an increase in susceptibility to the atypical EAE and
this correlates with preferential recruitment of neutrophils into the cer-
ebellum and brainstem [23]. The site of neutrophil recruitment may be
critical in terms of amplifying histopathology as neutrophil accumula-
tion within the brain, but to a limited extent in the spinal cord, contrib-
ute to tissue injury [41]. Collectively, these findings indicate that
neutrophils can affect the severity of clinical disease and neuroinflam-
mation in EAE.

4. A transgenic model to study viral-induced neutrophil-mediated
neuropathology

In attempt to better understandhowneutrophils influence both host
defense and disease following CNS viral infection, we have recently
engineered transgenic mice to utilize the tetracycline-controlled tran-
scriptional activation system in which the human glial fibrillary acidic
protein (hGFAP) promoter drives expression of a modified version
of the reverse tetracycline transactivator protein (rtTA*M2) [26]
(Fig. 1A). Astrocytes were chosen for targeted expression of CXCL1 as
previous studies [7,8,17] have shown that JHMV-infected astrocytes ex-
press CXCL1 [13,21]. In the presence of doxycycline (Dox), transcription
initiates at a tet-operon and leads to production of recombinant CXCL1
mRNA transcripts. Double transgenic (tg) mice (pBI-CXCL1-rtTA) and
single tg mice (pBI-CXCL1) were generated; characterization of double
tg mice revealed Dox-dependent expression of CXCL1 from cultured
astrocytes as determined by ELISA (Fig. 1B) [26]. I.c. infection of Dox-
treated double tg mice with JHMV resulted in a selective increased
expression of CXCL1 mRNA transcripts and protein within the brain
and spinal cords when compared to Dox-treated single tg mice infected
with JHMV (Fig. 1C) [26]. Dox-induced overexpression of CXCL1 did not
enhance control of viral replication within the CNS as both infected
double and single tg mice exhibited similar viral titers at defined
times post-infection (p.i.) norwere there differences in either frequency
or numbers of virus-specific CD4+ and CD8+ T cells within the CNS of
double tg mice compared to single tg mice [26]. However, Dox-
treatment of JHMV-infected double tgmice resulted in increased clinical
disease and mortality when compared to infected single tg mice [26].

In conjunction with increased expression of CXCL1 initiated within
the CNS of Dox-treated double tg mice infected with JHMV, there was
a rapid increase in CXCL1 protein levels in serum [26]. Correspondingly,
there is a rapid increase in neutrophils within the blood at days 4
(p b 0.05) and 7 (p b 0.001) in double tg mice compared to infected sin-
gle tg controls [26]. Dox-induced CXCL1 production in JHMV-infected
double tg mice also resulted in an increase in neutrophil frequency
within the brain at days 4 and 7 p.i. [26]. Similarly, therewas an increase
in neutrophil frequency within spinal cords of double tg mice at days 4
(p b 0.01) and 7 (p b 0.05) p.i. compared to single tg mice [26]. Immu-
nofluorescence staining for neutrophils (Ly-6B.2) supported the flow
cytometric data and revealed increased numbers of neutrophils
accumulating within the meninges of double tg mice at day 7 p.i. [26].
The increased presence of neutrophils within the CNS of double tg
mice suggested that there would also be a corresponding increase in
blood-brain-barrier (BBB) permeability. Surprisingly, no differences
were observed in BBB permeability within the brain or spinal cord at
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day 4 p.i. as measured by sodium fluorescein (NaF) uptake [26]. Exam-
ination of spinal cords from JHMV-infected Dox-treated double tg mice
revealed an overall increase (p b 0.05) in the severity of demyelination
when compared to infected single tg animals (Fig. 2A) [26]. The increase

in demyelination in double tg mice was associated with a significant
(p b 0.05) loss of mature oligodendrocytes (as determined by expres-
sion of GST-π) within the spinal cords and increased numbers of
microglia in Dox-treated JHMV-infected double tg mice compared to

Fig. 1. Derivation and characterization of a mouse model in which CXCL1 expression within the CNS is under control of a Doxycycline promoter. (A) Cartoon depiction of experimental
strategy to generate double (dbl) transgenic (tg) mice in which expression of mouse CXCL1 is under control of the GFAP promoter upon doxycycline treatment. (B) Cortex tissue from
double tg and single tg post-natal day 1 (P1) mice was dissociated and enriched for astrocytes. Following 24-h of Dox (100 ng/ml) treated double tg astrocyte cultures,
immunofluorescence confirmed CXCL1 expression within GFAP-positive astrocytes while vehicle treatment yielded no CXCL1 fluorescence. (C) Within the SC, dox-treated double tg
mice had statistically significant increases in CXCL1 mRNA expression over Dox-treated single tg mice at days 7 and 12 p.i. Images adapted from [26] with permission.
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Fig. 2. Elevated CXCL1 expression is associated with increased demyelination. Histopathological analysis of spinal cords of double tg mice reveals an increase in demyelination.
(A) Representative luxol fast blue (LFB)-stained spinal cords reveals increased (p b 0.05) demyelination in JHMV-infected Dox-treated double tg mice compared to single tg controls.
(B) Flow cytometric analysis revealed a significant increase in the frequency and total number of neutrophils within the spinal cord of JHMV-infected Dox-treated double tg mice
compared to single tg mice. Representative immunofluorescence staining further demonstrated a significant increase in the number of Ly6B.2-positive neutrophils (yellow
arrowheads) within the spinal cord parenchyma of JHMV-infected double tg compared to single tg mice; red arrowheads indicate neutrophils located within the spinal cord meninges.
Quantification of neutrophils within the spinal cords indicated an overall increase (p b 0.05) in Dox-treated double tg mice compared to Dox-treated single tg mice. (C) Representative
LFB-stained spinal cord sections from JHMV-infected double tg mice treated with either control IgG2a or anti-Ly6G antibody between days 3–15 p.i. Quantification of the severity of
demyelination revealed reduced white matter damage in mice treated with anti-Ly6G antibody compared to mice treated with isogenic IgG2a control antibody. Images adapted from
[26] with permission.
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infected single tgmice [26]. Flow cytometric data indicated that neutro-
phil frequencies within the spinal cords of infected double tg were
significantly increased (p b 0.01) as well as their total numbers
(p b 0.001) at day 12 p.i. compared to single tg mice (Fig. 2B) [26].
Additionally, neutrophils were detected within the spinal cord paren-
chyma of double tg mice compared to single tg mice (Fig. 2B) [26].
Elimination of neutrophils via administration of anti-Ly6g monoclonal
antibody injection into JHMV-infected double tg mice treated with
Dox resulted in a reduction in the severity of demyelination when
compared to mice treated with isotype control antibody (Fig. 2C) thus
demonstrating that neutrophils are capable of augmenting the severity
of white matter damage [26].

5. Perspectives

Although a role for neutrophils in host defense following infection
with bacterial pathogens has been appreciated for a number of years,
how neutrophils affect host defense in response to viral infection of
the CNS has not been as well studied. However, it is now clear that
neutrophils are capable of enhancing control of viral replication within
the CNS through increasing the permeabilization of the BBB thereby
allowing antigen-specific lymphocytes access to sites of infection.
Equally interesting is how neutrophil infiltration into the CNS contrib-
utes to neuropathology e.g. demyelination. Compelling new informa-
tion derived from clinical studies from MS patients as well as
preclinical animal models of MS have emphasized a potential role for
these cells in amplifying white matter damage opening the possibility
of targeting neutrophil migration into the CNS as a therapeutic strategy
to limit CNS damage.
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Inducible Expression of CXCL1 within the Central Nervous
System Amplifies Viral-Induced Demyelination

Brett S. Marro,* Jonathan J. Grist,† and Thomas E. Lane†

The functional role of the ELR+ chemokine CXCL1 in host defense and disease following infection of the CNS with the neurotropic
JHM strain of mouse hepatitis virus (JHMV) was examined. Mice in which expression of CXCL1 is under the control of a
tetracycline-inducible promoter active within glial fibrillary acidic protein–positive cells were generated and this allowed for selec-
tively increasing CNS expression of CXCL1 in response to JHMV infection and evaluating the effects on neuroinflammation, control
of viral replication, and demyelination. Inducible expression of CNS-derived CXCL1 resulted in increased levels of CXCL1 protein
within the serum, brain, and spinal cord that correlated with increased frequency of Ly6G+CD11b+ neutrophils present within the
CNS. Elevated levels of CXCL1 did not influence the generation of virus-specific T cells, and there was no difference in control of
JHMV replication compared with control mice, indicating that T cell infiltration into the CNS is CXCL1-independent. Sustained
CXCL1 expression within the CNS resulted in increased mortality that correlated with elevated neutrophil infiltration, diminished
numbers of mature oligodendrocytes, and an increase in the severity of demyelination. Neutrophil ablation in CXCL1-transgenic
mice reduced the severity of demyelination in mice, arguing for a role for these cells in white matter damage. Collectively, these
findings illustrate that sustained CXCL1 expression amplifies the severity of white matter damage and that neutrophils can con-
tribute to this process in a model of viral-induced neurologic disease. The Journal of Immunology, 2016, 196: 000–000.

I noculation of susceptible mice with the neurotropic JHM
strain of mouse hepatitis virus (JHMV) into the CNS results in
widespread dissemination of virus, leading to infection and

replication within glial cells. This is followed by infiltration of
virus-specific T lymphocytes that control viral replication through
cytokine secretion and cytolytic activity (1). Sterilizing immunity
is not achieved, as viral Ag and viral RNA are detected within
white matter tracts of surviving mice, resulting in demyelination
that is amplified by inflammatory T cells and macrophages. In
response to infection, numerous cytokines/chemokines are se-
creted by inflammatory leukocytes and resident cells of the CNS,
generating an inflammatory milieu that contributes to host defense
while also promoting disease. Our previous work has evaluated
the functional roles for chemokines and chemokine receptors in
orchestrating leukocyte recruitment into the CNS in response to
JHMV infection that aid in host defense as well as their contri-
bution to demyelination (2–5).

Among the chemokines expressed during acute and chronic
JHMV-induced neurologic disease are the ELR+ CXC chemokines
CXCL1, CXCL2, and CXCL5 and its signaling receptor CXCR2
(4, 6). Following JHMV infection of the CNS, expression of CNS-
derived ELR+ ligands promote the migration of CXCR2-
expressing neutrophils (Ly6G/ChiCD11b+) to the blood–brain
barrier (BBB), where they can assist in breaking down structural
components of the glial limitans through release of matrix met-
alloproteinases (MMPs) from preformed granules. Indeed, Ab-
mediated neutralization of CXCR2 within JHMV-infected mice
prevented neutrophil migration to the CNS, and this was associ-
ated with a significant increase in mortality and inefficient control
of virus replication as a result of impaired parenchymal access of
virus-specific T cells (4). Anti-CXCR2 treatment was also found
to diminish macrophage recruitment to the CNS as well, making it
challenging to define the precise contributions of both immune
cell subsets in establishing host defense while also promoting
disease when CXCR2 signaling is neutralized (4). Other studies
have demonstrated that neutrophil depletion in JHMV-infected
mice in which monocyte trafficking to the CNS is compromised
does not alter early CNS inflammation, clinical disease severity, or
death, but rather it limits parenchymal access of leukocytes at later
times following infection, suggesting that neutrophils and mono-
cytes may act separately to shape adaptive immunity following
JHMV infection of the CNS (7, 8).
The present study was undertaken to expand our understanding

of how ELR+ chemokines influence host defense and disease
progression following JHMV infection of the CNS. To this end,
we have generated mice in which expression of CXCL1 is under
the control of a tetracycline-inducible promoter that is active
within glial fibrillary acidic protein (GFAP)+ cells that express an
enhanced version of the reverse tetracycline transactivator
(rtTA*M2) protein. The successful generation of these pBI-
CXCL1-rtTA mice has allowed us to selectively increase
CNS expression of CXCL1 in adult mice following JHMV-
induced disease and evaluate the effects on neuroinflammation,
control of viral replication, and demyelination.
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Materials and Methods
pBI-CXCL1 vector construction

CXCL1 cDNA incorporating XhoI and NheI restriction site ends was
generated from the brains of C57BL/6 mice infected with 250 PFU JHMV.
CXCL1 cDNAwas cloned into a pBI-MCS-EGFP plasmid (9) downstream
of a bidirectional tetracycline responsive element. The purified pBI-
CXCL1 plasmid was linearized following an overnight incubation with
AatII and AseI restriction enzymes to generate a 3350-bp fragment con-
taining the pBI-CXCL1 construct.

Virus and mice

pBI-CXCL1 transgenic (tg) mice were generated by the University of
California, Irvine tg mouse facility through DNA microinjection of fer-
tilized C56BL/6 eggs using the linearized pBI-CXCL1 construct (9). The
five resulting founder tg mice where mated to wild-type C57BL/6 mice to
indentify F1 offspring containing the transgene. To generate double-tg
mice, hemizygous pBI-CXCL1 tgs were crossed to hemizygous GFAP-
rtTA*M2 mice (The Jackson Laboratory), resulting in double-tg mice
(pBI-CXCL1-rtTA), single-tg mice (rtTA-GFAP or pBI-CXCL1), or wild-
type mice. For evaluation of CXCL1 induction in experimental mice,
age-matched 5- to 6-wk-old single-tg or double-tg mice were infected
intracerebrally (i.c.) with 250 PFU JHMV strain J2.2v-1 in 30 ml sterile
HBSS; subsequently, animals were injected with doxycycline (Dox) (50 mg/kg
via i.p. injection) starting at day 2 postinfection (p.i.) and continuing through
day 12 p.i. SHAM-infected animals received 30 ml HBSS via i.c. injection.
For viral titer analysis, one half of each brain or whole spinal cord was ho-
mogenized and used in a plaque assay as previously described (10).

Primary astrocyte cultures

Cortices from postnatal day 1 pBI-CXCL1-rtTA (double-tg) and rtTA-
GFAP or pBI-CXCL1 (single-tg) mice were dissected and triturated
according to previously published protocols (11). In brief, following re-
moval of the meninges, cortical tissue was minced with a razor and placed
in prewarmed DMEM containing papain to completely dissociate the tis-
sue. Following further dissociation with a Pasteur pipette, single-cell
suspensions were added to poly-D-lysine–coated culture flasks and
grown for 9 d in DMEM supplemented with 10% FBS. Flasks were
then transferred to an orbital shaker in a 5% CO2 tissue culture incubator
and shaken for ∼16 h at 220 rpm to remove loosely adherent contami-
nating cells. Cells were passaged in 0.05% trypsin and replated. When
cells regained confluency, 10 mM Ara-C (Sigma-Aldrich, St. Louis, MO)
was added for 3 d to kill dividing cells. Cells were passaged again and
added to 24-well culture dishes or Nunc Lab-Tek II chamber slides
(Thermo Fisher Scientific, Waltham, MA).

Gene expression analysis

Total cDNA from brains and spinal cords of sham- and JHMV-infected
mice at days 4, 7, and 12 p.i. was generated via SuperScript III (Life
Technologies, Carlsbad, CA) following homogenization in TRIzol
(Life Technologies). To determine relative CXCL1 mRNA expression,
real-time SYBR Green analysis was performed using mouse b-actin
primers (forward, 59-GGCCCAGAGCAAGAGAGGTAT-39; reverse,
59-ACGCACGATTTCCCTCTCAGC-39) and mouse CXCL1 primers
(forward, 59-GGCGCCTATCGCCAATG-39; reverse, 59-CTGGATGTTCTT-
GAGGTGAATCC-39) using a Roche LightCycler 480 (12). CXCL1 ex-
pression was determined by normalizing the expression of each sample to
b-actin and then quantifying fold change relative to sham-infected double-tg
mice. Expression of defined mouse chemokine and cytokine genes within the
CNS of experimental mice was determined using a mouse cytokine and
chemokine RT2 Profiler PCR array (Qiagen, Valencia, CA).

ELISA

Assessment of CXCL1 protein within the supernatants of Dox-treated
astrocyte cultures was determined using a CXCL1 (KC) DuoSet sand-
which ELISA kit (R&D Systems, Minneapolis, MN) according to manu-
facturer specifications. To determine CXCL1 protein levels within the
spinal cords of double- and single-tg mice, spinal cords were homogenized
in RIPA buffer and clarified by high-speed centrifugation. Following
quantification of total protein, samples were diluted in RIPA buffer to a
standard protein concentration before performing the ELISA assay.

Flow cytometry

Flow cytometry was performed to immunophenotype inflammatory cells
entering the CNS using established protocols (3, 13). In brief, single-cell

suspensions were generated from tissue samples by grinding with frosted
microscope slides. Immune cells were enriched by a two-step Percoll
cushion (90 and 63%) and cells were collected at the interface of the two
Percoll layers. Before staining with the fluorescent Abs, isolated cells were
incubated with anti-CD16/32 Fc Block (BD Biosciences, San Jose, CA) at
a 1:200 dilution. Immunophenotyping was performed using either rat anti-
mouse IgG or Armenian hamster anti-mouse IgG Abs for the following
cell surface markers: F4/80 (Serotec, Raleigh, NC), MHV S510-tetramer
(National Institutes of Health), MHV M133-tetramer (National Institutes
of Health), CD4, CD8, Ly6g, CD11b, IFN-g (BD Biosciences), and Ly6c
(eBioscience, San Diego, CA). The following flow cytometric gating
strategies were employed for immunophenotyping inflammatory infil-
trates in the brain: neutrophils (CD45hiCD11b+Ly6G+), monocytes
(CD45hiCD11b+Ly6C+Ly6G2), macrophages (CD45hiCD11b+F4/80+),
microglia (CD45lo, CD11b+, F4/80lo), M133-specific CD4+ T cells
(CD45hi, CD4+, M133-tetramer+), and S510-specific CD8+ T cells
(CD45hi, CD8+, S510-tetramer+).

Sodium fluorescein BBB permeability assay

JHMV-infected double- or single-tg mice received 100 ml 10% sodium
fluorescein (NaFl) in PBS via i.p. injection. After 30 min, mice were
euthanized and perfused with 30 ml PBS to remove NaFl from the
vasculature. Brains and spinal cords were dissected, weighed, and
homogenized in PBS. Homogenates were clarified by centrifugation at
500 3 g for 10 min at 4˚C. A 1:1 ratio of supernatant was combined with
15% trichloroacetic acid and incubated for 24 h at 4˚C. Samples were
centrifuged and supernatants were neutralized with 5 N NaOH. Fluorescence
intensity was assessed with a Synergy H1 (BioTek, Winooski, VT) set at a 485
nm excitation, and NaFl concentrations were determined through extrapola-
tion from a standard curve generated from defined NaFl concentrations.

Clinical severity and histopathology

Clinical disease severity was assessed using a four-point scoring scale as
previously described (3). Mice were euthanized according to Institutional
Animal Care and Use Committee guidelines and perfused with 30 ml 4%
paraformaldehyde. Spinal cords were removed, fixed overnight in 4%
paraformaldehyde at 4˚C, and separated into eight 1.5-mm sections. Each
section was cryoprotected in 20% sucrose for 5 d before embedding in
OCT; 8-mm-thick coronal sections were cut and stained with Luxol fast
blue and H&E. The severity of demyelination for each mouse was deter-
mined using 6–12 spinal cord coronal sections per mouse using either a
previously described four-point scoring scale (14) and calculated as av-
erage 6 SEM or determining the percentage demyelination using ImageJ
software (National Institutes of Health).

Immunofluorescence

Spinal cord sections were processed as above. For immunofluorescence,
slides were first desiccated for at least 2 h and blocked with 5% normal
donkey serum with or without 0.3% Triton X-100. Primary Abs were in-
cubated overnight at 4˚C, including goat anti-CXCL1 1:50 (R&D Sys-
tems), rabbit anti-GFAP 1:500 (Life Technologies), rat anti-Ly6B.2 1:100
(Serotec, Raleigh, NC), rabbit anti-Iba11:500 (Wako Chemicals, Rich-
mond, VA), and rabbit anti–GST-p 1:1000 (MBL International, Woburn,
MA).

Neutrophil depletion

Mice received either 250 mg anti-Ly6g clone 1A8 or isotype control (Bio X
Cell, West Lebanon, NH) via i.p. injection every other day beginning
between days 3 and 15 p.i. Targeted depletion of neutrophils was con-
firmed by flow staining of circulating neutrophils at defined times after
treatment with Ly6g-specific Ab.

Statistical analysis

Flow cytometric data were analyzed with FlowJo (Tree Star), and statistical
analyses were performed using Prism (GraphPad Software)

Results
Dox treatment of pBI-CXCL1-rtTA double-tg mice elevates
CXCL1 mRNA and protein within the CNS

In response to CNS infection of C57BL/6 mice with JHMV,
the ELR+ chemokine CXCL1 is expressed at early times after
infection and serves to attract CXCR2-expressing neutrophils
to the CNS that aid in host defense by contributing to the
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permeabilization of the BBB (4). To better understand how
CXCL1 signaling affects host defense and disease progression
following viral infection of the CNS, tg mice were engineered to
use the tetracycline-controlled transcriptional activation system in
which the human GFAP promoter drove expression of a modified
version of the rtTA protein (rtTA*M2). Astrocytes were chosen for
targeted expression of CXCL1, as previous studies (15–17) have
shown these cells to be the primary source of CXCL1 in models of
neuroinflammation as well as following infection of astrocytes
with JHMV (5, 6). In the presence of Dox, transcription initiates at
a tetracycline operon and leads to production of rCXCL1 mRNA
transcripts. Double-tg mice (pBI-CXCL1-rtTA) were generated
and genotyped to confirm that they incorporated both constructs
(Fig. 1A). Characterization of double-tg mice revealed Dox-de-
pendent expression of CXCL1 from cultured astrocytes as deter-
mined by immunofluorescence staining and ELISA (Fig. 1B, 1C).
We tested whether treatment of tg mice with Dox resulted in

overproduction of CXCL1 within the brain and spinal cord of the
CNS of JHMV-infected mice. Double-tg or single-tg mice were
infected i.c. with JHMV (250 PFU) and subsequently treated daily
with Dox (50 mg/kg) via i.p. injection starting at day 2 p.i. and
continuing through day 12 p.i. (Fig. 2A). Dox treatment resulted in
increased mRNA transcripts specific for CXCL1 in the brains of
infected double-tg mice at days 4, 7, and 12 p.i. compared with
single-tg mice (Fig. 2B). Similarly, CXCL1 transcripts were ele-
vated in the spinal cords at days 4, 7 (p, 0.05), and 12 (p, 0.01)
p.i. when compared with single-tg mice (Fig. 2C). To confirm that
that CXCL1 mRNA was derived from the transgene and not from
germline-encoded CXCL1, we employed quantitative PCR primers
that specifically anneal to an untranslated region region specific
for endogenous CXCL1 mRNA and not tg CXCL1. As shown in
Fig. 2D, there was only a marginal increase in endogenously
produced CXCL1 mRNA transcripts when compared with
transgene-encoded CXCL1. These results confirm that increased
CXCL1 mRNA transcripts are derived from the CXCL1 trans-
gene. CNS-derived CXCL1 in Dox-treated double-tg mice resulted
in increased CXCL1 protein in both the spinal cord (Fig. 2E) and
serum (Fig. 2F) compared with single-tg mice at day 7 p.i. Im-
munofluorescence staining confirmed increased CXCL1 protein
present within the CNS and astrocytes as the primary cellular
source in Dox-treated double-tg mice (Fig. 2G). Finally, over-
production of rCXCL1 within the CNS of JHMV-infected mice
did not result in increased expression of other proinflammatory
cytokines and chemokines within the spinal cord (Fig. 2H) or
brain (data not shown). These data demonstrate that double-tg
mice are responsive to Dox treatment, resulting in increased
levels of CXCL1 derived within the CNS, and this corresponds
to elevated levels of circulating CXCL1 within the serum.
However, CXCL1 overproduction does not impact the expres-
sion of other proinflammatory factors involved in JHMV host
defense and disease.

CXCL1 overexpression increases morbidity/mortality in
double-tg mice

Dox-induced overexpression of CXCL1 within the CNS resulted
in a statistically significant increase in clinical disease sever-
ity (Fig. 3A) and this correlated with an increase in mortality
(Fig. 3B). This was not associated with impaired ability to control
viral infection in Dox-treated double-tg mice, as there were
comparable titers in the brains at days 4 and 7 p.i. whereas lower
viral titers (p , 0.05) were found in spinal cords at days 4 and
7 p.i. (Fig. 3C, 3D). Both double-tg and single-tg animals reduced
CNS viral titers to below detectable titers as measured by plaque
assay within the brain by day 12 p.i. (Fig. 3C) whereas viral titers

within the spinal cord at day 12 p.i. were near the limit of de-
tection (Fig. 3D). Moreover, no differences were observed with
viral RNA load between double-tg and single-tg mice at day 12 p.i.
(data not shown). Treatment of JHMV-infected astrocytes with
rCXCL1 did not decrease viral titers, ruling out that CXCL1 did

FIGURE 1. Generation and in vitro characterization of a Dox-inducible,
astrocyte-specific CXCL1 overexpressing mouse line. (A) Double-tg
mice utilizing the tetracycline operon–controlled Dox-inducible system
were generated by crossing hemizygous human GFAP-rtTA*M2 mice to
a tg mouse line incorporating a tetracycline responsive element driving
expression of CXCL1 (pBI-CXCL1). Shown are PCR results with ge-
nomic DNA from mice revealing amplicons specific for either pBI-
CXCL1 or GFAP-rtTa. The internal control was performed when
detecting GFAP-rtTa amplicons according to defined Jackson Laboratory
protocols. (B) Cortex tissue from double-tg and single-tg postnatal day 1
mice was dissociated and enriched for astrocytes. Following 24 h of Dox
(100 ng/ml)-treated double-tg astrocyte cultures, immunofluorescence
(original magnification 320) confirmed CXCL1 expression within GFAP+

astrocytes whereas vehicle treatment yielded no CXCL1 fluorescence. (C)
Supernatants from Dox-treated double-tg and single-tg astrocytes cultures
were collected and levels of CXCL1 were measured by ELISA. In the
presence of Dox, double-tg cultures yielded significantly elevated CXCL1
protein levels, whereas single-tg cultures did not. Data from (C) represent
supernatants pooled from triplicate wells derived from three separate
double-tg and single-tg mouse cultures. Data are presented as average 6
SEM; statistical significant was measured with an unpaired two-tailed
Student t test. **p , 0.01.
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not exert a direct antiviral effect on infected glial cells (data not
shown). Collectively, these data indicate that the augmented
clinical disease severity in Dox-treated double-tg mice is not a
result of an inability to control viral replication within the CNS.

Neutrophil migration to the CNS is increased in Dox-treated
double-tg mice

We have previously shown that neutrophils migrate into the CNS of
JHMV-infected mice through a CXCR2-dependent mechanism (4).
Therefore, we determined whether Dox-induced CXCL1 over-

expression within the CNS resulted in enhanced mobilization of
neutrophils to the CNS in response to JHMV infection. JHMV-
infected double-tg and single-tg mice were i.c. infected with
virus, treated with Dox, and mice were sacrificed at days 4 and 7
p.i. and neutrophil (Ly6GhiCD11b+) levels in blood were mea-
sured by flow cytometry. CXCL1 overexpression from the CNS
resulted in significantly increased frequency of neutrophils
within the blood at days 4 (p , 0.05) and 7 (p , 0.001) p.i. in
double-tg mice compared with infected single-tg controls
(Fig. 4A). Dox-induced CXCL1 production in JHMV-infected

FIGURE 2. CXCL1 is induced in vivo following administration of Dox into double-tg mice during acute JHMV infection. (A) To test the ability of Dox
to induce CXCL1 overproduction in vivo, double-tg and single-tg mice were infected with 250 PFU JHMV and treated daily with 50 mg/kg Dox between
days 2 and 12 p.i. (B) Administration of Dox to double-tg mice resulted in a significant increase in the expression of CXCL1 mRNA compared with Dox-
treated single-tg mice within the brain at days 4, 7, and 12 p.i. as measured by quantitative real-time PCR. (C) Within the spinal cord, dox-treated double-tg
mice had statistically significant increases in CXCL1 mRNA expression over Dox-treated single-tg mice at days 7 and 12 p.i. (D) CXCL1 transgene
expression within the brain and spinal cord did not impact endogenous CXCL1 production within Dox-treated double-tg mice compared with Dox-treated
single-tg mice. Overproduction of CXCL1 protein was observed within the spinal cord at day 7 p.i. within double-tg mice (E), and this correlated with an
increase in CXCL1 protein within the blood serum (F) at day 7 p.i. as measured by ELISA. (G) Immunofluorscence analysis (original magnification340) of
spinal cord tissue from Dox-treated double-tg mice confirmed that astrocytes were the source of CXCL1 production at day 7 p.i. (H) No significant changes
in proinflammatory gene expression between double-tg and single-tg mice were observed within the spinal cord at day 12 p.i. using an RNA superarray.
Data from (B) represent two experiments with a minimum of four mice per group. All quantitative real-time PCR samples were run in triplicate. (D) and (E)
represent a minimum of three mice per group. Superarray data were compiled used the average value of two mice per group run in duplicate. Data are
presented as average 6 SEM; statistical significance was measured using an unpaired two-tailed Student t test. *p , 0.05, **p , 0.01.
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double-tg mice also resulted in a significant increase in neutrophil
frequency within the brain at days 4 (p , 0.0001) and 7 (p , 0.01)
p.i. (Fig. 4B). Similarly, there was an increase in neutrophil fre-
quency within spinal cords of double-tg mice at days 4 (p , 0.01)
and 7 (p , 0.05) p.i. compared with single-tg mice (Fig. 4C).
Immunofluorescence staining for neutrophils (Ly6B.2) supported
the flow cytometric data and revealed increased numbers of
neutrophils accumulating within the meninges of double-tg
mice at day 7 p.i. (Fig. 4D). The increased presence of neu-
trophils within the CNS of double-tg mice suggested that there
would also be a corresponding increase in BBB permeability.
Rather, no differences were observed in BBB permeability
within the brain or spinal cord at day 4 p.i. as measured by
NaFl uptake (Fig. 4E) and at day 7 p.i. (data not shown). We
also determined whether Dox-induced expression of CXCL1
affected mobilization and migration of Ly6C+ monocytes to the
CNS, as previous studies revealed an important role for these
cells in amplifying the severity of autoimmune-mediated de-
myelination (18). There were no significant differences in
the frequency CD11b+Ly6C+Ly6G2 cells within the blood or
brains of Dox-treated double-tg mice as compared with single-
tg mice at defined times after infection with JHMV as deter-
mined by flow cytometric analysis (Fig. 4F, 4G). However,
there was a slight but significant (p , 0.05) decrease in
numbers of CD11b+Ly6C+Ly6G2 cells within the spinal cords
of Dox-treated double-tg mice at day 12 p.i. compared with single-
tg mice (Fig. 4G) There were no differences in numbers of CD11b+

Ly6C+Ly6G2 cells within the blood or CNS of Dox-treated double-
tg mice compared with single-tg mice (data not shown).

Demyelination is increased in response to elevated CNS
expression of CXCL1

Examination of spinal cords from JHMV-infected, Dox-treated
double-tg mice revealed an overall increase (p , 0.05) in the
severity of demyelination when compared with infected single-tg
animals (Fig. 5A). Analysis of defined spinal cord sections
revealed increased demyelination along the length of the spinal
cords of infected double-tg mice compared with single-tg mice,
although pathology was enhanced within the upper thoracic region
and to a lesser extent within the lower thoracic/lumbar regions
(Fig. 5A). The increase in demyelination in double-tg mice was
associated with a significant (p , 0.05) loss of mature oligo-
dendrocytes (as determined by expression of GST-p) within the
spinal cords (Fig. 5B). Additionally, there were increased numbers
of microglia (CD45loF4/80+) cells in Dox-treated, JHMV-infected
double-tg mice compared with infected single-tg mice within the
spinal cord as determined by flow cytometry as well as immu-
nohistochemical staining for Iba1 (Fig. 5C). Immunophenotyping
cells infiltrating into the brain via flow cytometry revealed no
differences in the frequencies or numbers of CD45hi cells at de-
fined times after infection (Supplemental Fig. 1). Within the spinal
cord, there was a significant increase in the frequency of CD45hi

infiltrates at day 4 p.i. and reflects the early enhancement of neu-
trophils in double-tg mice treated with Dox (Supplemental Fig. 1).
However, there were no differences in CD4+ T cells (Supplemental
Fig. 1), CD8+ T cells (Supplemental Fig. 1), or virus-specific CD4+

(Supplemental Fig. 1) or CD8+ T cells (Supplemental Fig. 1) in-
filtration into the brain or spinal cords of experimental mice.
Overexpression of CXCL1 in Dox-treated, JHMV-infected double-
tg mice did not increase numbers of infiltrating macrophages

FIGURE 3. CXCL1 overproduction amplifies JHMV-induced clinical disease and mortality but is not a result of delayed viral clearance. Double-tg and
single-tg mice were infected with 250 PFU JHMV and treated with 50 mg/kg Dox daily starting at day 2 p.i. through day 12 p.i. (A) Clinical severity was
assessed until day 30 p.i. using a four-point scale. (B) Dox treatment of double-tg mice led to significantly increased mortality compared with Dox-treated
single-tg controls. Viral titers of Dox-treated double-tg and single-tg mice were measured within both the brain (C) and spinal cord (D) by plaque assay.
Each symbol represents one individual mouse; solid black lines represent geometric means. Statistical significance was measured with the Mann–Whitney
U test. Clinical disease and mortality scoring represents an average of double-tg and single-tg mice. For (A) and (B), n = 23 single-tg mice and n = 12
double-tg mice. Statistical significance for the clinical scoring data was determined by a Student t test for each time point assessed. Statistical comparison of
the survival curves was measured using the Mantel–Cox test. *p , 0.05, **p , 0.01.
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(CD45hiF4/80+) in either the brains (Supplemental Fig. 2) or spinal
cords (Supplemental Fig. 2) as compared with infected single-tg
mice (Supplemental Fig. 2). Additionally, no differences were
detected in expression of activation markers MHC class II
(Supplemental Fig. 2) or CD80 (Supplemental Fig. 2), arguing
that overexpression of CXCL1 in response to Dox treatment was
not enhancing the activation state of inflammatory macrophages
that contributed to increased myelin destruction.

Neutrophil accumulation within the spinal cord correlates with
increased demyelination

We next determined whether neutrophil infiltration into the CNS
was associated with the increase in both clinical and histologic
disease in double-tg mice. Flow cytometric data indicated that

neutrophil frequencies within the spinal cords of infected double-tg
mice were significantly increased (p , 0.01) as well as their total
numbers (p , 0.001) at day 12 p.i. compared with single-tg mice
(Fig. 6A). CXCL1 expression, as determined by immunohisto-
chemical staining, was elevated within the spinal cords of Dox-
treated double-tg mice as compared with treated single-tg mice
(Fig. 6B). Correspondingly, in double-tg mice, a significant in-
crease in neutrophils (p , 0.05) was detected within the spinal
cord parenchyma of double-tg mice compared with single-tg mice
(Fig. 6C, 6D). Notably, neutrophils were enriched within the upper
thoracic region of the spinal cord undergoing demyelination
whereas these cells were relatively absent in demyelinating lesions
in single-tg mice (Fig. 6E). To determine whether the robust pa-
renchymal presence of neutrophils within the spinal cords of double-

FIGURE 4. CXCL1 overproduction from astrocytes mobilizes neutrophils and directs them to the CNS. Blood from Dox-treated, JHMV-infected
double-tg and single-tg mice was isolated at day 4 and day 7 p.i. and used for flow cytometric analysis. (A) The frequency of CD11b+Ly6G+ neutrophils
was significantly higher within the blood at days 4 and 7 p.i. Neutrophil migration to the brains (B) and spinal cords (C) of both groups was assessed by
flow cytometry at days 4 and 7 p.i. A significant increase in neutrophil frequency within the brain and spinal cord was observed in Dox-treated double-
tg mice at both time points. (D) Immunofluorescence analysis indicated that Ly6B.2+ neutrophils were primarily located at the ependymal lining and
perivascular space at the spinal cord, with minimal neutrophil presence within the parenchyma. Scale bars, 50 mM. (E) At day 4 p.i., brains and spinal
cords from Dox-treated single-tg and double-tg mice treated with NaFl were removed and total NaFl uptake was measured. No differences in the
frequency of CD11b+Ly6C+Ly6G2 cells were detected within either the blood (F) or brain and spinal cords (G) between Dox-treated double-tg or
single-tg mice at defined times after infection with JHMV. (A)–(C) represent three independent experiments with a minimum of three mice per group per
experiment at each time point analyzed; (F) and (G) represent two independent experiments with a minimum of three mice per group per experiment at
each time point analyzed. Data are presented as average 6 SEM; statistical significance was measured using an unpaired two-tailed Student t test. *p ,
0.05, **p , 0.01, ***p , 0.001, ****p , 0.0001.
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tg mice was associated with the enhanced lesion load, neutrophils
were eliminated from the periphery using anti-Ly6g mAb injection
from days 3 to 15 p.i. (Fig. 7A). Flow analysis of immune cell in-
filtrates within the spinal cord confirmed neutrophil depletion fol-
lowing anti-Ly6g treatment (Fig. 7A). Supporting our previous
findings that double-tg mice display an increase in white matter
demyelination compared with single-tg mice was the observation
that isotype-treated double-tg mice displayed a significant increase
(p , 0.001) in the percentage of total white matter demyelination
compared with anti-Ly6g–treated single-tg mice (Fig. 7B).

Discussion
The ELR+ CXC chemokines (CXCL1–3 and CXCL5–8) are high-
affinity ligands for their cognate receptor CXCR2. This signaling
axis serves critical functions in host defense and disease, as it is
the dominant chemotactic pathway for neutrophil homing to sites
of inflammation. CXCL1, CXCL2, and CXCL5 are upregulated
within the CNS shortly following JHMV infection and control
neutrophil migration to the BBB, resulting in peak accumulation
by 3 d p.i (4). The importance of neutrophils in host defense to
JHMV infection has been investigated with the use of Abs that
either eliminate neutrophils from the periphery or prevent their

chemotaxis to the CNS. Many of these studies (4, 19, 20) have
implicated the short-lived neutrophils as a primarily cellular
source for the protease MMP9 during acute JHMV infection.
However, no studies have investigated how chronic ELR chemo-
kine overproduction from the CNS impacts neutrophil function as
well as host defense and disease following JHMV infection.
The successful generation of a Dox-dependent CXCL1-

expressing tg mouse has allowed for selective CXCL1 pro-
duction from astrocytes within mice infected with JHMV. Dox
administration resulted in elevated CXCL1 transgene expression
within the brains and spinal cords of double-tg mice, correlating
with rapid and selective neutrophil migration to the CNS
compared with Dox-treated controls. As a result of CXCL1
transgene expression, double-tg mice displayed a sustained
increase in clinical disease severity congruent with an increase in
mortality. This observation shares similarities to mice infected with
the lethal DM-JHMV variant that is characterized by a severe
disease whereby neutrophils dominate the immune cell composi-
tion early following infection (20). Overaccumulation of neutro-
phils in the CNS did not result in an increase in BBB permeability
or affect the expression of proinflammatory factors that could
potentially attract inflammatory leukocytes. Indeed, we observed

FIGURE 5. Elevated CXCL1 expression is associated with increased demyelination. Histopathological analysis of spinal cords of double-tg mice
reveals an increase in demyelination. (A) Representative Luxol fast blue–stained spinal cords (original magnification 34) reveal increased (p ,
0.05) demyelination in Dox-treated double-tg mice compared with single-tg controls. Assessment of demyelination in defined spinal cord sections
indicates white matter damage is more concentrated within the upper thoracic (T) regions (T3–T7) compared with lower T9–T13 as well as lumbar
(L) regions examined. (B) Increased demyelination was associated with a reduction in the number total GST-p+ oligodendrocytes within the white
matter. The dot plot presented in (A) represents the percentage demyelination at specific anatomical regions of the spinal cord. (C) Immunofluo-
rescence staining for Iba1 revealed increased numbers of positive cells within areas of demyelination in spinal cords of double-tg compared with
single-tg mice at day 12 p.i., and flow analysis indicated increased (p , 0.05) numbers of microglia (CD45loF4/80+). Scale bars, 50 mM. (A)–(C)
represent a minimum of four mice per group. Data are presented as average 6 SEM; statistical significance was measured using an unpaired two-
tailed Student t test. *p , 0.05.
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no statistical difference in the frequencies of macrophages or
T cells between double-tg and single-tg mice at day 12 p.i. as
measured by flow cytometry. These results are partially supported
by Savarin et al. (7, 8) who have provided evidence that neutro-
phils are not essential for promoting access of activated immune
cells into the CNS, as neutropenic mice or MMP9-deficient mice
infected with sublethal strains of JHMV do not show appreciable
differences in the early recruitment of activated leukocytes into

the parenchyma. Overall, these data indicate that the increased
presence of neutrophils within the CNS following JHMV infection
does not influence BBB integrity and has no impact on the re-
cruitment of other inflammatory cells from the periphery. Impor-
tantly, Dox-induced CXCL1 within the CNS did not affect
mobilization of CD11b+Ly6C+Ly6G2 monocytes within the
blood or migration into the CNS. Rather, there were decreased
numbers of these cells within the spinal cords of Dox-treated
double-tg mice compared with single-tg mice by day 12 p.i.
Whether CXCL1 modulates trafficking of CD11b+Ly6C+Ly6G2

monocytes in chronic stages of CNS inflammatory disease is not
known at this time.
An increase in the severity of white matter demyelination was

observed at day 12 p.i. in Dox-treated double-tg mice, and this
correlated with an overall decrease in the total number of GST-p+

mature oligodendrocytes. We do not think that CXCL1 had any
direct cytotoxic activity on oligodendroglia, as we have previously

FIGURE 6. Neutrophils are found within parenchymal regions of the
spinal cord in double-tg mice. (A) At day 12 p.i. brains and spinal cords
were isolated and single-cell suspensions were prepared from double-tg
and single-tg mice infected with JHMV. Flow cytometric analysis revealed
a significant increase in the frequency and total number of neutrophils
within the spinal cord of double-tg mice. (B) CXCL1 protein was detected
by immunohistochemical staining (red arrowheads) within spinal cords of
Dox-treated double-tg mice, and (C) immunofluorescence staining further
demonstrated a significant increase in the number of Ly6B.2+ neutrophils
(yellow arrowheads). Scale bars, 50 mM. (D) Quantification of neutrophils
within the spinal cords indicated an overall increase (p , 0.05) in Dox-
treated double-tg mice compared with Dox-treated single-tg mice. (E)
Quantification of neutrophils in defined anatomic regions of spinal cords
showed increased numbers of neutrophils (p , 0.05) within upper thoracic
(T) regions (T3–T9) and lower numbers at T11–T13 and lumbar (L) re-
gions in Dox-treated double-tg mice compared with Dox-treated single-
tg mice. (A) represents three independent experiments with a minimum
of three mice per group per experiment. (D) and (E) represent a minimum
of three mice per group. Data are presented as average 6 SEM; statis-
tical significance was measured using an unpaired two-tailed Student
t test. *p , 0.05.

FIGURE 7. Neutrophils amplify the severity of demyelination. (A) Dox-
treated JHMV-infected double-tg mice were treated with either anti-Ly6g
Ab or isotype-matched control starting between days 3 and 4 p.i. and
continuing every other day until day 15 p.i. Representative flow analysis of
spinal cords confirmed anti-Ly6G treatment successfully depleted neutro-
phils. (B) Representative Luxol fast blue–stained spinal cord sections from
JHMV-infected double-tg mice treated with either control IgG2a or anti-
Ly6G Ab between days 3 and 15 p.i. Quantification of the severity of
demyelination revealed reduced white matter damage in mice treated with
anti-Ly6G Ab compared with mice treated with isogenic IgG2a control
Ab; data are derived from two independent experiments with a minimum
of three mice per group per experiment. Data are presented as average 6
SEM; statistical significance was measured using an unpaired two-tailed
Student t test. *p , 0.001.
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shown that treatment of differentiating mouse oligodendrocyte
progenitor cells with recombinant CXCL1 does not kill these cells
(21). However, our findings revealed a significant parenchymal
presence of neutrophils associated with regions of severe de-
myelination in JHMV-infected double-tg mice, and ablation of
these cells limited the severity of white matter damage, arguing
for an important role for neutrophils in amplifying disease.
Although recent studies suggest that Ly6C+ myeloid precursor
cells play a pathogenic role during autoimmune demyelination
(17), our findings reveal that the increase in tissue damage was
not the result of enhanced migration of these cells to the CNS of
Dox-treated double-tg mice when compared with single-tg
mice. Neutrophils are known to possess an arsenal of prote-
ases and toxic factors that can impact cell survival, including
neutrophil elastase, cathepsin G, and MMPs (22). Moreover,
respiratory burst from the neutrophil phagosome and the gen-
eration NO as well as reactive oxygen species through the
NADPH oxidase complex can contribute to both vascular and
parenchymal damage, resulting in bystander destruction of
axons and oligodendrocytes within white matter tissue (23, 24).
This has been demonstrated in mouse models of ischemic injury
where inhibition of the NADPH complex results in less injury
to vascular endothelium and reduced cellular damage within
brain parenchyma (25). Furthermore, neutrophils are implicated
in exacerbating lesion development within spinal cords on pa-
tients with neuromyelitis optica (26), and inhibition of neutro-
phil elastase, a serine protease released from the primary
granules of neutrophils, within mouse models of neuromyelitis
optica resulted in reduced neuroinflammation and myelin loss
(27, 28). The potential destructive force of neutrophils has also
been demonstrated using neurovirulent JHM recombinant var-
iants, as neutrophil depletion or inhibition of NO synthase
correlated with reduced apoptosis of glial cells within the brain
(29). Another scenario is that neutrophils could be promoting
pathology by drawing in macrophages within more cervical and
upper thoracic regions of the spinal cord. Within the EAE
model of chronic neurologic disease, neutrophils have recently
been reported to have a role in maturating local APCs within
the CNS, thus potentially contributing to enhanced disease
severity by increasing numbers of autoreactive T cells (30). We
observed dense clusters of macrophages in heavily demyelin-
ated white matter regions that also contained significant neu-
trophil populations in double-tg mice. However, we think it
unlikely that the increase in disease severity is the result of
macrophages presenting viral Ag, as we did not detect elevated
numbers of virus-specific T cells within either the brain or
spinal cord.
Tani et al. (31) have shown that chronic overexpression of

CXCL1 from oligodendrocytes within naive mice results in a
neurologic disease associated with microglia and astrocytic reac-
tivity as a result of pronounced neutrophil accumulation within the
brain. Indeed, we observed increased numbers of microglia within
infected double-tg mice, and astrocytes displayed distinct pheno-
typic changes within heavily demyelinated regions, including
truncated morphologies and hypertrophy (unpublished observa-
tions). We are currently evaluating how microglia may augment
demyelination and whether this is dependent on the presence of
neutrophils. More importantly, these findings argue that sustained
neutrophil infiltration into the CNS enhances clinical disease se-
verity associated with an increase in white matter destruction.
Additionally, our observations are consistent with recent studies
from Segal and colleagues (32) and argue that therapies targeting
neutrophil accumulation within the CNS may offer novel alter-
native therapies for treating neuroinflammatory diseases.

Acknowledgments
We thank Colleen Worne for outstanding technical assistance.

Disclosures
The authors have no conflicts of interest.

References
1. Bergmann, C. C., T. E. Lane, and S. A. Stohlman. 2006. Coronavirus infection

of the central nervous system: host-virus stand-off. Nat. Rev. Microbiol. 4:
121–132.

2. Liu, M. T., B. P. Chen, P. Oertel, M. J. Buchmeier, D. Armstrong,
T. A. Hamilton, and T. E. Lane. 2000. The T cell chemoattractant IFN-inducible
protein 10 is essential in host defense against viral-induced neurologic disease. J.
Immunol. 165: 2327–2330.

3. Lane, T. E., M. T. Liu, B. P. Chen, V. C. Asensio, R. M. Samawi, A. D. Paoletti,
I. L. Campbell, S. L. Kunkel, H. S. Fox, and M. J. Buchmeier. 2000. A central
role for CD4+ T cells and RANTES in virus-induced central nervous system
inflammation and demyelination. J. Virol. 74: 1415–1424.

4. Hosking, M. P., L. Liu, R. M. Ransohoff, and T. E. Lane. 2009. A protective role
for ELR+ chemokines during acute viral encephalomyelitis. PLoS Pathog. 5:
e1000648.

5. Lane, T. E., V. C. Asensio, N. Yu, A. D. Paoletti, I. L. Campbell, and
M. J. Buchmeier. 1998. Dynamic regulation of a- and b-chemokine expression
in the central nervous system during mouse hepatitis virus-induced demyelin-
ating disease. J. Immunol. 160: 970–978.

6. Hosking, M. P., E. Tirotta, R. M. Ransohoff, and T. E. Lane. 2010. CXCR2
signaling protects oligodendrocytes and restricts demyelination in a mouse
model of viral-induced demyelination. PLoS One 5: e11340.

7. Savarin, C., S. A. Stohlman, R. Atkinson, R. M. Ransohoff, and C. C. Bergmann.
2010. Monocytes regulate T cell migration through the glia limitans during acute
viral encephalitis. J. Virol. 84: 4878–4888.

8. Savarin, C., S. A. Stohlman, A. M. Rietsch, N. Butchi, R. M. Ransohoff, and
C. C. Bergmann. 2011. MMP9 deficiency does not decrease blood-brain barrier
disruption, but increases astrocyte MMP3 expression during viral encephalo-
myelitis. Glia 59: 1770–1781.

9. Yu, J., L. Zhang, P. M. Hwang, C. Rago, K. W. Kinzler, and B. Vogelstein. 1999.
Identification and classification of p53-regulated genes. Proc. Natl. Acad. Sci.
USA 96: 14517–14522.

10. Hirano, N., T. Murakami, K. Fujiwara, and M. Matsumoto. 1978. Utility of
mouse cell line DBT for propagation and assay of mouse hepatitis virus. Jpn. J.
Exp. Med. 48: 71–75.

11. Schwartz, J. P., and D. J. Wilson. 1992. Preparation and characterization of type
1 astrocytes cultured from adult rat cortex, cerebellum, and striatum. Glia 5: 75–
80.

12. Tirotta, E., P. Duncker, J. Oak, S. Klaus, M. R. Tsukamoto, L. Gov, and
T. E. Lane. 2013. Epstein-Barr virus-induced gene 3 negatively regulates neu-
roinflammation and T cell activation following coronavirus-induced encepha-
lomyelitis. J. Neuroimmunol. 254: 110–116.

13. Blanc, C. A., H. Rosen, and T. E. Lane. 2014. FTY720 (fingolimod) modulates
the severity of viral-induced encephalomyelitis and demyelination. J. Neuro-
inflammation 11: 138.

14. Chen, L., R. Coleman, R. Leang, H. Tran, A. Kopf, C. M. Walsh, I. Sears-
Kraxberger, O. Steward, W. B. Macklin, J. F. Loring, and T. E. Lane. 2014.
Human neural precursor cells promote neurologic recovery in a viral model of
multiple sclerosis. Stem Cell Rep. 2: 825–837.

15. Kang, Z., C. Wang, J. Zepp, L. Wu, K. Sun, J. Zhao, U. Chandrasekharan,
P. E. DiCorleto, B. D. Trapp, R. M. Ransohoff, and X. Li. 2013. Act1 mediates
IL-17-induced EAE pathogenesis selectively in NG2+ glial cells. Nat. Neurosci.
16: 1401–1408.

16. Glabinski, A. R., M. Krakowski, Y. Han, T. Owens, and R. M. Ransohoff. 1999.
Chemokine expression in GKO mice (lacking interferon-g) with experimental
autoimmune encephalomyelitis. J. Neurovirol. 5: 95–101.

17. Glabinski, A. R., V. K. Tuohy, and R. M. Ransohoff. 1998. Expression of che-
mokines RANTES, MIP-1a and GRO-a correlates with inflammation in acute
experimental autoimmune encephalomyelitis. Neuroimmunomodulation 5: 166–
171.

18. King, I. L., T. L. Dickendesher, and B. M. Segal. 2009. Circulating Ly-6C+

myeloid precursors migrate to the CNS and play a pathogenic role during au-
toimmune demyelinating disease. Blood 113: 3190–3197.

19. Zhou, J., N. W. Marten, C. C. Bergmann, W. B. Macklin, D. R. Hinton, and
S. A. Stohlman. 2005. Expression of matrix metalloproteinases and their tissue
inhibitor during viral encephalitis. J. Virol. 79: 4764–4773.

20. Zhou, J., S. A. Stohlman, D. R. Hinton, and N. W. Marten. 2003. Neutrophils
promote mononuclear cell infiltration during viral-induced encephalitis. J.
Immunol. 170: 3331–3336.

21. Tirotta, E., R. M. Ransohoff, and T. E. Lane. 2011. CXCR2 signaling protects
oligodendrocyte progenitor cells from IFN-g/CXCL10-mediated apoptosis. Glia
59: 1518–1528.

22. Mantovani, A., M. A. Cassatella, C. Costantini, and S. Jaillon. 2011. Neutrophils
in the activation and regulation of innate and adaptive immunity. Nat. Rev.
Immunol. 11: 519–531.

23. Hampton, M. B., A. J. Kettle, and C. C. Winterbourn. 1998. Inside the neutrophil
phagosome: oxidants, myeloperoxidase, and bacterial killing. Blood 92: 3007–
3017.

The Journal of Immunology 9
 at U

niversity of U
tah on January 18, 2016

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 



52 

 

24. Weiss, S. J. 1989. Tissue destruction by neutrophils. N. Engl. J. Med. 320: 365–376.
25. Chen, H., Y. S. Song, and P. H. Chan. 2009. Inhibition of NADPH oxidase is

neuroprotective after ischemia-reperfusion. J. Cereb. Blood Flow Metab. 29:
1262–1272.

26. Lucchinetti, C. F., R. N. Mandler, D. McGavern, W. Bruck, G. Gleich,
R. M. Ransohoff, C. Trebst, B. Weinshenker, D. Wingerchuk, J. E. Parisi, and
H. Lassmann. 2002. A role for humoral mechanisms in the pathogenesis of
Devic’s neuromyelitis optica. Brain 125: 1450–1461.

27. Zhang, H., J. L. Bennett, and A. S. Verkman. 2011. Ex vivo spinal cord slice
model of neuromyelitis optica reveals novel immunopathogenic mechanisms.
Ann. Neurol. 70: 943–954.

28. Saadoun, S., P. Waters, C. MacDonald, B. A. Bell, A. Vincent, A. S. Verkman, and
M. C. Papadopoulos. 2012. Neutrophil protease inhibition reduces neuromyelitis
optica-immunoglobulin G-induced damage in mouse brain. Ann. Neurol. 71: 323–333.

29. Iacono, K. T., L. Kazi, and S. R. Weiss. 2006. Both spike and background
genes contribute to murine coronavirus neurovirulence. J. Virol. 80: 6834–
6843.

30. Steinbach, K., M. Piedavent, S. Bauer, J. T. Neumann, and M. A. Friese. 2013.
Neutrophils amplify autoimmune central nervous system infiltrates by maturing
local APCs. J. Immunol. 191: 4531–4539.

31. Tani, M., M. E. Fuentes, J. W. Peterson, B. D. Trapp, S. K. Durham,
J. K. Loy, R. Bravo, R. M. Ransohoff, and S. A. Lira. 1996. Neutrophil
infiltration, glial reaction, and neurological disease in transgenic mice
expressing the chemokine N51/KC in oligodendrocytes. J. Clin. Invest. 98:
529–539.

32. Rumble, J. M., A. K. Huber, G. Krishnamoorthy, A. Srinivasan, D. A. Giles,
X. Zhang, L. Wang, and B. M. Segal. 2015. Neutrophil-related factors as bio-
markers in EAE and MS. J. Exp. Med. 212: 23–35.

10 CXCL1 AND VIRAL-INDUCED DEMYELINATION
 at U

niversity of U
tah on January 18, 2016

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 



53 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
SUPPLEMENTAL FIGURE 1.  CXCL1 overproduction from the CNS does not affect 
T cell infiltration into the CNS.  Single cell suspensions from the brains and spinal cords 
from Dox-treated JHMV-infected double tg and single tg mice were isolated and 
immunophenotyped by flow cytometry.  (A) No statistical difference was observed in the 
frequency of CD45hi inflammatory infiltrates within the brain at day 4, 7 or 12 post-
infection (p.i.). (B) Within the spinal cord, CD45hi cells were elevated (p<0.05) at day 4 
p.i. in dox-treated double tg mice; however, this increase was no longer observed at day 7 
or 12 p.i. Furthermore, no changes were observed in the frequency of CD4+ (C,D) and 
CD8+ (E,F) T cells within the brain and spinal cord at day 4, 7 or 12 p.i.. The frequency 
and number of virus-specific CD4+ (G,H) and CD8+ (I,J) T cell also remained 
unchanged at all examined time-points.  Flow cytometric data represents 3 independent 
experiments with a minimum of 3 mice per group per experiment at each time-point. 
Data is presented as average+SEM. Statistical significance was measured using an 
unpaired 2-tailed Student’s t test; *p<0.05.�
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SUPPLEMENTAL FIGURE 2. Macrophage infiltration into the CNS is not affected by 
overproduction of CXCL1. Macrophage (CD45hiF480+) infiltration within the brain (A) 
and spinal cord (B) remained relatively unchanged in infected Dox-treated double tg mice 
compared to Dox-treated single tg mice. No differences were observed in the median 
fluorescence intensity (MFI) of MHC-II (C) and CD80 (D) within the brain or spinal cord 
of double tg and single tg mice. Flow cytometric data represents 3 independent 
experiments with a minimum of 3 mice per group per experiment at each time-point. 
Statistical significance was measured using an unpaired 2-tailed Student’s t test; *p<0.05.�



 

 

 

 

 

 

 

 

CHAPTER 4 

 

INDUCED CENTRAL NERVOUS SYSTEM EXPRESSION OF CXCL1 AUGMENTS 

NEUROLOGIC DISEASE IN AN AUTOIMMUNE MODEL OF MULTIPLE 

SCLEROSIS VIA ENHANCED NEUTROPHIL RECRUITMENT 
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4.1 Abstract 

The functional role of the chemokine CXCL1 in contributing to 

neuroinflammation and demyelination in EAE was examined. Through use of transgenic 

(tg) mice in which expression of CXCL1 is under the control of a tetracycline-inducible 

promoter active within GFAP+ cells, we have shown that sustained CXCL1 expression 

within the CNS increases clinical and histologic disease that is independent of an increase 

in either the frequency of encephalitogenic myelin-reactive Th1 or Th17 cells. Rather, 

increased disease was associated with enhanced recruitment of CD11b(+)Ly6G(+) 

neutrophils into the spinal cord. Neutrophil ablation resulted in a reduction in 

demyelination, arguing for a role for these cells in myelin damage. Collectively, these 

findings emphasize that CXCL1-mediated attraction of neutrophils into the CNS 

augments demyelination, arguing that this signaling pathway may offer new targets for 

therapeutic intervention. 

 

4.2 Introduction 

EAE is a T cell-driven autoimmune disease sharing many clinical and pathologic 

features with the human demyelinating disease MS (1-3). In EAE, CD4+ and CD8+ T 

cells specific for self-antigens expressed in CNS myelin initiate a localized inflammatory 

process that results in demyelination, axonopathy, and clinical deficits (4-6). The concept 

that the adaptive immune response is critical for new lesion development and disease 

progression in MS is emphasized in that FDA-approved disease modifying therapies are 

designed to limit infiltration of encephalitogenic lymphocytes into the CNS (7). Among 

the mechanisms by which myelin-reactive CD4+ T cells contribute to disease is through 
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localized secretion of cytokines e.g. IL-17 that increases expression of chemokines that 

attract myeloid cells into the CNS (8). Monocytes and macrophages amplify white matter 

damage through active stripping of the myelin sheath, leading to axonal damage, 

presentation of novel myelin epitopes to T cells, and amplifying neuroinflammation 

through secretion of proinflammatory molecules. In addition, IL-17 secretion increases 

expression of neutrophil chemoattractant chemokines CXCL1 and CXCL2, resulting in 

increased recruitment and accumulation of these cells within the CNS (9). 

 Increasing evidence in both preclinical models of MS as well as from MS patients 

have highlighted a potentially important role for neutrophils in demyelination (10-20). 

Neutrophil depletion delays the onset of clinical symptoms in EAE mice, arguing for a 

role for these cells in disease initiation and/or lesion formation (9, 13, 17, 19). Studies 

designed to decipher the mechanisms by which neutrophils augment disease progression 

point to increases in vascular permeability as well as secretion of reactive nitrogen and 

oxygen species (14, 18). In patients with relapsing-remitting MS, there are elevated 

systemic levels of neutrophil-activating chemokines, including CXCL1, CXCL5, and 

neutrophil elastase accompanied by increased numbers of neutrophils having a primed 

phenotype (10, 12). Collectively, these findings from preclinical models as well as MS 

patients strongly argue for a role for neutrophils in contributing to disease.  

 Given the transient nature of neutrophils in terms of having a short half-life, 

limited presence within lesions, and tightly regulated expression of chemotactic signals 

underscores the challenging aspects involved in understanding the role of these cells in 

autoimmune demyelination. To overcome some of these limitations, we have derived a 

transgenic mouse whereby expression of CXCL1 is under the control of a tetracycline-
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inducible promoter that is active within GFAP+ cells (21). Upon Dox treatment, these 

animals exhibit increased CXCL1 expression within the CNS, resulting in increased and 

sustained neutrophil infiltration into the spinal cord of mice infected with the neurotropic 

JHMV (21). Using these transgenic mice, we have recently shown that increased 

neutrophil infiltration into the CNS of mice infected with JHMV increased 

neuroinflammation and demyelination, emphasizing an important role for neutrophils in 

participating in white matter damage (21). Our present study was undertaken to assess 

how increased and sustained neutrophil recruitment into the CNS impacts EAE disease 

progression. Our findings indicate that increased expression of CXCL1 within the CNS 

results in more severe EAE as measured by both clinical disease and demyelination. The 

increase in disease was not dependent on an increase in myelin-reactive Th1 or Th17 

cells but correlated with increased numbers of neutrophil infiltration into the spinal cord. 

Indeed, depletion of neutrophils resulted in a reduction in the severity of white matter 

damage, highlighting a role for these cells in demyelination. 

 

4.3 Materials and methods 

4.3.1 Mice 

pBI-CXCL1-rtTA double transgenic mice (developed on the C57BL/6 

background) were developed as previously described (21). In brief, pBI-CXCL1 

transgenic mice were generated by the University of California, Irvine transgenic mouse 

facility through DNA microinjection of fertilized C56BL/6 eggs using the linearized pBI-

CXCL1 construct (22). The five resulting founder tg mice were mated to wildtype 

C57BL/6 mice to identify F1 offspring containing the transgene. To generate double tg 
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mice, hemizygous pBI-CXCL1 transgenics were crossed to hemizygous GFAP-rtTA*M2 

mice (JAX), resulting in double transgenic mice (pBI-CXCL1-rtTA), single tg (rtTA-

GFAP or pBI-CXCL1), or wildtype. Dox administration to double tg mice results in 

elevated CXCL1 transgene expression within astrocytes corresponding with increased 

CXCL1 protein and neutrophil accumulation whereas Dox treatment of single tg mice 

had no effect on CXCL1 expression nor neutrophil accumulation within the CNS (21). 

 

4.3.2 MOG35-55 EAE immunization 

For induction of EAE, experimental mice (aged 6-8 weeks old) were injected 

subcutaneously in the flanks with 200 µL of 1 mM MOG35- 55 peptide (DNA/Peptide 

Synthesis Core Facility, University of Utah) emulsified with reconstituted complete 

Freund’s adjuvant (Pierce Biotechnology, Waltham, MA, USA) containing 

Mycobacterium tuberculosis H37 Ra (2 mg/ml) (Difco Laboratories, Franklin Lakes, NJ, 

USA). Mice were injected intravenously with 100 µL Bordetella pertussis toxin (Ptx) 

(List Biological Laboratories Inc., Campbell, CA, USA) at 0.2 m g/mouse on days 0 and 2 

following sensitization. Double and single transgenic animals were injected with Dox 

(50mg/kg via i.p. injection) starting at day 9 following EAE induction and continuing 

through day 19 post-immunization. Experimental mice injected with MOG35- 55 were 

scored daily for clinical signs through day 21 following immunization using previously 

described methods (23).  
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4.3.3 Flow cytometry 

Inflammatory leukocytes infiltrating into the CNS were isolated using an 

established protocol (3,4). In short, CNS tissue was minced and leukocytes were isolated 

using a two-step Percoll gradient (90% and 63%). The isolated cells were collected and 

then washed prior to staining. Cells were incubated in an anti-CD16/32 Fc Block (BD 

Biosciences, San Jose, CA) at a dilution of 1:200. Cells were stained with fluorescently 

tagged rat anti-mouse IgG for the following cell surface antibodies, Ly6G, CD11b, 

CD45, CD8, (BD Biosciences), Ly6C, CD4, F4/80, I-A/I-E, CD11c (Biolegend, San 

Diego, CA), and CD4, B220 (eBiosciences, San Diego, CA), or Armenian hamster anti-

mouse IgG for CD80 (BD Biosciences).  

 

4.3.4 Ex vivo peptide restimulation 

Spinal cord leukocytes that were isolated using a Percoll gradient as above were 

stimulated with MOG35-55 peptide or 50ng/mL phorbol myristate acetate (PMA) (Sigma, 

St. Louis, MO) with 2ug/mL Ionomycin (Iono) (Sigma, St. Louis, MO) and BD 

Cytofix/Cytoperm Plus Fixation/Permeabilization Kit (with BD GolgiPlug protein 

transport inhibitor containing brefeldin A) (BD Biosciences, San Jose, CA) and incubated 

at 37°C for 6 hours or 5 hours, respectively. Cells were stained with the surface marker 

CD4 (eBiosciences, San Diego, CA) and for intracellular cytokines including Rat anti-

mouse IgG, IL-17A (eBiosciences, San Diego, CA), and IFN-γ (BD Biosciences). 
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4.3.5 Quantitative real-time PCR 

Total cDNA from brains and spinal cords of sham and EAE immunized mice at 

day 12 following disease induction was generated via Superscript III (Life Tech., 

Carlsbad, CA) following homogenization in Trizol (Life Tech., Carlsbad, CA). 

Expression of mRNA from defined mouse chemokine and cytokine genes including 

Cxcl1, Cxcl2, Cxcl10, Ccl2, Ccl5, IFN-γ, and IL-17A within the brain of experimental 

mice was determined by qPCR using SYBR Green I Master (Roche) on a LightCycler 

480 (Roche) and normalized to β-actin. (24) 

 

4.3.6 Histology 

Mice were euthanized according to IACUC guidelines and perfused with 20ml of 

4% paraformaldehyde (PFA). Spinal cords were removed, fixed overnight in 4% PFA at 

4°C, and separated into eight 1.5mm sections. Each section was cryoprotected in 30% 

sucrose for 5 days before embedding in OCT; 8 µM thick coronal sections were cut and 

stained with luxol fast blue (LFB) combined with hematoxylin and eosin (H&E). 

Pathology scoring of spinal cord sections was performed using previously described 

methods using 6-8 sections per cord (25).  

 

4.3.7 Immunofluorescence 

Spinal cord sections were processed as described above. For 

immunofluorescence, slides were first desiccated for 2 hours and blocked with 5% 

Normal Donkey Serum with or without 0.3% Triton-X 100. Primary antibodies were 

incubated overnight at 4°C: goat anti-CXCL1 1:50 (R&D Systems, Minneapolis, MN), 
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rabbit anti-GFAP 1:500 (Life Technologies, Carlsbad, CA), and rat anti-Ly-6B.2 1:100 

(Serotec, Raleigh, NC). Images were analyzed using the Image J software (NIH) 

according to previously described methods (26, 27).  

 

4.3.8 Antibody administration 

Rabbit polyclonal antiserum was generated to a 17-amino acid portion of the 

amino-terminus ligand binding domain of CXCR2 (MGEFKVDKFNIEDFFSG) 

(Cocalico Biologicals, Inc., Stevens, PA) and used to target neutrophils as previously 

described (9, 28, 29). Normal rabbit serum (NRS) from pre-immunized rabbits was used 

as controls. Experimental mice were injected i.p. with 0.5 mL with either anti-CXCR2 or 

NRS every 2-3 days starting on day 9 following EAE induction and ending on or before 

day 19. 

 

4.3.9 Statistical analysis 

Flow cytometry data were analyzed using FlowJo, while all graphs were analyzed 

using Prism. Significance was given if the p value was below 0.05 and averages were 

given in ±SEM. 

 

4.4 Results 

4.4.1 Increased clinical disease following Dox-induced  

expression of CXCL1 

Following induction of EAE, CD4+ T cell-derived IL-17 expression in the CNS 

potentiates disease by enhancing expression of the neutrophil chemoattractants CXCL1 
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and CXCL2 (9). The accumulation of neutrophils in the CNS is rapid yet transient and 

reflects the expression kinetics of CXCL1 and CXCL2. To better understand how 

neutrophil infiltration impacts demyelination and disease progression in EAE, tg mice 

were engineered to express CXCL1 within astrocytes upon doxycycline administration, 

as previous studies have shown these cells to be the primary source of CXCL1 in models 

of neuroinflammation (30, 31). Dox responsive double tg mice (pBI-CXCL1-rtTA) or 

single tg controls lacking the rtTA were immunized with MOG35-55 peptide and treated 

daily with Dox (50 mg/kg) i.p. between days 9 through 19 post-immunization (Fig. 

4.1A). Onset of clinical disease was similar between Dox-treated double tg and single tg 

mice (day 9 p.i.), but double tg mice exhibited a significant increase in clinical disease 

severity compared to single tg mice (Fig. 4.1B). Examination of mRNA transcripts 

encoding proinflammatory cytokines indicated a selective >2-fold increase in CXCL1 in 

Dox-treated double tg mice versus single tg mice at day 12 post-immunization, which 

represents a time in which there is a separation in clinical disease between double and 

single tg mice following MOG35-55 immunization. No differences in expression of 

transcripts encoding Cxcl2, Cxcl10, Ccl2, Ccl5, IFN-g, and Il-17A at day 12 between 

Dox-treated double tg and single tg mice were observed (Fig. 4.1C). A significant 

increase in CXCL1 protein was detected only in the spinal cord (Fig. 4.1E) and not in the 

serum (Fig. 4.1D) of double tg mice 12 days post-immunization compared to single tg 

controls . In contrast, we did not detect differences in proteins levels of G-CSF, GM-CSF, 

or IL-17 (data not shown) either prior to or following Dox treatment of double tg or 

single tg EAE mice. Immunofluorescence staining confirmed astrocytes (GFAP+) as the 

primary cellular source of CXCL1 in Dox-treated double tg EAE mice (Fig. 4.1F). 
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Together, these findings indicate that CXCL1 expression was specifically elevated in the 

CNS of Dox-treated double tg mice that correlated with an increase in clinical disease. 

 

4.4.2 Induced expression of CXCL1 does not increase either  

T cell or macrophage infiltration into the CNS 

MOG35-55-induced EAE disease correlates with CNS infiltration of Th1 and Th17 

CD4+ T cells reactive against the encephalitogenic MOG peptide (32). In addition, other 

immune subsets including CD8+ T cells, B cells, and macrophages are also considered 

important in amplifying clinical disease and pathology (32). We determined if 

overexpression of CXCL1 in the CNS of Dox-treated double tg mice immunized with 

MOG35-55 peptide altered the infiltration of inflammatory leukocytes into the CNS. We 

did not detect differences in the frequency or numbers of CD45hi leukocytes (data not 

shown), CD4+ T cells (Fig. 4.2A and B), or CD8+ T cells (Fig. 4.2C and D) in spinal 

cords of Dox-treated double tg mice compared to single tg mice. Moreover, there was no 

difference in intracellular CD4+ T cell cytokine expression of IFN-g, IL-17A, or co-

expressing IFN-g and IL-17A within the spinal cords at day 12 p.i. following 

PMA/ionomycin stimulation (Fig. 4.2E and F). Moreover, we did not observe changes in 

macrophages (CD45hiF4/80+) (Fig. 4.3A), microglia (CD45loF4/80+) (Fig. 4.3B), or 

macrophages or microglia co-expressing MHC class II and CD80 (Fig. 4.3C and D) of 

Dox-treated double and single tg EAE mice. Collectively, these findings argue that the 

increase in clinical disease following Dox-induced CXCL1 expression within the CNS is 

not due to increased infiltration of myelin-reactive CD4+ T cells nor other immune cells 

that are known to contribute to EAE disease severity. 
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4.4.3 Increased neutrophil accumulation within the spinal cord  

in response to Dox-induced expression of CXCL1 

CXCL1 is a potent chemoattractant of neutrophils expressing the chemokine 

receptor CXCR2 and its overexpression from astrocytes enhances the migration and 

accumulation of neutrophils in the white matter tracts of the spinal cords in a model of 

viral-induced encephalomyelitis (21, 28). We next investigated whether Dox-induced 

overexpression of CXCL1 promotes neutrophil accumulation in double tg mice induced 

with EAE. Histopathologic examination of spinal cord sections revealed increased 

localization of inflammatory cells in the anterior median fissure and meninges of the 

spinal cords of Dox-treated double tg mice compared to single tg EAE mice (Fig. 4.4A). 

The majority of inflammatory cells within spinal cords of double tg mice had a multi-

lobed nucleus characteristic of neutrophils (Fig. 4.4B). Immunofluorescence staining 

revealed increased numbers of cells positive for the neutrophil-associated surface antigen 

Ly6B.2 within the spinal cords of Dox-treated double tg EAE mice compared to single tg 

mice treated with Dox (Fig. 4.4C). In addition, flow analysis of spinal cords isolated 

from experimental mice indicated the frequency and numbers of neutrophils 

(CD45hiCD11b+Ly6G+) within the spinal cords of Dox-treated double tg mice were 

significantly (p<0.01) increased compared to single tg mice (Fig. 4.4D and E). 

Importantly, we did not observe an increase in Ly6C+ monocytes in either brain or spinal 

cords of double tg mice treated with Dox (data not shown). Together, these findings 

argue that the Dox-induced increase in CXCL1 expression within the CNS enhances the 

recruitment and accumulation of neutrophils within the spinal cords is associated 

increased with clinical disease severity. 
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4.4.4 Neutrophils increase the severity of demyelination in  

Dox-treated double tg EAE mice 

Using a model of viral-induced demyelination, we have previously shown that 

Dox-induced CXCL1 expression within the CNS increases the severity of white matter 

damage and this was correlated with enhanced neutrophil recruitment into the spinal cord 

(21). Assessment of spinal cord pathology between Dox-treated single tg and double tg 

mice was assessed using H&E/LFB staining at day 21 p.i. (Fig. 4.5A). Pathology scoring 

was evaluated by examining meningeal infiltration, perivascular cuffing, and 

demyelination. An increase in both meningeal infiltration (p<0.05) and demyelination 

(p<0.05) of double tg compared to single tg was observed (Fig. 4.5B). Furthermore, to 

determine whether neutrophils contributed to the enhancement of demyelination, MOG35-

55-immunized double tg mice treated with Dox were administered anti-CXCR2 antisera 

which we have previously shown to effectively target neutrophils (28, 31). Anti-CXCR2 

or NRS was administered to Dox-treated double tg mice at defined times following EAE 

induction (Fig. 4.5C). Administration of anti-CXCR2 antisera to Dox-treated double tg 

mice resulted in a dramatic reduction in clinical disease severity compared to animals 

treated with NRS alone (Fig. 4.5D) and this was correlated with reduced numbers of 

circulating CD45hiCD11b+Ly6C+Ly6G+ neutrophils (Fig. 4.5E). The reduction in clinical 

disease in Dox-treated double tg mice treated with anti-CXCR2 correlated with a 

significant (p<0.01) reduction in the severity of demyelination compared to NRS treated 

mice (Fig. 4.5F and G) and this was associated with reduced numbers of neutrophils 

present within the spinal cords (Fig. 4.5H and I). Together, these findings indicate that 

neutrophils can enhance the severity of demyelination in MOG35-55-induced EAE. 
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4.5 Discussion 

The pathogenesis of MS is characterized by CNS inflammatory lesions consisting 

of activated lymphocytes and monocyte/macrophages (33, 34). The importance of these 

cells to disease is highlighted in that FDA-approved DMTs used in treatment of 

relapsing-remitting MS limit immune cell infiltration and lesion development (35, 36). 

Nonetheless, there is increasing interest in the potential role of other cell types including 

neutrophils in participating in demyelination. The diverse functions of neutrophils 

include phagocytosis, release of toxic granules, and secretion of reactive oxygen species 

(ROS), nitrogen species, and NETs that can lead to bacterial clearance and tissue damage 

(37-40). In addition, neutrophils can produce many different cytokines and chemokines 

that participate in tailoring the immune response (37-40). Although there is direct 

evidence that neutrophils are important in both disease initiation and progression in EAE 

models, only indirect evidence exists showing these cells also play a role in MS 

pathogenesis (41). Since neutrophils are typically short-lived and have a half-life in 

circulation between 6 and 8 hours in humans (42), direct evidence of neutrophils in MS 

lesions from available autopsy tissue samples has been limited. Nonetheless, recent 

studies from Segal and colleagues (12) have demonstrated increased systemic levels of 

the chemokines CXCL1 and CXCL5 as well as neutrophil elastase that correlated with 

lesion burden and clinical disability in MS patients, arguing for a role for neutrophils in 

augmenting disease. 

The current study was performed to better understand the functional role of 

CXCL1 within the central nervous system following induction of MOG35-55-immunized 

experimental autoimmune encephalomyelitis (EAE) in mice. CXCL1 is a member of the 
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ELR(+) family of CXC chemokines that bind the chemokine receptor CXCR2 expressed 

on neutrophils that are important in allowing egress of neutrophils out of the bone 

marrow and to sites of inflammation (37). In the context of EAE, the highest expressing 

ELR(+) chemokines within the CNS are CXCL1 and CXCL5 during early stages of 

disease onset (34) and CXCL1 protein levels in the spinal cord were increased prior to 

and following disease onset (12). Mice treated with anti-CXCL1 showed a delayed onset 

of disease and decreased clinical disease, correlating with diminished numbers of Ly6G+ 

neutrophils, yet there was no change in infiltration of CD3+ T cells into the CNS, arguing 

for a role for neutrophils in disease (34). More recently, we have shown that over-

expression of CXCL1 within the CNS following infection with JHMV elevates clinical 

disease severity that correlates with an increase in demyelination; neutrophil ablation 

resulted in diminished white matter disease, highlighting that neutrophils can augment 

demyelination. 

 The successful generation of a Dox-dependent CXCL1 expressing transgenic 

mouse (21) has allowed for selective CXCL1 production from astrocytes and 

subsequently a better understanding of the functional role of this chemokine in MOG35-55-

induced EAE. Previously, Lira and colleagues (43) have shown that chronic 

overexpression of CXCL1 from oligodendrocytes within naïve mice results in a 

neurologic disease associated with microglia and astrocytic reactivity as a result of 

pronounced neutrophil accumulation within the brain. Using the CXCL1 double tg 

animals described in this study, we recently showed that astrocyte-derived 

overexpression of CXCL1 within the CNS was associated with increased clinical disease 

and demyelination in animals infected with the neurotropic JHMV and this was 
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dependent upon neutrophil infiltration into the spinal cords (21). In contrast, Raine and 

colleagues (44) demonstrated that overexpression of CXCL1 by astrocytes protected 

animals from EAE by limiting neuroinflammation as well as increasing numbers of 

oligodendrocytes associated with enhanced remyelination. These differences in clinical 

and histologic most likely reflect that, unlike Raine and colleagues, the Cxcl1 transgene 

employed in our study was lacking the 3’ untranslated region (UTR), resulting in an 

increase in the half-life of CXCL1 mRNA and therefore sustained CXCL1 production 

and subsequently neutrophil accumulation (44). The importance of neutrophils in 

enhancing white matter damage in Dox-treated double tg mice was emphasized by 

demonstrating that blocking neutrophil accumulation within the CNS via anti-CXCR2 

treatment dramatically reduced demyelination.  

Along with our data reported here, increasing evidence has shown that neutrophils 

play a key role in EAE and potentially MS. Ongoing studies are concentrating on 

defining mechanisms by which neutrophils increase demyelination in white matter tracts. 

Our findings demonstrating that the overproduction of CXCL1 in the CNS enhances 

white matter damage by the increase of neutrophil infiltration into the spinal cord, in 

conjunction with others in the EAE model and recent data from MS patients, suggest that 

impeding the production of CXCL1 would be an important target for a prospective 

therapy for neuroinflammatory diseases.  
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Figure 4.1. Dox-induced CXCL1 expression increases clinical disease severity 
following MOG35-55-induced EAE. (A) Schematic outline of experimental approach for 
disease induction and Dox administration. (B) Clinical disease is increased in MOG35-55-
immunized double tg mice (n=26) compared to single tg (n=29) following Dox treatment. 
Dox-treated double tg mice had an overall increase in peak clinical disease compared to 
single tg mice. Data represent four independent experiments. (C) Dox-treatment of 
double tg mice (n=2) resulted in an selective 2-fold increase in Cxcl1 mRNA transcripts 
compared to single tg mice (n=2) at day 12 p.i whereas there was no difference in 
expression of transcripts encoding other pro-inflammatory cytokines/chemokines 
between experimental animals. On day 12, ELISA indicates Dox-treatment of either 
double tg or single tg mice did not change CXCL1 levels in serum, (D) yet there was a 
significant (p<0.05) increase in the spinal cords of double tg mice compared to single tg 
mice (E). Data represents a minimum of three independent experiments with between 2-4 
mice for each experiment. Representative immunofluorescence staining (60X) showing 
co-localization of CXCL1 protein (green) with GFAP-positive (red) astrocytes in double 
tg mice at day 12 following Dox treatment (scale bar = 5µm). Statistical analysis 
employed unpaired two-tailed Student’s t test; data presented as average +SEM. *p<0.05; 
**p<0.01; ***p<0.001. 
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Figure 4.2. T cell infiltration into the CNS is not altered following Dox-induced 
expression of CXCL1. Spinal cords were removed at day 12 following MOG35-55 
immunization of Dox-treated single and double tg mice and T cell infiltration determined 
by flow cytometry. Increased CXCL1 expression and disease severity in Dox-treated 
double tg (n=10) was not associated with an increase in either CD45+CD4+ T cells (A, 
B) or CD45+CD8a+ T cells (C, D) when compared to single tg mice (n=10). 
Representative contour blots from experimental animals are shown in panels A and C. 
Data in panels B and D are representative of a minimum of two independent experiments 
and data are presented as average+SEM. (E, F) No differences in expression of cytokines 
IL-17A and/or IFN-g between Dox-treated double tg (n=3) or single tg (n=3) following 
PMA/Iono treatment of CD4+ T cells isolated from spinal cords at day 12 following 
MOG35-55 immunization. Data in panel E are representative contour plots showing the 
results of intracellular staining for IL-17A and IFN-g following PMA/Iono treatment of 
CD4+ T cells; data in panel F represent quantification of intracellular cytokine staining. 
Data are presented as average+SEM and statistical analysis employed unpaired two-tailed 
Student’s t test. 
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Figure 4.3. Dox-induced CXCL1 within the CNS does not increase 
microglia/macrophage activation. Dox-treated double and single tg mice were 
sacrificed at day 12 following MOG35-55 immunization and spinal cords removed to 
assess macrophage (CD45hi F4/80+) and microglia (CD45loF4/80+) activation via flow 
cytometric staining. Such analysis revealed no differences in either the frequency or 
numbers of either macrophages (A) or microglia (B) between double tg (n=10) or single 
tg (n=10) mice. Surface expression of activation markers MHC class II and CD80 was 
also examined and there were no differences in frequency or numbers of dual-positive 
macrophages (C) or microglia (D) between double tg (n=7) and single tg (n=7) mice. 
Data in panels A and B were derived from three independent experiments; data in panels 
C and D from two independent experiments. Data are presented as average+SEM and 
statistical analysis employed unpaired two-tailed Student’s t test. 
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Figure 4.4. Neutrophil infiltration into the CNS is increased in response to Dox-
induced expression of CXCL1. MOG35-55-immunized double and single tg mice treated 
with Dox were sacrificed at day 12 post-immunization and spinal cords removed to 
assess histopathology and myeloid cell infiltration. (A) Representative H&E/Luxol fast 
blue staining of the spinal cords of experimental mice revealed increased inflammation 
within the anterior median fissure of double tg mice compared to single tg mice, 20X 
magnification. (B) Representative image of a spinal cord of Dox-treated double tg mouse 
showing cells with multilobed nuclei (red arrows) characteristic of neutrophils, 60X 
magnification. (C) Representative immunofluorescent staining for the neutrophil-specific 
surface antigen Ly6B.2 indicates increased expression within the spinal cords of double 
tg mice compared to single tg mice, 20X magnification. (D) Representative contour flow 
graphs showing increase in neutrophils (CD45hi CD11b+ Ly6G+) within the spinal cords 
of double tg mice compared to single tg mice. (E) Quantification of neutrophil flow 
staining revealed a significant increase in both the frequency and numbers of neutrophils 
in the spinal cords of double tg mice (n=10) when compared to single tg mice (n=10) that 
is significant in the percentages and cells/g spinal cord tissue. Data in panel E were 
derived from three independent experiments and data presented as average+SEM. 
Statistical analysis employed unpaired two-tailed Student’s t test, **p<0.01. 
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Figure 4.5. Increased neutrophil infiltration augments spinal cord demyelination. 
MOG35-55-immunized double and single tg mice treated with Dox were sacrificed at day 
21 post-immunization and spinal cords removed to assess histopathology and myeloid 
cell infiltration. (A) Representative H&E/LFB stained spinal cord images (4X) (areas of 
demyelination outlined in black) obtained from double tg and single tg mice. (B) 
Quantification of % pathology score at day 21 observing meningeal infiltration, 
perivascular cuffing, and demyelination revealing a significant increase in meningeal 
infiltration and demyelination in double tg mice (n=9) compared to single tg mice (n=9) 
including 3 independent experiments. (C) Schematic outline for experimental design to 
deplete neutrophils in double tg mice via injection of either anti-CXCR2 or NRS control 
antibody. (D) Clinical score analysis of double tg mice given anti-CXCR2 showed a 
significant decrease compared to NRS control double tg mice during MOG35-55 EAE. (E) 
In vivo representation of double tg mice treated with anti-CXCR2 (n=3) showing a 
significant (p<0.01) decrease in neutrophils (CD45hi CD11b+ Ly6C+ Ly6G+) compared to 
double tg mice treated with NRS 3 hours following treatment in the blood at 18 days 
post-immunization in one independent experiment. (F) Representative H&E/LFB 
staining reveals a reduction in the severity of demyelination (outlined in black) in double 
tg mice treated with the neutrophil-depleting anti-CXCR2 antibody compared to the NRS 
control antibody. (G) Quantification of pathology scoring of meningeal infiltration, 
perivascular cuffing, and demyelination in anti-CXCR2 treated double tg mice (n=4) 
compared to NRS treated mice (n=6) including 2 independent experiments at day 21 
indicates that neutrophil depletion significantly decreases demyelination (p<0.01). (H) 
No significant difference in neutrophils (CD45hi CD11b+ Ly6C+ Ly6G+) in the spinal 
cord at day 21, n=3 per group and one experiment. (I) Representative 
immunofluorescence (60X) of the dorsal funiculus in the spinal cord indicating the 
presence of Ly6B.2+ neutrophils within the parenchyma in double tg treated with anti-
CXCR2 that is not present in the double tg NRS treated mice at 21 days post-
immunization. Data presented as average+SEM. Statistical analysis employed unpaired 
two-tailed Student’s t test. *p<0.05; **p<0.01; ***p<0.001. 
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  CHAPTER 5 

 

DISRUPTED CXCR2 SIGNALING IN OLIGODENDROGLIA LINEAGE CELLS 

DOES NOT AFFECT SUSCEPTIBILITY TO NEUROINFLAMMATORY 

DEMYELINATION 
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5.1 Introduction  

MS is a chronic neurodegenerative disease characterized by multifocal regions of 

neuroinflammation, demyelination, and axonal loss that ultimately results in extensive 

neurologic disability (1). Animal models of MS indicate that CNS infiltration of 

neutrophils, monocyte/macrophages, and inflammatory T cells, including those that are 

autoreactive to specific proteins embedded in the myelin sheath, are important in disease 

initiation and maintaining demyelination (2, 3). In support of this is the demonstration 

that drugs designed to limit immune cell infiltration into the CNS impede new lesion 

formation in MS patients (4, 5) and improve clinical outcome, as well as dampen 

demyelination in animal models of MS (6-9). Therefore, understanding the signaling 

events that shape immune cell trafficking into and within the CNS offers new insights for 

identification of novel targets for therapeutic intervention. 

Through use of preclinical mouse models of MS, chemokines and chemokine 

receptors have been implicated as important in attracting activated immune cells into the 

CNS and have been considered relevant targets for clinical intervention for MS patients 

(10-19). CXCR2 is a receptor for ELR(+) CXC chemokines e.g. CXCL1 and CXCL2 and 

is expressed on polymorphonuclear neutrophils (PMN) as well as glia and neurons (20-

24). CXCR2 signaling on neutrophils promotes demyelination in EAE and cuprizone-

induced demyelination (16, 25). CXCR2 has additional roles that extend beyond 

influencing neutrophil activity as it is expressed on immature OPCs as well as mature 

myelinating oligodendrocytes (26). Signaling through CXCR2 influences OPC 

proliferation and differentiation (27), controls the positional migration of OPCs during 

the development of the mouse spinal cord (28), and regulates the numbers of OPCs to 
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ensure the structural integrity of the white matter during CNS development (28). Indeed, 

mice devoid of CXCR2 exhibit a paucity of OPCs and structural misalignments that 

persist into adulthood of the mouse, resulting in reduced numbers of mature 

oligodendrocytes and total myelin within the white matter (29). Moreover, either genetic 

deletion or antibody-mediated targeting of CXCR2 increases myelin synthesis in 

demyelinated cerebellum slice cultures (30). It remains uncertain whether CXCR2 

signaling on oligodendrocyte lineage cells is implicated in the early inflammatory events 

that occur in MS and its models. The answer to this question is consequential, as 

interpretations of results of CXCR2-directed remyelination or oligodendrocyte-injury 

studies are markedly sharpened if a primary effect of oligodendrocyte lineage CXCR2 

can be excluded as a mediator of the initiating inflammatory events.  

The present study was undertaken to better understand how selective deletion of 

Cxcr2 within oligodendroglial lineage cells in adult mice influences CNS disease using 

models of viral-induced and autoimmune-mediated inflammatory demyelinating disease. 

We demonstrate that conditional ablation of Cxcr2 signaling in oligodendroglia did not 

alter the extent of clinical disease severity nor affect neuroinflammation or demyelination 

in either of these preclinical MS models. Therefore, our findings suggest that CXCR2 

signaling on oligodendrocytes does not modulate initial disease in these models of 

neuroinflammation and demyelination. The data indicate that either model can be used 

with confidence, to examine the downstream effects of oligodendrocyte lineage CXCR2 

on long-term disease outcomes including tissue repair and oligodendrocyte cell death. 
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5.2 Methods 

5.2.1 Mice and tamoxifen treatment 

Plp-Cre-ER(T) :: Cxcr2 fl/fl mice were kindly donated by Dr. Richard Ransohoff 

(Cleveland Clinic). Mice were crossed to the reporter strain B6.Cg-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (The Jackson Laboratories, stock 007909) to generate 

Plp-Cre-ER(T) :: Cxcr2 fl/fl :: R26-stop-Td +/- mice (cCxcr2 fl/fl). Tamoxifen was prepared 

by resuspending at 10mg/ml in prewarmed sesame seed oil. The mixture was placed on 

an orbital shaker at 37°C and shaken overnight to completely dissolve solution. Four-

week-old cCxcr2 fl/fl mice received 1mg/ml tamoxifen twice daily for 5 days via i.p. 

injection, rested for 5 weeks and subsequently immunized with MOG35-55 peptide or 

infected intracranially with JHMV (31).  

 

5.2.2 Viral infection 

 Age-matched 5-6-week-old cCxcr2 fl/fl mice were infected i.c. with 250 plaque 

forming units (PFU) of JHMV in 30m l of sterile HBSS. SHAM infected animals received 

30ul HBSS via i.c. injection (32, 33). For viral titer analysis, one half of each brain or 

whole spinal cord was homogenized and used in a plaque assay as previously described 

(34, 35). Clinical disease severity was assessed using a previously described scoring 

system (34, 35). 

 

5.2.3 EAE induction 

CFA was prepared by mixing 10mL incomplete Freund’s adjuvant (Thermo 

Scientific, Rockford, IL) with 40mg M tuberculosis H37 (BD Biosciences, San Jose, CA) 
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to make a 4mg/ml solution of CFA. MOG35-55 peptide was prepared by resuspending in 

PBS at 1 µmol/mL. A 1:1 CFA-MOG emulsification was generating an emulsified by 

homogenization. To induce EAE, mice received two subcutaneous 100 mL injections of 

the CFA-MOG mixture and 100 mL of pertussis toxin (Ptx) (LIST Biological, Campbell, 

CA) via retroorbital injection. Mice received a second injection of Ptx at day 2 post-

immunization (36). Clinical disease was assessed using a previously described scoring 

system (37). 

 

5.2.4 Flow cytometry 

Flow cytometric analysis was performed to assess the composition of 

inflammatory cells entering the CNS using established protocols (38, 39). In brief, single 

cell suspensions were generated from tissue samples by grinding with frosted microscope 

slides. Immune cells were enriched by a 2-step Percoll cushion (90% and 63%) and cells 

were collected at the interface of the two Percoll layers. Before staining with the 

fluorescent antibodies, isolated cells were incubated with anti-CD16/32 Fc block (BD 

Biosciences, CA) at a 1:200 dilution. Immunophenotyping was performed using either rat 

anti-mouse IgG or Armenian hamster anti-mouse IgG antibodies for the following cell 

surface markers: F4/80 (Serotec, Raleigh, NC), MHV S510-tetramer (NIH), MHV M133-

Tetramer (NIH) and CD4, CD8, Ly6g, CD11b, IFN-γ, IL-17A, and CD45 (BD 

Biosciences, San Jose, CA). 
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5.2.5 Histopathology 

Mice were euthanized according to IACUC guidelines and perfused with 20ml of 

4% paraformaldehyde (PFA). Spinal cords were removed, fixed overnight in 4% PFA at 

4°C, and separated into eight 1.5mm sections. Each section was cryoprotected in 30% 

sucrose for 5 days before embedding in OCT. Eight micron thick coronal spinal cord 

sections were cut and stained with LFB as well as H&E from JHMV infected spinal 

cords, while MOG35-55 EAE immunized spinal cords were stained with FluroMyelin 

(Thermo Fisher Scientific, Waltham, MA). The percent demyelination was calculated by 

taking the total average demyelination within the white matter of eight spinal cord 

coronal sections using Image J software (NIH).  

 

5.2.6 Immunofluorescence/Immunocytochemistry 

Spinal cord sections were desiccated at room temperature (RT) for 2 hours before 

beginning the staining process. Slides were then washed in PBS and blocked with 5% 

normal donkey serum (NDS) for 1 hour at RT. Rabbit anti-glutathione S-transferase 

(GST-π) (MBL Life Science, Woburn, MA) was diluted to 1:1000 in 5% NDS and 

stained overnight at 4c. Slides were washed in PBS and Alexa 594-conjugated donkey 

anti-rabbit was added at a 1:500 dilution (Invitrogen, Carlsbad, CA). For cultured 

oligodendrocytes, cells were fixed for 20 mins in 4% PFA before being blocked with 5% 

normal goat serum (NGS). Cells were then stained with mouse anti-mouse O1 at a 

dilution of 1:50 (eBiosciences, San Diego, CA) followed by a secondary stain with Alexa 

488-conjugated goat anti-mouse 1:500 (Invitrogen, Carlsbad, CA). 
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5.2.7 Primary oligodendrocyte cultures 

 Cortices from postnatal day 1 cCxcr2 fl/fl mice were dissected and processed 

according to previously published protocols (40). In brief, following removal of the 

meninges, cortical tissue was minced with a razor and placed in pre-warmed DMEM 

containing papain in order to completely dissociate the tissue. Following further 

aspiration through a Pasteur pipette, single cell suspensions were added to Poly-D-Lysine 

coated culture flasks and grown for 9 days in DMEM supplemented with 10% FBS. 

Flasks were then transferred to an orbital shaker in a 5% CO2 tissue culture incubator and 

shaken for approximately 16 hours at 220 rpm in order to remove loosely adherent OPCs. 

Media containing OPCs was transferred to 10 cm dishes for 30 minutes to remove 

strongly adherent astroglial contaminants. OPCs were transferred to a 15ml conical and 

centrifuged at 300xg for 5 minutes. Cells were counted and plated onto matrigel-coated 

NuncTM Lab-Tek II Chamber slides (ThermoFisher Scientific, Waltham, MA) at 50,000 

OPCs per chamber in N2 media supplemented with 3, 3’, 5-Triiodo-L-thyronine sodium 

salt hydrate (T3, Sigma, St. Louis, MO). After 2 days, fresh media was used 

supplemented with (Z)-4-Hydroxytamoxifen (4-OHT, Sigma, St. Louis, MO) at 100nM 

to induce Cre-mediated recombination. Cells were cultured for an additional 6 days.  

  

5.2.8 Western blotting 

Samples were isolated from OPC cultures treated with either 4-OHT or vehicle 

control and separated by SDS-PAGE on a 10% gel (BioRad Mini PROTEAN TGX), 

transferred to a PVDF membrane in a Tris-Glycine buffer containing 20% methanol at 

30V for 3.5 hours, and blocked for 1 hour at room temperature (5% milk in PBS-T). 
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Membranes were then incubated overnight at 4oC in primary antibody diluted in 5% BSA 

in PBS-T. Primary antibodies used were myelin basic protein (MBP) (Rabbit anti-mouse, 

Abcam ab40390 @ 1:1000), cyclic nucleotide phosphodiesterase (CNPase) (Mouse anti-

mouse, Abcam ab6319 @ 1:1000), and b-actin (Rabbit anti-mouse, Abcam ab8227 @ 

1:1000). Primary antibodies were detected using horseradish peroxidase-conjugated 

secondary antibodies (goat anti-rabbit, Abcam ab97051 or goat anti-mouse, Abcam 

ab97023) diluted 1:5000 in 5% milk in PBS-T for 1 hour at room temperature. 

Membranes were developed with Western Lightning Plus-ECL Chemiluminescence 

Substrate (Perkin Elmer, Waltham, MA). 

 

5.2.9 PMA/Ionomycin stimulation assay 

Brains were isolated from experimental mice and processed to generate single cell 

suspensions. A total of 1x106 cells mononuclear cells were added to each well of a 96-

well plate in the presence of 50ng/ml PMA (Sigma, St Louis, MO) + 2ug/ml Iono 

(Sigma, St Louis, MO) for 5 hours. Following the incubation period, cells were stained 

for surface and intracellular antigens.  

 

5.3 Results 

5.3.1 Generation and characterization of Plp-Cre-ER(T); Cxcr2 fl/fl  

(cCxcr2 fl/fl) mice 

We sought to ablate Cxcr2 signaling within oligodendrocytes and their 

progenitors and assess the impact on two well-accepted preclinical mouse models of MS. 

A Plp-Cre-ER(T) :: Cxcr2 fl/fl mouse line (referred as cCxcr2 fl/fl) was employed that 
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utilizes Cre recombinase to selectively ablate Cxcr2 (41-46). The PLP regulatory element 

promotes expression of Cre-ER(T) (47) and has previously been shown to accurately 

reflect endogenous PLP expression spatially and temporally in oligodendroglia (47). To 

aid in visualizing cells actively expressing Cre recombinase, cCxcr2 fl/fl tg mice were 

crossed to a Cre-inducible Rosa26-Tdtomato red reporter line on the C57BL/6 

background (Figure 5.1A). 

Ablation of Cxcr2 was confirmed within oligodendrocyte-lineage cells following 

ex vivo culture of OPCs generated from the brains of post-natal day 1 (P1) cCxcr2 fl/fl 

mice. Addition of 4-OHT (100nM) induced Cre-mediated recombination at the Cxcr2 

locus as detected by PCR (Figure 5.1B). Further, 4-OHT induced expression of 

Tdtomato red in greater than 90% of OPCs expressing the late stage O1 surface marker 

(Figure 5.1C). Ablation of CXCR2 signaling within cultured cells treated with 4-OHT 

did not alter synthesis of MBP nor CNPase, which are proteins associated with 

oligodendrocyte maturation and myelin synthesis (Figure 5.1D-F). 

To determine the cellular specificity of Cre in vivo, 4-week-old cCxcr2 fl/fl mice 

were treated with 1mg tamoxifen by i.p. administration twice daily for 5 days. 

Recombination at the Cxcr2 locus was detected by PCR in the brain and spinal cord of tg 

mice but not in the spleen, liver, or kidney (Figure 5.2A). Selective expression of 

Tdtomato red was observed in over 70% of GST-π –positive oligodendrocytes within the 

spinal cord (Figure 5.2B). Previous studies (16) have demonstrated that neutrophils 

require CXCR2 to traffic and accumulate within the CNS and promote EAE (16). We 

confirmed that tamoxifen treatment did not induce aberrant Cre activity in neutrophils, as 

no differences were observed in expression of CXCR2 on neutrophils in the spleen at 14 
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days post-tamoxifen treatment (Figure 5.2C). Collectively, these results demonstrate that 

deletion of Cxcr2 is specific to oligodendrocyte-lineage cells. 

 

5.3.2 Disrupted CXCR2 signaling in oligodendroglia does not affect  

susceptibility to EAE 

Tamoxifen has been reported to mute the severity of EAE by dampening immune 

responses to myelin-specific antigens (31). To maximize tamoxifen clearance prior to 

MOG35-55 peptide immunization, cCxcr2 fl/fl mice were rested for 30 days following 

tamoxifen treatment (48) (Figure 5.3A). Enriched expression of Tdtomato red was 

observed within the white matter tracts of the spinal cords of tamoxifen-treated tg mice 

compared to vehicle-treated control mice (Figure 5.3B) and was specific to GST-π 

oligodendrocytes (Figure 5.3C). Tamoxifen-treated tg mice were immunized with 

MOG35-55 peptide with adjuvants (see methods) and the severity of clinical disease was 

monitored. Ablation of Cxcr2 had no effect on clinical disease to at least 35 days post-

immunization (Figures 5.3D). Fluoromyelin staining revealed similar levels of 

demyelination between vehicle and tamoxifen-treated EAE mice (Figure 5.3E) and 

quantification of demyelination by LFB analysis confirmed no difference in white matter 

pathology between groups (Figure 5.3F). These results argue that CXCR2 signaling on 

oligodendroglia is dispensable for induction of EAE.  
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5.3.3 Silencing of CXCR2 signaling on oligodendroglia does not impair  

immune cell infiltration into the CNS upon EAE induction 

We investigated whether deletion of Cxcr2 in oligodendroglia influenced 

leukocyte infiltration into the CNS, as engagement of CXCR2 on oligodendrocytes in 

culture promotes oligodendroglia-specific autoamplification of ELR-chemokines (49). 

No differences in frequency or numbers of total CD4+ or CD8+ T cells were detected in 

the brain or spinal cord of tamoxifen-treated EAE mice compared to vehicle-treated EAE 

mice at day 20 post-MOG35-55 immunization (Figures 5.4A and B). Ex vivo PMA/Iono 

stimulation of CNS-derived CD4+ T cells isolated from brains of tamoxifen-treated tg 

mice displayed similar expression of IFN-γ+IL17A-, IFN-γ-IL-17A+, and dual-positive 

IFN-γ+IL-17A+ expression compared to vehicle controls (Figures 5.4C and D). No 

differences were detected in CNS infiltration of neutrophils (CD45hiCD11b+Ly6G+) or 

macrophages (CD45hiF480+), and the total numbers of microglia were the same 

(CD45loF480+) between groups (Figures 5.5A and B). 

 

5.3.4 Cxcr2 ablation within oligodendrocytes does not affect  

viral-induced demyelination 

Intracranial instillation of the neuroadapted JHMV results in an acute 

encephalomyelitis followed by a chronic demyelinating disease characterized by viral 

persistence in white matter tracts accompanied by immune-mediated damage (50). The 

JHMV model differs from MOG35-55-induced EAE as it is characterized by transient 

neutrophil accumulation within the CNS and a Th1-mediated pathology whereby virus-

specific IFN-γ-expressing CD4+ T cells and inflammatory macrophages contribute to 
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white matter pathology (3, 51). During chronic JHMV disease, ELR-chemokine signaling 

and the appearance of IL-17A and Th17+ T cells remains minimal and are not considered 

important in contributing to either clinical disease or white matter pathology (52, 53). 

Tamoxifen or vehicle treated cCxcr2 fl/fl mice were infected with 250PFU JHMV and 

clinical disease was monitored. No differences were observed in morbidity or mortality in 

tg mice (Figure 5.6A). Similar frequencies of neutrophils and macrophages were 

observed day 3 p.i. (Figure 5.6B) and the frequency and total numbers of macrophages, 

neutrophils, and T cells were similar between groups at day 6 p.i. (Figure 5.6C). No 

differences were observed in the infiltration of virus-specific CD4+ and CD8+ T cells 

into the CNS of tamoxifen treated tg mice (Figure 5.7A), resulting in similar viral titers 

compared to vehicle treated tg controls (Figure 5.7B). Finally, assessment of the extent 

of demyelination in JHMV-infected mice either treated with tamoxifen or vehicle 

revealed no differences in white matter damage (Figure 5.7C). 

 

5.4 Discussion 

Chemokine signaling networks that are associated with chronic CNS diseases 

such as MS or persistent viral infections are thought to amplify disease severity by 

attracting targeted populations of leukocytes into the CNS (54). One chemokine signaling 

pathway that is emerging as important in chronic CNS disease involves the CXCR2 

receptor and its cognate ELR(+) chemokine ligands CXCL1 -2 -3 and CXCL5 -6 -7 -8. 

CXCR2 is highly expressed on circulating neutrophils, enabling these cells to rapidly 

migrate to the BBB in response to CNS-derived ELR-ligand expression whereby these 

cells participate in degrading components of the BBB. Evidence for a proinflammatory 



92 

 

role of neutrophils in chronic neurologic disease is supported by Segal and colleagues 

(16) who have shown that genetic silencing or antibody-mediated blockade of CXCR2 in 

mice following PLP-induced EAE resulted in reduced clinical disease and relapses as a 

result of limiting BBB permeability. Within the context of acute viral infection of the 

CNS, we have previously reported that antibody-mediated neutralization of CXCR2 

during JHMV-infection enhanced disease (55). This outcome was a result of reduced 

neutrophil and monocyte trafficking, as these cells are critical in permeabilizing the BBB 

that subsequently allows penetration of virus-specific T cells in the parenchyma to 

combat viral replication.  

In addition to being expressed on circulating myeloid cells, CXCR2 is also 

expressed on neurons as well as resident glial cells including oligodendroglia. With 

regards to a putative functional role for CXCR2 signaling during chronic JHMV-induced 

neuroinflammation and demyelination, administration of a CXCR2-specific blocking 

antibody to infected mice increased clinical disease and correlated with a significant 

increase in oligodendrocyte apoptosis and demyelination (56). Further, addition of IFN-γ 

to cultured OPCs derived from mouse neural progenitor cells results in apoptosis, while 

inclusion of CXCL1 protein blocks OPC apoptotic death (22).  

CXCR2 is believed to influence OPC proliferation and differentiation (27) as well 

as controlling migration of spinal cord OPCs during development (28). Ablation of Cxcr2 

results in a paucity of OPC numbers and structural misalignments that persist into 

adulthood of the mouse, and manifest as reduced numbers of mature oligodendrocytes 

and total myelin within the white matter (29). The functional role of CXCR2 signaling in 

mouse models of demyelination within the CNS is somewhat enigmatic. Some findings 
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suggest that the CXCR2 signaling axis downregulates myelin production by 

oligodendrocytes (57), while others have reported that CXCR2 signaling is a survival 

mechanism for OPCs needed to halt apoptosis induced by cytotoxic factors secreted 

during an inflammatory response (22, 56, 58, 59). Liu and colleagues (30) used bone 

marrow chimeric mice to partition the contribution of CXCR2 expression on either 

hematopoietic or CNS derived cells. Adoptive transfer of hematopoietic cells derived 

from the bone-marrow of Cxcr2 +/+ mice into Cxcr2 -/- mice led to increased 

oligodendrocyte differentiation in both EAE and cuprizone models of demyelination 

suggesting that CXCR2 may be an inhibitory signaling cue for myelin repair (30). Using 

CXCR2 antagonism via a neutralizing antibody therapy resulted in enhanced 

oligodendrocyte differentiation and clinical recovery during EAE, further supporting a 

detrimental role for CXCR2 signaling within the CNS in mouse models of chronic 

inflammatory demyelinating disease (60). Conversely, inducible overproduction of 

CXCL1 by astrocytes reduced EAE clinical disease; although it is unclear whether 

increased levels of CXCL1 directly impacted oligodendrocyte biology or modulated 

immune cell recruitment into the CNS (58). Previous work from our laboratory 

employing antibody-mediated targeting of CXCR2 shows that blocking signaling in 

JHMV-infected mice increases the severity of demyelination arguing for a protective role 

for CXCR2 in a model of viral-induced demyelination as previously discussed (49). 

However, whether this is a direct effect of blocking CXCR2 signaling on oligodendroglia 

and/or other CNS resident cells is unknown. 

Our present study built upon these studies to further our understanding of how 

CXCR2 signaling on oligodendrocytes affects experimental models of 



94 

 

neuroinflammatory demyelination. Using both the MOG35-55-induced EAE and the 

JHMV model of viral-induced demyelination, we provide evidence that tamoxifen-

induced silencing of CXCR2 on oligodendroglia did not affect clinical disease. More 

importantly, we did not observe any changes in the extent of neuroinflammation in either 

model, suggesting that muting CXCR2 on oligodendroglia alone did not influence 

proinflammatory gene expression within the CNS. This notion is supported by evidence 

indicating that neither generation of antigen-specific T lymphocytes was impacted nor 

was recruitment of T cells, neutrophils, or macrophages affected following tamoxifen 

treatment of experimental cCxcr2 fl/fl mice compared to mice treated with vehicle control. 

These findings argue that CXCR2 signaling on oligodendroglia has no effect on 

proinflammatory gene signatures responsible for recruiting either EAE-associated 

Th1/Th17 cells nor JHMV-associated Th1 cells. This is interesting in light of a recent 

report demonstrating that NG2-positive glia, precursors to glial cells including 

oligodendroglia, respond to the cytokine IL-17, and mediate the effector phase of Th17-

mediated EAE (61). In addition, IL-17 impairs maturation of oligodendroglia and reduces 

their survival (61). Therefore, oligodendroglia are responsive to the cytokine/chemokine 

milieu within the CNS microenvironment during neuroinflammatory disease. 

Nonetheless, our findings clearly indicate typical neuroinflammation occurs in the 

absence of CXCR2 signaling on oligodendroglia.  

In vitro treatment of oligodendroglia isolated from cCxcr2 fl/fl mice with 4-OHT 

did not increase or decrease synthesis of myelin-associated proteins MBP and CNPase. 

These findings contrast with reports suggesting that blocking CXCR2 increases myelin 

formation (30, 62, 63). These studies were performed using either small molecule 
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antagonists for CXCR2 or Cxcr2 germline knock-out mice that would lack specificity for 

selectively targeting CXCR2 signaling to oligodendroglia lineage cells. More recently, 

Ransohoff and colleagues generated mice in which Cxcr2 was selectively ablated in 

oligodendrocytes (64). Similar to the animals we have generated, Cxcr2 is silenced within 

oligodendroglia in adult mice upon tamoxifen treatment (64). Employing toxin models of 

demyelination, the authors clearly show enhanced remyelination in animals in which 

CXCR2 signaling in oligodendrocytes is inhibited arguing for an important role for this 

chemokine receptor in influencing oligodendrocyte biology. Our findings showing that 

silencing of CXCR2 did not improve clinical disease in either autoimmune or viral-

induced neuroinflammatory demyelination argues that remyelination was not occurring. 

These results highly suggest that the effect of CXCR2 on remyelination may be model 

dependent. In the non-inflammatory toxin models of demyelination, blocking CXCR2 

enhances OPC maturation and increases remyelination whereas in neuroinflammatory 

models, selective ablation of CXCR2 does not have any appreciable effects on 

remyelination. Whether this is the result of the inflammatory microenvironment on 

masking the potentially protective effect of targeting CXCR2 on oligodendroglia is 

unknown at this time and is the focus of ongoing studies. 

 

5.5 Conclusions 

This study demonstrates that targeted silencing of Cxcr2 expression within 

oligodendroglia did not impact neuroinflammation nor demyelination using either a viral 

or autoimmune model of MS. These findings argue that signaling through CXCR2 on 

oligodendroglia is not a key factor in amplifying proinflammatory gene expression and 
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immune cell infiltration into the CNS. Nonetheless, compelling evidence indicate that 

CXCR2 plays an important role in OPC maturation and subsequent remyelination. 

Therefore, within the context of oligodendroglia, CXCR2 is not important in disease 

initiation yet has an important role in repair. 

 

5.6 References 

1. Steinman, L. 2014. Immunology of relapse and remission in multiple sclerosis. 
Annu. Rev. Immunol. 32: 257-281. 

2. Robinson, A. P., C. T. Harp, A. Noronha, and S. D. Miller. 2014. The 
experimental autoimmune encephalomyelitis (EAE) model of MS: utility for 
understanding disease pathophysiology and treatment. Handb. Clin. Neurol. 122: 
173-189. 

3. Hosking, M. P., and T. E. Lane. 2009. The biology of persistent infection: 
inflammation and demyelination following murine coronavirus infection of the 
central nervous system. Curr. Immunol. Rev. 5: 267-276. 

4. Miller, D. H., O. A. Khan, W. A. Sheremata, L. D. Blumhardt, G. P. Rice, M. A. 
Libonati, A. J. Willmer-Hulme, C. M. Dalton, K. A. Miszkiel, P. W. O'Connor, 
and G. International Natalizumab Multiple Sclerosis Trial. 2003. A controlled 
trial of natalizumab for relapsing multiple sclerosis. N. Engl. J. Med. 348: 15-23. 

5. Kappos, L., E. W. Radue, P. O'Connor, C. Polman, R. Hohlfeld, P. Calabresi, K. 
Selmaj, C. Agoropoulou, M. Leyk, L. Zhang-Auberson, P. Burtin, and F. S. 
Group. 2010. A placebo-controlled trial of oral fingolimod in relapsing multiple 
sclerosis. N. Engl. J. Med. 362: 387-401. 

6. Liu, M. T., B. P. Chen, P. Oertel, M. J. Buchmeier, D. Armstrong, T. A. 
Hamilton, and T. E. Lane. 2000. The T cell chemoattractant IFN-inducible protein 
10 is essential in host defense against viral-induced neurologic disease. J. 
Immunol. 165: 2327-2330. 

7. Yednock, T. A., C. Cannon, L. C. Fritz, F. Sanchez-Madrid, L. Steinman, and N. 
Karin. 1992. Prevention of experimental autoimmune encephalomyelitis by 
antibodies against alpha 4 beta 1 integrin. Nature 356: 63-66. 

8. Webb, M., C. S. Tham, F. F. Lin, K. Lariosa-Willingham, N. Yu, J. Hale, S. 
Mandala, J. Chun, and T. S. Rao. 2004. Sphingosine 1-phosphate receptor 
agonists attenuate relapsing-remitting experimental autoimmune encephalitis in 
SJL mice. J. Neuroimmunol. 153: 108-121. 

9. Fujino, M., N. Funeshima, Y. Kitazawa, H. Kimura, H. Amemiya, S. Suzuki, and 
X. K. Li. 2003. Amelioration of experimental autoimmune encephalomyelitis in 



97 

 

Lewis rats by FTY720 treatment. J. Pharmacol. Exp. Ther. 305: 70-77. 

10. Holman, D. W., R. S. Klein, and R. M. Ransohoff. 2011. The blood-brain barrier, 
chemokines and multiple sclerosis. Biochim. Biophys. Acta. 1812: 220-230. 

11. Engelhardt, B., and R. M. Ransohoff. 2012. Capture, crawl, cross: the T cell code 
to breach the blood-brain barriers. Trends Immunol. 33: 579-589. 

12. Izikson, L., R. S. Klein, I. F. Charo, H. L. Weiner, and A. D. Luster. 2000. 
Resistance to experimental autoimmune encephalomyelitis in mice lacking the 
CC chemokine receptor (CCR)2. J. Exp. Med. 192: 1075-1080. 

13. Ransohoff, R. M., T. A. Hamilton, M. Tani, M. H. Stoler, H. E. Shick, J. A. 
Major, M. L. Estes, D. M. Thomas, and V. K. Tuohy. 1993. Astrocyte expression 
of mRNA encoding cytokines IP-10 and JE/MCP-1 in experimental autoimmune 
encephalomyelitis. FASEB J 7: 592-600. 

14. Karpus, W. J., N. W. Lukacs, B. L. McRae, R. M. Strieter, S. L. Kunkel, and S. 
D. Miller. 1995. An important role for the chemokine macrophage inflammatory 
protein-1 alpha in the pathogenesis of the T cell-mediated autoimmune disease, 
experimental autoimmune encephalomyelitis. J. Immunol. 155: 5003-5010. 

15. Fife, B. T., G. B. Huffnagle, W. A. Kuziel, and W. J. Karpus. 2000. CC 
chemokine receptor 2 is critical for induction of experimental autoimmune 
encephalomyelitis. J. Exp. Med. 192: 899-905. 

16. Carlson, T., M. Kroenke, P. Rao, T. E. Lane, and B. Segal. 2008. The Th17-ELR+ 
CXC chemokine pathway is essential for the development of central nervous 
system autoimmune disease. J. Exp. Med. 205: 811-823. 

17. Kleinewietfeld, M., F. Puentes, G. Borsellino, L. Battistini, O. Rotzschke, and K. 
Falk. 2005. CCR6 expression defines regulatory effector/memory-like cells within 
the CD25(+)CD4+ T-cell subset. Blood 105: 2877-2886. 

18. Reboldi, A., C. Coisne, D. Baumjohann, F. Benvenuto, D. Bottinelli, S. Lira, A. 
Uccelli, A. Lanzavecchia, B. Engelhardt, and F. Sallusto. 2009. C-C chemokine 
receptor 6-regulated entry of TH-17 cells into the CNS through the choroid plexus 
is required for the initiation of EAE. Nat. Immunol. 10: 514-523. 

19. Horuk, R. 2009. Chemokine receptor antagonists: overcoming developmental 
hurdles. Nat. Rev. Drug. Discov. 8: 23-33. 

20. Witko-Sarsat, V., P. Rieu, B. Descamps-Latscha, P. Lesavre, and L. Halbwachs-
Mecarelli. 2000. Neutrophils: molecules, functions and pathophysiological 
aspects. Lab. Invest. 80: 617-653. 

21. Omari, K. M., G. John, R. Lango, and C. S. Raine. 2006. Role for CXCR2 and 
CXCL1 on glia in multiple sclerosis. Glia 53: 24-31. 

22. Tirotta, E., R. M. Ransohoff, and T. E. Lane. 2011. CXCR2 signaling protects 
oligodendrocyte progenitor cells from IFN-gamma/CXCL10-mediated apoptosis. 
Glia. 59:1518-28. 



98 

 

23. Horuk, R., A. W. Martin, Z. Wang, L. Schweitzer, A. Gerassimides, H. Guo, Z. 
Lu, J. Hesselgesser, H. D. Perez, J. Kim, J. Parker, T. J. Hadley, and S. C. Peiper. 
1997. Expression of chemokine receptors by subsets of neurons in the central 
nervous system. J. Immunol. 158: 2882-2890. 

24. Flynn, G., S. Maru, J. Loughlin, I. A. Romero, and D. Male. 2003. Regulation of 
chemokine receptor expression in human microglia and astrocytes. J. 
Neuroimmunol. 136: 84-93. 

25. Liu, L., M. Li, L. C. Spangler, C. Spear, M. Veenstra, L. Darnall, C. Chang, A. C. 
Cotleur, and R. M. Ransohoff. 2013. Functional defect of peripheral neutrophils 
in mice with induced deletion of CXCR2. Genesis. 51:587-95. 

26. Robinson, S., M. Tani, R. M. Strieter, R. N. Ransohoff, and R. H. Miller. 1998. 
The chemokine growth-regulated oncogene-alpha promotes spinal cord 
oligodendrocyte precursor proliferation. J. Neurosci. 18: 10457-10463. 

27. Filipovic, R., and N. Zecevic. 2008. The effect of CXCL1 on human fetal 
oligodendrocyte progenitor cells. Glia 56: 1-15. 

28. Tsai, H. H., E. Frost, V. To, S. Robinson, C. Ffrench-Constant, R. Geertman, R. 
M. Ransohoff, and R. H. Miller. 2002. The chemokine receptor CXCR2 controls 
positioning of oligodendrocyte precursors in developing spinal cord by arresting 
their migration. Cell 110: 373-383. 

29. Padovani-Claudio, D. A., L. P. Liu, R. M. Ransohoff, and R. H. Miller. 2006. 
Alterations in the oligodendrocyte lineage, myelin, and white matter in adult mice 
lacking the chemokine receptor CXCR2. Glia 54: 471-483. 

30. Liu, L., L. Darnall, T. Hu, K. Choi, T. E. Lane, and R. M. Ransohoff. 2010. 
Myelin repair is accelerated by inactivating CXCR2 on nonhematopoietic cells. J. 
Neurosci. 30: 9074-9083. 

31. Bebo, B. F., Jr., B. Dehghani, S. Foster, A. Kurniawan, F. J. Lopez, and L. S. 
Sherman. 2009. Treatment with selective estrogen receptor modulators regulates 
myelin specific T-cells and suppresses experimental autoimmune 
encephalomyelitis. Glia 57: 777-790. 

32. Carbajal, K. S., C. Schaumburg, R. Strieter, J. Kane, and T. E. Lane. 2010. 
Migration of engrafted neural stem cells is mediated by CXCL12 signaling 
through CXCR4 in a viral model of multiple sclerosis. P. Natl. Acad. Sci. USA 
107: 11068-11073. 

33. Chen, L., R. Coleman, R. Leang, H. Tran, A. Kopf, C. M. Walsh, I. Sears-
Kraxberger, O. Steward, W. B. Macklin, J. F. Loring, and T. E. Lane. 2014. 
Human neural precursor cells promote neurologic recovery in a viral model of 
multiple sclerosis. Stem Cell Rep. 2: 825-837. 

34. Blanc, C. A., H. Rosen, and T. E. Lane. 2014. FTY720 (fingolimod) modulates 
the severity of viral-induced encephalomyelitis and demyelination. J. 
Neuroinflamm. 11: 138. 



99 

 

35. Marro, B. S., J. J. Grist, and T. E. Lane. 2016. Inducible expression of CXCL1 
within the central nervous system amplifies viral-induced demyelination. J. 
Immunol. 196(4):1855-64. 

36. Tsunoda, I., T. Tanaka, E. J. Terry, and R. S. Fujinami. 2007. Contrasting roles 
for axonal degeneration in an autoimmune versus viral model of multiple 
sclerosis: when can axonal injury be beneficial? Am. J. Pathol. 170: 214-226. 

37. Cusick, M. F., J. E. Libbey, N. S. Trede, and R. S. Fujinami. 2014. Targeting 
insulin-like growth factor 1 leads to amelioration of inflammatory demyelinating 
disease. PloS One 9: e94486. 

38. Lane, T. E., M. T. Liu, B. P. Chen, V. C. Asensio, R. M. Samawi, A. D. Paoletti, 
I. L. Campbell, S. L. Kunkel, H. S. Fox, and M. J. Buchmeier. 2000. A central 
role for CD4(+) T cells and RANTES in virus-induced central nervous system 
inflammation and demyelination. J. Virol. 74: 1415-1424. 

39. Blanc, C. A., H. Rosen, and T. E. Lane. 2014. FTY720 (fingolimod) modulates 
the severity of viral-induced encephalomyelitis and demyelination. J. 
Neuroinflamm.11: 138. 

40. O'Meara, R. W., S. D. Ryan, H. Colognato, and R. Kothary. 2011. Derivation of 
enriched oligodendrocyte cultures and oligodendrocyte/neuron myelinating co-
cultures from post-natal murine tissues. J. Vis. Exp. (54), e3324. 

41. Feil, R., J. Brocard, B. Mascrez, M. LeMeur, D. Metzger, and P. Chambon. 1996. 
Ligand-activated site-specific recombination in mice. P. Natl. Acad. Sci. USA 93: 
10887-10890. 

42. Feil, R., J. Wagner, D. Metzger, and P. Chambon. 1997. Regulation of Cre 
recombinase activity by mutated estrogen receptor ligand-binding domains. 
Biochem. Bioph. Res. Co. 237: 752-757. 

43. Metzger, D., J. Clifford, H. Chiba, and P. Chambon. 1995. Conditional site-
specific recombination in mammalian cells using a ligand-dependent chimeric Cre 
recombinase. P. Natl. Acad. Sci. USA 92: 6991-6995. 

44. Zhang, Y., C. Riesterer, A. M. Ayrall, F. Sablitzky, T. D. Littlewood, and M. 
Reth. 1996. Inducible site-directed recombination in mouse embryonic stem cells. 
Nucleic Acids Res. 24: 543-548. 

45. Feil, R., J. Brocard, B. Mascrez, M. LeMeur, D. Metzger, and P. Chambon. 1996. 
Ligand-activated site-specific recombination in mice. P. Natl. Acad. Sci. USA 93: 
10887-10890. 

46. Liu, L., M. Li, L. C. Spangler, C. Spear, M. Veenstra, L. Darnall, C. Chang, A. C. 
Cotleur, and R. M. Ransohoff. 2013. Functional defect of peripheral neutrophils 
in mice with induced deletion of CXCR2. Genesis 51: 587-595. 

47. Mallon, B. S., H. E. Shick, G. J. Kidd, and W. B. Macklin. 2002. Proteolipid 
promoter activity distinguishes two populations of NG2-positive cells throughout 
neonatal cortical development. J. Neurosci. 22: 876-885. 



100 

 

48. Guo, F., Y. Maeda, E. M. Ko, M. Delgado, M. Horiuchi, A. Soulika, L. Miers, T. 
Burns, T. Itoh, H. Shen, E. Lee, J. Sohn, and D. Pleasure. 2012. Disruption of 
NMDA receptors in oligodendroglial lineage cells does not alter their 
susceptibility to experimental autoimmune encephalomyelitis or their normal 
development. J. Neurosci. 32: 639-645. 

49. Hosking, M. P., E. Tirotta, R. M. Ransohoff, and T. E. Lane. CXCR2 signaling 
protects oligodendrocytes and restricts demyelination in a mouse model of viral-
induced demyelination. PloS One 5: e11340. 

50. Bergmann, C. C., T. E. Lane, and S. A. Stohlman. 2006. Coronavirus infection of 
the central nervous system: host-virus stand-off. Nat. Rev. Microbiol. 4: 121-132. 

51. Segal, B. M. Th17 cells in autoimmune demyelinating disease. Semin. 
Immunopathol. 32: 71-77. 

52. Held, K. S., W. G. Glass, Y. I. Orlovsky, K. A. Shamberger, T. D. Petley, P. J. 
Branigan, J. M. Carton, H. S. Beck, M. R. Cunningham, J. M. Benson, and T. E. 
Lane. 2008. Generation of a protective T-cell response following coronavirus 
infection of the central nervous system is not dependent on IL-12/23 signaling. 
Viral Immunol. 21: 173-188. 

53. Kapil, P., R. Atkinson, C. Ramakrishna, D. J. Cua, C. C. Bergmann, and S. A. 
Stohlman. 2009. Interleukin-12 (IL-12), but not IL-23, deficiency ameliorates 
viral encephalitis without affecting viral control. J. Virol. 83: 5978-5986. 

54. Charo, I. F., and R. M. Ransohoff. 2006. The many roles of chemokines and 
chemokine receptors in inflammation. N. Engl. J. Med. 354: 610-621. 

55. Hosking, M. P., L. Liu, R. M. Ransohoff, and T. E. Lane. 2009. A protective role 
for ELR+ chemokines during acute viral encephalomyelitis. PLoS Pathog. 5: 
e1000648. 

56. Hosking, M. P., E. Tirotta, R. M. Ransohoff, and T. E. Lane. 2010. CXCR2 
signaling protects oligodendrocytes and restricts demyelination in a mouse model 
of viral-induced demyelination. PloS One 5: e11340. 

57. Liu, L., A. Belkadi, L. Darnall, T. Hu, C. Drescher, A. C. Cotleur, D. Padovani-
Claudio, T. He, K. Choi, T. E. Lane, R. H. Miller, and R. M. Ransohoff. 2010. 
CXCR2-positive neutrophils are essential for cuprizone-induced demyelination: 
relevance to multiple sclerosis. Nat. Neurosci. 13: 319-326. 

58. Omari, K. M., S. E. Lutz, L. Santambrogio, S. A. Lira, and C. S. Raine. 2009. 
Neuroprotection and remyelination after autoimmune demyelination in mice that 
inducibly overexpress CXCL1. Am. J. Pathol. 174: 164-176. 

59. Tirotta, E., L. A. Kirby, M. N. Hatch, and T. E. Lane. 2012. IFN-gamma-induced 
apoptosis of human embryonic stem cell derived oligodendrocyte progenitor cells 
is restricted by CXCR2 signaling. Stem Cell Res. 9: 208-217. 

60. Kerstetter, A. E., D. A. Padovani-Claudio, L. Bai, and R. H. Miller. 2009. 
Inhibition of CXCR2 signaling promotes recovery in models of multiple sclerosis. 



101 

 

Exp. Neurol. 220: 44-56. 

61. Kang, Z., C. Wang, J. Zepp, L. Wu, K. Sun, J. Zhao, U. Chandrasekharan, P. E. 
DiCorleto, B. D. Trapp, R. M. Ransohoff, and X. Li. 2013. Act1 mediates IL-17-
induced EAE pathogenesis selectively in NG2+ glial cells. Nat. Neurosci. 16: 
1401-1408. 

62. Kerstetter, A. E., D. A. Padovani-Claudio, L. Bai, and R. H. Miller. 2009. 
Inhibition of CXCR2 signaling promotes recovery in models of multiple sclerosis. 
Exp. Neurol. 220: 44-56. 

63. Padovani-Claudio, D. A., L. Liu, R. M. Ransohoff, and R. H. Miller. 2006. 
Alterations in the oligodendrocyte lineage, myelin, and white matter in adult mice 
lacking the chemokine receptor CXCR2. Glia 54: 471-483. 

64. Liu, L., L. C. Spangler, B. Prager, B. Benson, B. Hu, S. Shi, A. Love, C. Zhang, 
M. Yu, A. C. Cotleur, and R. M. Ransohoff. 2015. Spatiotemporal ablation of 
CXCR2 on oligodendrocyte lineage cells: role in myelin repair. Neurology 2: 
e174. 

65. International Multiple Sclerosis Genetics, C., C. Wellcome Trust Case Control, S. 
Sawcer, G. Hellenthal, M. Pirinen, C. C. Spencer, N. A. Patsopoulos, L. 
Moutsianas, A. Dilthey, Z. Su, C. Freeman, S. E. Hunt, S. Edkins, E. Gray, D. R. 
Booth, S. C. Potter, A. Goris, G. Band, A. B. Oturai, A. Strange, J. Saarela, C. 
Bellenguez, B. Fontaine, M. Gillman, B. Hemmer, R. Gwilliam, F. Zipp, A. 
Jayakumar, R. Martin, S. Leslie, S. Hawkins, E. Giannoulatou, S. D'Alfonso, H. 
Blackburn, F. Martinelli Boneschi, J. Liddle, H. F. Harbo, M. L. Perez, A. 
Spurkland, M. J. Waller, M. P. Mycko, M. Ricketts, M. Comabella, N. Hammond, 
I. Kockum, O. T. McCann, M. Ban, P. Whittaker, A. Kemppinen, P. Weston, C. 
Hawkins, S. Widaa, J. Zajicek, S. Dronov, N. Robertson, S. J. Bumpstead, L. F. 
Barcellos, R. Ravindrarajah, R. Abraham, L. Alfredsson, K. Ardlie, C. Aubin, A. 
Baker, K. Baker, S. E. Baranzini, L. Bergamaschi, R. Bergamaschi, A. Bernstein, 
A. Berthele, M. Boggild, J. P. Bradfield, D. Brassat, S. A. Broadley, D. Buck, H. 
Butzkueven, R. Capra, W. M. Carroll, P. Cavalla, E. G. Celius, S. Cepok, R. 
Chiavacci, F. Clerget-Darpoux, K. Clysters, G. Comi, M. Cossburn, I. Cournu-
Rebeix, M. B. Cox, W. Cozen, B. A. Cree, A. H. Cross, D. Cusi, M. J. Daly, E. 
Davis, P. I. de Bakker, M. Debouverie, B. D'Hooghe M, K. Dixon, R. Dobosi, B. 
Dubois, D. Ellinghaus, I. Elovaara, F. Esposito, C. Fontenille, S. Foote, A. 
Franke, D. Galimberti, A. Ghezzi, J. Glessner, R. Gomez, O. Gout, C. Graham, S. 
F. Grant, F. R. Guerini, H. Hakonarson, P. Hall, A. Hamsten, H. P. Hartung, R. N. 
Heard, S. Heath, J. Hobart, M. Hoshi, C. Infante-Duarte, G. Ingram, W. Ingram, 
T. Islam, M. Jagodic, M. Kabesch, A. G. Kermode, T. J. Kilpatrick, C. Kim, N. 
Klopp, K. Koivisto, M. Larsson, M. Lathrop, J. S. Lechner-Scott, M. A. Leone, V. 
Leppa, U. Liljedahl, I. L. Bomfim, R. R. Lincoln, J. Link, J. Liu, A. R. Lorentzen, 
S. Lupoli, F. Macciardi, T. Mack, M. Marriott, V. Martinelli, D. Mason, J. L. 
McCauley, F. Mentch, I. L. Mero, T. Mihalova, X. Montalban, J. Mottershead, K. 
M. Myhr, P. Naldi, W. Ollier, A. Page, A. Palotie, J. Pelletier, L. Piccio, T. 
Pickersgill, F. Piehl, S. Pobywajlo, H. L. Quach, P. P. Ramsay, M. Reunanen, R. 
Reynolds, J. D. Rioux, M. Rodegher, S. Roesner, J. P. Rubio, I. M. Ruckert, M. 



102 

 

Salvetti, E. Salvi, A. Santaniello, C. A. Schaefer, S. Schreiber, C. Schulze, R. J. 
Scott, F. Sellebjerg, K. W. Selmaj, D. Sexton, L. Shen, B. Simms-Acuna, S. 
Skidmore, P. M. Sleiman, C. Smestad, P. S. Sorensen, H. B. Sondergaard, J. 
Stankovich, R. C. Strange, A. M. Sulonen, E. Sundqvist, A. C. Syvanen, F. 
Taddeo, B. Taylor, J. M. Blackwell, P. Tienari, E. Bramon, A. Tourbah, M. A. 
Brown, E. Tronczynska, J. P. Casas, N. Tubridy, A. Corvin, J. Vickery, J. 
Jankowski, P. Villoslada, H. S. Markus, K. Wang, C. G. Mathew, J. Wason, C. N. 
Palmer, H. E. Wichmann, R. Plomin, E. Willoughby, A. Rautanen, J. 
Winkelmann, M. Wittig, R. C. Trembath, J. Yaouanq, A. C. Viswanathan, H. 
Zhang, N. W. Wood, R. Zuvich, P. Deloukas, C. Langford, A. Duncanson, J. R. 
Oksenberg, M. A. Pericak-Vance, J. L. Haines, T. Olsson, J. Hillert, A. J. Ivinson, 
P. L. De Jager, L. Peltonen, G. J. Stewart, D. A. Hafler, S. L. Hauser, G. McVean, 
P. Donnelly, and A. Compston. 2011. Genetic risk and a primary role for cell-
mediated immune mechanisms in multiple sclerosis. Nature 476: 214-219. 

  



103 

 

 
Figure 5.1: Cre-mediated recombination is detected in vitro. (A) Schematic diagram 
showing genetic strategy to generate tamoxifen-inducible knock-out of Cxcr2 within 
oligodendroglia. (B) Cre-mediated recombination at Cxcr2 locus was detected by PCR 
from oligodendrocyte-enriched cultures derived from P1 cCxcr2 fl/fl mice following 
addition of 4-OHT. (C) Treatment with 4-OHT induced expression of Tdtomato red in 
>90% O1-positive oligodentrocytes derived from P1 cCxcr2 fl/fl mice. (D) Western blot of 
CNPase and MBP from 4-OHT treated oligodendrocyte cultures. (E) Normalized 
expression of MBP or (F) CNPase following 4-OHT treatment. Quantification of 
Tdtomato red-positive O1-positive oligodendrocytes in panel C represents 4 independent 
OPC cultures derived from cCxcr2 fl/fl mice; data presented as average+SEM. DIV, days 
in vitro; *****p<0.00001. 
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Figure 5.2: Cxcr2 is ablated in vivo following tamoxifen treatment. (A) Detection of 
Cre-mediated recombination at the Cxcr2 locus in the brain and spinal cord of cCxcr2 fl/fl 
mice 2 weeks following tamoxifen treatment. (B) Quantification revealed ~75% of GST-
π-positive oligodendrocytes expressed Tdtomato following tamoxifen treatment. (C) 
CXCR2 expression on splenic neutrophils following tamoxifen-treated cCxcr2 fl/fl mice. 
Panel B is representative of 8 separate coronal spinal cord sections from 4 mice and 
presented as average+SEM. Panel C represents 2 independent experiments with a 
minimum of 4 mice per experiment; bar graphs represent average±SEM. 
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Figure 5.3: Clinical and histologic disease is not affected following MOG35-55-induced 
EAE in cCxcr2 fl/fl mice. (A) Schematic depicting tamoxifen injections and MOG35-55 
immunization in cCxcr2 fl/fl mice. (B) Representative spinal cord images of MOG35-55-
immunized treated with vehicle (control) or tamoxifen at day 21 following MOG35-55 
immunization. (C) Representative immunofluorescent staining for GST-p confirmed that 
Tdtomato red expression is restricted to oligodendrocytes. (D) Clinical disease scoring of 
tamoxifen-treated cCxcr2 fl/fl mice (n=15) compared with control-treated mice (n=16) 
immunized with MOG35-55 peptide. (E) Representative fluoromyelin staining of spinal 
cords from control (n=5) and tamoxifen-treated cCxcr2 fl/fl mice (n=7); areas of 
demyelination are outlined by red lines and (F) quantification on total demyelination in 
spinal cord sections. Clinical scoring data are derived from two independent experiments. 
Fluoromyelin staining represents 2 independent experiments including 8 spinal cord 
sections averaged for each mouse; bar graphs presented as average+SEM. 
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Figure 5.4: MOG35-55-specific CD4+ T cell responses are intact following tamoxifen 
treatment. MOG35-55-immunized cCxcr2 fl/fl mice were treated with either tamoxifen 
(n=8) or vehicle control (n=6) including 2 independent experiments and spinal cords 
removed at day 20-21 post-immunization to measure the frequency and number of (A) 
Percent and numbers of CD4+ T cells and (B) CD8+ T cells in spinal cords. (C-D) On 
day 20 post-immunization, isolated brain leukocytes were stimulated PMA/Iono for 5 
hours and intracellular cytokine production of IFN-g and/or IL-17A was measured in 
CD4+ T cells. (D) Data are derived from one independent experiment n=3 per group and 
presented as average+SEM.  
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Figure 5.5: EAE neuroinflammation is not affected in response to tamoxifen 
treatment. MOG35-55-immunized cCxcr2 fl/fl mice were treated with either tamoxifen 
(n=8) or vehicle control (n=6) and spinal cords removed at day 20-21 following peptide 
injection to measure the frequency and numbers of (A) neutrophils 
(CD45hiCD11b+Ly6G+), (B) macrophages (CD45hiF4/80+) and microglia (CD45hiF4/80-). 
Data represent 2 independent experiments with at least 3 mice per group and presented as 
average+SEM. 
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Figure 5.6: Tamoxifen-mediated ablation of Cxcr2 does not affect 
neuroinflammation in response to JHMV infection of the CNS. cCxcr2 fl/fl mice were 
treated with tamoxifen or vehicle control and infected with 250 PFU JHMV. (A) Clinical 
disease severity and mortality was recorded following JHMV infection. (B) Flow 
cytometric analysis of the frequency leukocytes (CD45hi), neutrophils 
(CD45hiCD11b+Ly6G+), and macrophages (CD45hiF4/80+) in the brains at day 3 p.i. or 
(C) day 6 p.i.. Also included are the numbers of infiltrating leukocytes, neutrophils, 
macrophages, CD4+ T cells, and CD8+ T cells in the brain at day 6 p.i.. Clinical disease 
and mortality is representative of 10 vehicle treated and 22 tamoxifen treated cCxcr2 fl/fl 
mice. Flow cytometric data at day 3 and 6 p.i. are derived from at least 5 mice per group 
and average+SEM. 
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Figure 5.7: Cxcr2 ablation does not alter antiviral immune responses nor 
demyelination. JHMV-infected cCxcr2 fl/fl mice treated with either tamoxifen or vehicle 
control and infected with 250 PFU JHMV. (A) M133-specific CD4+ T cells or S510-
specific CD8+ cell frequencies were determined in by tetramer staining from cells 
derived from the brains of mice at day 6 p.i. (B) Viral titers in brain and spinal cord of 
mice were measured at day 7 p.i. (C) Representative (left) spinal cord sections showing 
demyelination within the white matter tracts of mice was measured by H&E in 
conjunction with LFB staining. Percent demyelination was quantified (right). Data in 
panel A, B, and C represent at least 4 mice per group and 6-8 spinal cord sections per 
spinal cord averaged for percent demyelination for each mouse. Data represented with 
averages+SEM. 
 



 

 

 

 

 

 

 

 

CHAPTER 6 

 

CONCLUSION 
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6.1 Overexpression of CXCL1 in models of MS 

The ELR(+) CXC chemokines bind to the receptor CXCR2 that is expressed on 

neutrophils and is important in their ability to traffic to sites of inflammation (1). In the 

context of a model of viral-induced demyelination e.g. JHMV-infection of the CNS of 

susceptible mice, the ELR(+) CXC chemokine CXCL1 as well as others are increased 

early following infection. In EAE, the autoimmune model of MS, expression of ELR(+) 

chemokines are also increased near onset of disease (2-4). During acute JHMV, treatment 

with anti-CXCR2 depleted neutrophils in the brain, showing that the release of MMP-9 

by neutrophils early during disease is important in aiding the breakdown of the BBB 

resulting in decreased immune cell recruitment to the CNS, unimpaired viral replication, 

and increased mortality in the mice (2). Blocked neutrophil trafficking in EAE models via 

anti-Ly6G, anti-CXCL1, or anti-CXCR2 treatment resulted in a delay in clinical disease 

onset (4-6). Conversely, in transgenic mice in which CXCL1 is constitutively expressed 

from oligodendroglia resulted in increased neutrophil accumulation within the CNS and 

enhanced microglial and astrocyte activation that correlated with pronounced ataxia and 

decreased lifespan (7). Astrocytes express the chemokine CXCL1 and we wanted to 

better understand how overexpression of CXCL1 influenced disease in two preclinical 

mouse models of MS and if neutrophils participated in demyelination (4, 8, 9).  

  Dox-dependent overexpression of CXCL1 from astrocytes in JHMV-infected 

mice and MOG35-55-induced EAE resulted in a significant increase in clinical disease 

correlating with an increase in spinal cord neutrophil infiltration. In both models, there is 

an increase in demyelination when CXCL1 is overproduced; either depletion of 

neutrophils via anti-Ly6G treatment or blocking neutrophil trafficking via anti-CXCR2 
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decreased the severity of spinal cord demyelination. In the JHMV model, increased 

neutrophil accumulation in the CNS correlated with an increase in mortality independent 

of changes in BBB permeability, alterations in other proinflammatory cytokine levels, or 

infiltration of virus-specific T cells or monocyte/macrophages. Similar results appeared 

in the MOG35-55 EAE model in which the increase in disease was associated with 

increased neutrophil infiltration, while myelin-reactive T cells as well as other leukocyte 

were not affected. Together, these findings suggest that the increase in CXCL1 in the 

CNS during mouse models of MS contributes to increased disease severity mediated by 

neutrophils. Overexpression of CXCL1 within astrocytes showed an increase in 

macrophages/microglia within the spinal cords of experimental mice, but we do not think 

that these cells are contributing to the increase in morbidity since there was no increase in 

the activation state as determined by measuring MHC class II and CD80/86 expression. 

In addition, previous studies have suggested that Ly6C+ myeloid precursor cells can also 

contribute to disease severity in EAE (10).  

 

6.2 Oligodendrocyte expression of CXCR2 role in MS models 

The role of CXCR2 on neutrophils has been mainly studied in mouse models of 

MS, either by antibody blockage, antagonist administration, or use of whole-body Cxcr2 

-/- mice (2, 5, 11, 12). During acute JHMV infection, antibody neutralization of CXCR2 

increased morbidity and mortality in mice by an inability to breakdown the BBB due to 

the decrease in neutrophil recruitment and mice succumb to viral infection (2). In a toxin 

model of demyelination, CXCR2+ neutrophils contribute to white matter damage (11). In 

both the lysolecithin (LPC) and MOG35-55 EAE model, CXCR2 antagonist administration 
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resulted in a decrease in demyelination and increase in remyelination, although the 

specific cell type/types involved were not deduced (12). In the PLP139-151 EAE and 

cuprizone model of demyelination, CXCR2 expression in nonhematopoietic cells 

impeded the ability for myelin repair, indicating that CXCR2 in resident cells of the CNS 

are involved in myelin repair (11). During the chronic stage of JHMV infection, anti-

CXCR2 treatment increased clinical disease and this was associated with oligodendrocyte 

apoptosis and demyelination, suggesting a protective role of CXCR2 on oligodendrocytes 

in the late stages of this model (3). In addition, OPCs administered CXCL1 impedes 

apoptosis in response to viral infection by inhibiting cleavage of caspase 3 (13). 

While the role of CXCR2 in neutrophil recruitment to sites of inflammation has 

been studied more extensively, CXCR2 expressed in resident cells within the CNS 

including neurons, OPCs, oligodendrocytes, activated astrocytes, and microglia has not 

been analyzed (8, 14-19). Previous studies have indicated that CXCR2 is important in 

OPC proliferation and migration during development and Cxcr2 -/- mice show spatial 

alterations in OPC levels in the CNS and a decrease in white matter and myelin thickness 

in the spinal cord of adult mice (20, 21). Since CXCR2 is important in OLCs during 

development, we wanted to better understand its role in PLP+ OLCs during 

demyelination/remyelination in MS mouse models. As such, we developed mice in which 

we could selectively ablate Cxcr2 within oligodendroglia upon tamoxifen treatment and 

this allowed us to better understand the functional role of this receptor in disease and 

repair in JHMV-infected mice as well as animals with EAE.  

Our findings argue that genetic ablation of CXCR2 in oligodendroglia was not 

important in the clinical course of both MOG35-55 EAE and JHMV-infected mice. No 
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differences in the recruitment of T cells, neutrophils, or macrophages into the CNS 

during either JHMV or MOG35-55 EAE were observed. Nor was there a difference in Th1, 

Th17, or Th1/Th17 cells in EAE or viral specific T cells during JHMV infection. In vitro 

deletion of CXCR2 from oligodendroglia did not alter myelin protein alterations, MBP 

and CNPase (12, 21, 22). Collectively, these findings would argue that CXCR2 signaling 

in oligodendroglia does not influence either demyelination or remyelination in 

neuroinflammatory models of demyelination yet is important in positional migration of 

OPCs and myelination during development. 

 

6.3 Future directions 

The FDA-approved drugs for MS patients have focused on the adaptive immune 

response, although none completely subside symptoms or relapse, thus designing drugs 

that modulate the innate immune system need to be tested. There has been limited direct 

evidence for neutrophils in MS patients due to limited autopsy tissue samples and due to 

the short-lived nature (6-8 hours in humans) of these cells (23, 24). Neutrophils can 

release toxic factors including microbicidal granules such as cathepsin G, reactive oxygen 

and nitrogen species, neutrophil extracellular traps (NETs), MMPs, and many cytokines 

and chemokines, as well as their ability to phagocytize pathogens (1, 25-28). Although 

neutrophils are short-lived, bystander destruction of host cells and tissue including axons 

and oligodendrocytes can occur through NADPH oxidase producing both nitric oxide 

(NO) and reactive oxygen species (ROS), which has been shown to increase oxidative 

stress, inflammation, and ischemia-reperfusion damage in the brain in a mouse model of 

ischemic injury has been observed (29-32). Neutrophils have been shown to enhance 
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spinal cord lesions in patients with NMO and blocking neutrophil elastase in a mouse 

model of NMO decreased neuroinflammation and demyelination (33-35). Neutrophils 

and nitric oxide synthase production enhanced glial cell death in the brains of virally 

infected mice (36). It has been proposed that neutrophils may augment macrophage 

recruitment as well as antigen presentation (6). In the MOG35-55 EAE model, it was 

observed that neutrophils activate macrophages and microglia express MHC class II and 

subsequently antigen presentation (6). CNS infiltrating neutrophils also contribute to 

disease by the production of many proinflammatory cytokines (6). During EAE, there is a 

distinct difference in cytokine expression between neutrophils in the CNS compared to 

the bone marrow and during JHMV infection neutrophils have been shown to produce 

MMP9 to aid in the breakdown of the BBB early during infection (2, 6) 

In MOG35-55 EAE, it has been shown that neutrophils within the CNS produce 

many proinflammatory cytokines including TNF-α, IL-6, IL-12/23p40, and IFN-γ, but 

not IL-10 or IL-17 (6). In vitro studies showed that CNS neutrophils are important in 

enhancing MHC class II, CD80, and CD86 on bone marrow dendritic cells, but could not 

pinpoint the cytokine or other mechanism of how neutrophils accomplished this feat (6). 

In addition, neutrophils do not present MHC class II, although they reportedly increase 

the APC capacity of microglia/macrophages, but without altering levels of antigen-

specific CD4+ T cells (6). This article was the first to show a specific role for neutrophils 

in MOG35-55 EAE, although it did not determine a mechanism. It was found that 

myeloperoxidase and neutrophil elastase did not alter overall clinical score in MOG35-55 

EAE mice, suggesting is not important in pathogenesis of disease (6). In JHMV infection, 

we now know that neutrophils express MMP-9 and aid in breakdown of the BBB (2). The 



116 

 

observation that neutrophils increasing morbidity viral and autoimmune models of MS 

combined with from Segal and colleagues reporting an increase in CXCL1, CXCL5, and 

neutrophil elastase in MS patient’s serum correlating with MS lesion burden suggests that 

targeting ELR(+) CXC chemokines or its receptor may be used as novel therapies to treat 

MS (37). Therefore, future studies will require understanding specifically how 

neutrophils contribute to neurologic disease and specifically demyelination. 

We know that expression of CXCR2 on OPCs are important in proliferation and 

migration during development and adult mice that are Cxcr2 -/- show an altered spatial 

formation of OPCs, decreased myelin thickness in the spinal cord, and impaired 

remyelination (20-22). To understand the mechanism of impaired remyelination by 

CXCR2 within the CNS, the first CNS resident cell types to look at were OLCs. The 

recent article by Ransohoff and colleagues demonstrated that genetic ablation of CXCR2 

in oligodendroglia enhanced remyelination arguing that CXCR2 signaling may impede 

OPC maturation and/or myelin synthesis in non-inflammatory models of demyelination 

(38). We are currently analyzing remyelination in both of these mouse models to see if 

CXCR2 on OLCs impedes myelin repair. To better understand the mechanism of CXCR2 

in myelin repair, future studies will require the ablation of CXCR2 from other resident 

glial cell populations that have been shown to express CXCR2 including astrocytes, 

microglia, and neurons followed by observations of alterations in the 

pathogenesis/myelin repair in mouse models of demyelination. Overall, these studies all 

suggest that the development of drugs to block CXCR2 may aid in decreasing clinical 

symptoms in MS patients either by impeding neutrophil recruitment to the CNS or 

blocking the role on CNS resident cells to enhance myelin repair. 
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The oral drug FTY720 affects sphingosine-1-phosphate (S1P) signaling on targeted cells that bear the
S1P receptors S1P1, S1P3, S1P4, and S1P5. We examined the effect of FTY720 treatment on the biology
of mouse neural progenitor cells (NPCs) after transplantation in a viral model of demyelination.
Intracerebral infection with the neurotropic JHM strain of mouse hepatitis virus (JHMV) resulted in an
acute encephalomyelitis, followed by demyelination similar in pathology to the human demyelinating
disease, multiple sclerosis. We have previously reported that intraspinal transplantation of mouse NPCs
into JHMV-infected animals resulted in selective colonization of demyelinated lesions, preferential
differentiation into oligodendroglia accompanied by axonal preservation, and increased remyelination.
Cultured NPCs expressed transcripts for S1P receptors S1P1, S1P2, S1P3, S1P4, and S1P5. FTY720
treatment of cultured NPCs resulted in increased mitogen-activated protein kinase phosphorylation and
migration after exposure to the chemokine CXCL12. Administration of FTY720 to JHMV-infected mice
resulted in enhanced migration and increased proliferation of transplanted NPCs after spinal cord
engraftment. FTY720 treatment did not improve clinical disease, diminish neuroinflammation or the
severity of demyelination, nor increase remyelination. These findings argue that FTY720 treatment
selectively increases NPC proliferation and migration but does not either improve clinical outcome or
enhance remyelination after transplantation into animals in which immune-mediated demyelination is
initiated by the viral infection of the central nervous system. (Am J Pathol 2015, 185: 2819e2832;
http://dx.doi.org/10.1016/j.ajpath.2015.06.009)

Intracranial infection with the neurotropic JHM strain of
mouse hepatitis virus (JHMV) results in an acute encepha-
lomyelitis, followed by chronic demyelination characterized
by viral persistence within the central nervous system
(CNS), axonal damage, and demyelination.1e7 Previous
studies from our laboratory have used the JHMV model of
neuroinflammation-mediated demyelination to evaluate
the therapeutic benefit of mouse neural progenitor cell
(NPC) engraftment on remyelination.8e10 Transplantation
of mouse NPCs into the spinal cords of JHMV-infected
mice results in extensive migration and colonization
of areas of white matter damage and preferential

differentiation into oligodendroglia.8e10 Engrafted NPCs
physically engage damaged axons, and this ultimately
leads to increased axonal integrity that correlates with
remyelination.8,11 These findings, along with others,12e14

argue that engraftment of NPCs may provide an important
unmet clinical need for treatment of human demyelinating
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diseases, including multiple sclerosis (MS), by facilitating
sustained remyelination that can restore motor function
and ameliorate clinical symptoms.

After engraftment of NPCs into the spinal cords of
JHMV-infected mice, transplanted cells migrate both rostral
and caudal from the implantation site.8,9 The chemokine
ligand CXCL12 is enriched within areas of demyelination,
and transplanted NPCs express the signaling receptor
CXCR4, resulting in colonization of areas of white matter
damage. Blocking CXCR4 signaling on NPC trans-
plantation impaired NPC migration, arguing for an impor-
tant role for this chemokine signaling pathway in
contributing to repair by mediating trafficking to sites of
myelin damage.9 However, the molecular mechanisms
governing positional migration of NPCs are likely complex
and consist of additional soluble factors that affect the
ability of NPCs to effectively congregate within areas of
white matter pathology.

Among potential molecules that may influence migration
is the lysophospholipid sphingosine-1-phosphate (S1P) that
is well documented in controlling proliferation and migra-
tion of numerous cell types.15e18 Although the importance
of S1P signaling in controlling lymphocyte homing and
egress from lymphatic tissues is well documented,19e21

increasing evidence indicates a functional role within the
CNS as glia and neurons express different combinations of
specific signaling receptors S1P1, S1P2, S1P3, S1P4, and
S1P5.22,23 Activation of these receptors yields different ef-
fects on migration and survival of astrocytes, microglia, and
oligodendrocytes.24e26 In addition, NPCs express S1P re-
ceptors, and signaling has previously been reported to in-
fluence in vitro differentiation.27 Moreover, Kimura et al28

demonstrated an important role for S1P signaling in con-
trolling migration of transplanted NPCs to an injury site in a
model of spinal cord injury.

We examined the functional role of S1P signaling after NPC
transplantation into the spinal cords of JHMV-infected mice.
FTY720 is a U.S. Food and Drug Administrationeapproved
oral drug for treatment of patients with relapsing
MS.22,23,29e31 FTY720 exerts immunomodulatory effects that
reduce acute relapses, new lesion formation, and disability
progression and brain volume loss in MS patients.32 The
mechanism(s) behind FTY720 functions are not yet defined;
however, the phosphorylated active form of FTY720
(FTY720P) is an S1P receptormodulator that inhibits egress of
lymphocytes from lymph nodes. FTY720 is a functional
antagonist of S1P1 on lymphocytes,20 yet also can act as a
nonselective agonist of S1P1, S1P3, S1P4, and S1P5.33

Therefore, the available evidence suggests that cellular
source and receptor expression profile are critical in terms of
how FTY720 affects S1P signaling, and likely lead to a
dampening of autoreactive T cells specific for myelin antigens
infiltrating into the CNS.More important, FTY720, because of
its lipophilic nature, penetrates the blood-brain barrier and
readily enters the CNS parenchyma. Furthermore, FTY720P is
detected in situ, suggesting that it may influence the biology of

resident cells of the CNS. Our findings reveal that treatment of
cultured NPCs with FTY720P led to an active signaling
response, as determined by phosphorylation of mitogen-
activated protein (MAP) kinase, yet did not influence lineage
fate commitment. FTY720 treatment of JHMV-infected mice,
transplanted with NPCs, demonstrated enhanced migration
associated with increased numbers of NPCs compared with
vehicle-treated control animals. FTY720 treatment did not
affect the accumulation of T cells or macrophages within the
CNS. Finally, after treatment in animals in which demyelin-
ation is established, FTY720 did not augment the effects of
NPCs on influencing remyelination, indicating a selective
effect on migration/proliferation on spinal cord engraftment
into JHMV-infected mice.

Materials and Methods

Mice and Virus

Age-matched (5 to 7 weeks) S1P1 enhanced green fluo-
rescent protein (eGFP) knock-in mice (C57BL/6 back-
ground)34 and C57BL/6 mice were anesthetized with an i.p.
injection of 150 mL of a mixture of ketamine (Western
Medical Supply, Arcadia, CA) and xylazine (Phoenix
Pharmaceutical, Saint Joseph, MO) in Hanks’ balanced salt
solution. Mice were injected intracranially with 150 plaque-
forming units of JHMV (strain V2.2-1) suspended in 30 mL
saline.9 Clinical severity was assessed by blinded in-
vestigators (T.E.L. and C.A.B.) using a previously described
four-point scoring scale.35 FTY720 (2-amino-2-[2-(4-
octylphenyl) ethyl]-1,3-propanediol, hydrochloride) and
FTY720P (2-amino-2 [2-(4-octylphenyl) ethyl]-1,3-
propanediol, mono dihydrogen phosphate ester) were
purchased from Cayman Chemical Co (Ann Arbor, MI).
FTY720 or the vehicle was administered by daily i.p.
injections of 100 mL, starting at day 13 postinfection
(p.i.). Experiments for all animal studies were reviewed
and approved by the University of Utah (Salt Lake City)
and the University of California (Irvine) Institutional
Animal Care and Use Committees.

NPC Isolation and Culture

Neurosphere cultures were prepared from brains of perinatal
S1P1 eGFP knock-in mice, as previously described.8,36

Briefly, dissected striata were razor minced and triturated
in 0.05% trypsin for 10 minutes, followed by anti-trypsin to
inactivate the digestion. Single cells were resuspended in
Dulbecco’s modified Eagle’s medium:F12 (Invitrogen,
Carlsbad, CA) supplemented with B27 (Invitrogen), insulin-
transferrin-selenium-X (Invitrogen), penicillin-streptomycin
(Invitrogen), 40 ng/mL T3 (T67407; Sigma, St. Louis,
MO), and 20 ng/mL human recombinant epidermal growth
factor (E9644; Sigma). Cells were cultured for 6 days with
replacement of media every other day, at which point
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mature neurospheres were isolated and GFP expression was
visualized by fluorescence microscopy.

PCR

Total RNA was extracted from neurospheres, DNase treated,
and purified via phenol-chloroform extraction. cDNA was
synthesized with a reverse transcription kit superscript VILO
(Invitrogen), according to the manufacturer’s instructions.
The following primers were used to identify S1P1-S1P5
mRNA expression: S1P1, 50-TTTCCATCGCCATCCTC-
TAC-30 (forward) and 50-GCAGGCAATGAAGACAC-
TCA-30 (reverse); S1P2, 50-TCTCAGGGCATGTCACTC-
TG-30 (forward) and 50-CAGCTTTTGTCACTGCCGTA-30

(reverse); S1P3, 50-GTGTGTTCATTGCCTGTTGG-30

(forward) and 50-TTGACTAGACAGCCGCACAC-30

(reverse); S1P4, 50-GGCTACTGGCAGCTATCCTG-30

(forward) and 50-AAGGCCACCAAGATCATCAG-30

(reverse); and S1P5, 50-GATCCCTTCCTGGGTCTAGC-
30 (forward) and 50-TAGAGCTGCGATCCAAGGTT-30

(reverse). Primers were purchased from Invitrogen.
Sequencing of PCR amplicons confirmed primer specificity.

Western Blot Analysis

NPCs were plated on Matrigel-coated 6-well plates and treated
with either 100 nmol/L FTY720 phosphate or vehicle for 5
minutes, 30 minutes, 1 hour, 2 hours, and 4 hours. The cells
were then lysed using radioimmunoprecipitation assay buffer
[50 mmol/L Tris-HCL (pH 7.4), 175 mmol/L NaCl, 5 mmol/L
EDTA, 1% NP-40, 0.1% SDS, and 0.5% deoxycholic acid]
supplemented in protease and phosphatase inhibitors (Roche).
P44/42 MAP kinase (1:2000; Cell Signaling, Danvers, MA)
and phosphorylated p44/42 MAP kinase (1:15,000; Cell
Signaling) were detected by Western blot analysis using
horseradish peroxidaseeconjugated secondary antibodies
(1:25,000; Jackson ImmunoResearch Laboratory, West Grove,
PA) and exposed to Supersignal West-Femto chemilumines-
cent reagent (Pierce, Rockford, IL).

NPC Differentiation

To assess differentiation potential, NPCs expressing
GFP8,9,11,37 were grown on Matrigel-coated chamber slides
with epidermal growth factor for 24 hours, at which point
growth factor was removed and NPCs were allowed to
differentiate for up to 7 days.8 Cells were treated daily with
100 nmol/L FTY720P or vehicle subsequently fixed in 4%
paraformaldehyde for 20 minutes at room temperature.
Immunofluorescence was performed using established
protocols: rabbiteanti-mouse Olig 2 (1:200; Millipore,
Darmstadt, Germany), rabbiteanti-mouse glial fibrillary
acidic protein (1:1000; Invitrogen), mouseeanti-mouse Map2
(1:750; Sigma), Alexa-594 anti-rabbit (1:500; Invitrogen), and
anti-mouse (1:1000; Invitrogen) were used as secondary an-
tibodies. Samples were then washed in phosphate-buffered

saline (PBS), and coverslip was mounted with DAPI Vecta-
shield Mounting Medium (Vector Laboratories, Burlingame,
CA). The percentage of immunopositive cells for each stain
was determined by dividing the total number of immuno-
positive cells by the total number of DAPI-positive cells.

NPC Transplantation

Transplantation was performed on day 14 p.i. with JHMV, at
which point infected mice have established demyelin-
ation.8,9,11 Mice were anesthetized with an i.p. injection of
150 mL of a mixture of ketamine (Western Medical Supply,
Arcadia, CA) and xylazine (Phoenix Pharmaceutical, Saint
Joseph, MO) in Hanks’ balanced salt solution, a laminectomy
was performed at T9, and 2.5 ! 105 NPCs resuspended in 2.5
mL solution were injected into the spinal cord using a 10-mL
Hamilton syringe, as previously described.8,38e40 Recipient
mice also received daily i.p. injections of 3 mg/kg FTY720
starting at day 13 p.i., whereas a control group received
vehicle starting at day 13 p.i.

NPC Chemotaxis

In vitro chemotaxis assays were performed using aNeuroProbe
ChemoTx system, according to the manufacturer’s protocol.
Briefly, GFP-NPCs treated with 100 nmol/L, 10 nmol/L, and 1
mmol/L FTY720P or vehicle control were allowed to migrate in
response to recombinant mouse CXCL12 (Peprotech, Rocky
Hill, NJ). Migration after 16 hours of culture was assessed by a
fluorescent microplate reader (Synergy H1; BioTek, Winooski,
VT), according to manufacturer’s specifications.

Histology

Spinal cords were isolated at defined time points and fixed
overnight with 4% paraformaldehyde at 4"C. Individual
spinal cords were divided into sections, and twelve coronal
sections (1 mm thick) were cryoprotected in 20% sucrose
and embedded in OCT (VWR, Radnor, PA). Coronal sec-
tions (8 mm thick) were cut, and sections were stained with
luxol fast blue. Areas of total white matter and demyelinated
white matter were determined with ImageJ software version
1.48 (NIH, Bethesda, MD; http://imagej.nih.gov/ij).41

Demyelination was scored as a percentage of total demye-
lination along the entire length of the spinal cord. The total
numbers of GFP-positive cells were determined in each of
the twelve spinal cord sections surrounding the transplant
site by counting GFP-positive cells colocalized with DAPI-
positive nuclei. Determination of both the severity of
demyelination and numbers of GFP-positive cells was per-
formed blinded (T.E.L. and C.A.B.).

Electron Microscopy

Mice were perfused with 0.1 mol/L cacodylate buffer con-
taining 2% paraformaldehyde/2% glutaraldehyde, and spinal
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cords were isolated, and then embedded in Epon (Danbury,
CT) epoxy resin. Serial ultrathin sections were stained with
uranyl acetateelead citrate and analyzed as previously
described. Images at !1200 magnification were analyzed for
g-ratio using ImageJ software.42 A minimum of 150 axons
were analyzed per mouse, and the g-ratio was calculated by
dividing the axon diameter by the total fiber diameter.

Immunofluorescence

For immunophenotyping of glial cells, fixed spinal cord sec-
tions were incubated in 10% normal goat serum (Jackson
ImmunoResearch, West Grove, PA) and 1% bovine serum
albumin for 1 hour at room temperature. This was followed by
an overnight incubation at 4"C with the following primary
antibodies in 1% bovine serum albumin: rabbit anti-mouse
glutathione S-transferase (GST)-p (1:1000; MBL, Interna-
tional Corporation, Woburn MA), rabbiteanti-mouse glial
fibrillary acidic protein (GFAP; 1:1000; Invitrogen), and
rabbiteanti-mouse Ki-67 (1:300; Abcam, Cambridge, MA).
Sections were then washed in PBS and incubated for 1 hour
at room temperature with Alexa fluorescent-conjugated
secondary antibodies (goateanti-rabbit Alexa 594 or
goateanti-mouse Alexa 594; 1:1000 in PBS; Invitrogen).
Next, sections were washed in PBS and coverslip mounted
using DAPI Vectashield Mounting Medium (Vector Labo-
ratories). The percentage of immunopositive cells for each
stain was determined by dividing the total number of
immunopositive cells by the total number of DAPI-positive
cells.

Cell Isolation and Flow Cytometry

Brain, spinal cords, and blood were isolated at day 21 or 28
p.i. from infected mice treated with 3 mg/kg FTY720 or
vehicle, starting at day 13 p.i. and transplanted with GFP-
labeled NPCs. By using previously described protocols,41

tissues were then homogenized and immunophenotyped
by flow cytometry using the following antibodies: rateanti-
mouse CD4-allophycocyanin (1:50; Biolegend, San Diego,
CA), rateanti-mouse CD8-allophycocyanin (1:50; Biolegend),
S510 to S518 tetramer-phosphatidylethanolamine (1:300;
NIH), and M133 to M147 tetramer-phosphatidylethanolamine
(1:150; NIH). Blood was collected by cardiac heart punc-
ture, and cells were stained with rateanti-mouse CD4-
allophycocyanin and CD8-phosphatidylethanolamine after
red blood cell lysis. Samples were analyzed using a
BD-Fortessa X-20 Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ).

Results

FTY720 Treatment Activates Cultured NPCs

FTY720 functions as both an antagonist and agonist for
members of the S1P receptor family whose natural ligand

is S1P. Previous studies have demonstrated that FTY720
preferentially binds S1P1, S1P3, S1P4, and S1P5 re-
ceptors, including lower affinity for S1P4, but does not
bind to S1P2.19 We tested whether mouse NPCs expressed
S1P receptors and if FTY720 treatment affected defined
responses. Neurospheres were isolated from the subventricular
zone of day 1 old eGFP-S1P1 knock-in mice,8,36 and
immunofluorescence confirmed that NPCs express S1P1,
as evidenced by GFP expression (Figure 1A). Subsequent
analysis of additional S1P receptor expression by RT-PCR
demonstrated expression of transcripts for all five defined
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Figure 1 FTY720 treatment activates cultured neural progenitor cells
(NPCs). Neurospheres were isolated from the subventricular zone of
sphingosine-1-phosphate receptor 1 (S1P1) enhanced green fluorescent
protein (eGFP) neonatal pups. A: Representative immunofluorescence
images confirm that neurospheres express S1P1, as evidenced by GFP
expression. B: Analysis of S1P receptor expression by NPCs at the mRNA
level demonstrates expression of transcripts specific for S1P1 to S1P5; the
sequence of amplicons confirmed primer specificity. C: Western blot
analysis of cultured NPCs treated with either vehicle or 100 nmol/L
phosphorylated active form of FTY720 (FTY720P) reveals increased
phosphorylation over time. D: Quantitative analysis of Western blot data
confirms increased phosphorylation of mitogen-activated protein kinase
(MAPK). Analyses of band intensity on films are presented as the relative
ratio of phosphorylated MAPK/actin. BF, brightfield microscopy; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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S1P receptors (Figure 1B). Previous studies have
demonstrated that FTY720 treatment activates several
intracellular signaling cascades, including phosphoryla-
tion of MAP kinase.43,44 Treatment of cultured NPCs
with the activated FTY720P (100 nmol/L) resulted in
phosphorylation of MAP kinase in a time-dependent
manner, indicating receptor binding and activation
(Figure 1, C and D). These findings support earlier
studies15 demonstrating that NPCs express S1P receptors

and FTY720 treatment initiates activation of intracellular
signaling pathways.

FTY720 Does Not Affect NPC Differentiation

We next tested whether exposure of cultured NPCs to
FTY720 influenced lineage fate commitment. Under defined
conditions, cultured NPCs will preferentially differentiate
into oligodendroglia, although astrocytes and neurons are
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Figure 2 FTY720 does not affect neural progenitor cell (NPC) differentiation. Exposure of cultured NPCs to daily 100 nmol/L phosphorylated active form of
FTY720 (FTY720P) for 5 days does not influence lineage fate commitment to either oligodendroglia (Olig2; A), neurons [mitogen-activated protein (Map) 2; B],
and astrocytes [glial fibrillary acidic protein (GFAP); C] compared with vehicle-controletreated cultures. D: Quantification of immunocytochemical staining for
defined cell lineages indicates similar frequencies of Olig2-, MAP2-, and GFAP-positive cells after treatment of cultured NPCs with either vehicle or FTY720P.
Data were presented as means ! SEM (D). n Z 3 independent experiments (D).
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Figure 3 FTY720 treatment enhances migration of engrafted green fluorescent protein (GFP)eneural progenitor cells (NPCs). JHMV-infected mice were
treated with FTY720 (3 mg/kg daily via i.p. injection) or vehicle control beginning at day 13 postinfection (p.i.). GFP-expressing NPCs were transplanted into
the spinal cords at day 14 p.i., and migration of transplanted cells rostral and caudal to the implantation site was assessed 3 weeks posttransplant (p.t.). A:
Transplanted GFP-NPCs migrate both rostral and caudal from the implantation site in both control and FTY720-treated mice. Images represent spinal cord
sections rostral (1 to 4) and caudal (5 to 8) from the transplantation site. B: Transplanted GFP-NPCs congregate within areas of demyelination located in the
anterior and lateral funiculus in both FTY720-treated mice and vehicle control. C: Quantification of GFP-NPC cell numbers at defined spinal cord sections rostral
and caudal to the implantation site in vehicle control and FTY720-treated animals. D: Representative images depicting Ki-67 staining by transplanted GFP-NPCs
in vehicle control and FTY720-treated mice. Arrowheads represent Ki-67þ transplanted GFP-NPCs. E: Quantification of GFP-NPCs expressing Ki-67. Data
are presented as means " SEM (C and E). n Z 2 or more independent experiments with n Z 4 or more mice per group (C and E). *P < 0.05,
**P < 0.01.
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also present.8,9 Exposure of NPCs to 100 nmol/L FTY720P
did not influence differentiation because we detected similar
frequencies of oligodendroglia (Olig2 positive), astrocytes
(GFAP), and neurons (Map2) when compared with vehicle-
controletreated cultures (Figure 2, AeD). Therefore, S1P
receptor antagonism does not affect NPC differentiation.

FTY720 Treatment Enhances Migration of Engrafted
GFP-NPCs

To test if FTY720 affects migration of engrafted NPCs, JHMV
and GFP-expressing NPCs (GFP-NPCs) were transplanted into
the spinal cord at day 14 p.i.,8,11,37,39 and FTY720 treatment
(3 mg/kg, daily, via i.p. injection) was initiated at day 13 p.i.
Control groups consisted of JHMV-infected mice transplanted
with GFP-NPCs treated with vehicle only.Mice were sacrificed
at 3 weeks posttransplant, and GFP-NPC distribution was
assessed histologically in spinal cord cross sections. In both
FTY720 and vehicle-treated control mice, GFP-NPCs were
distributed rostral and caudal from the implantation site and
colonized areas of demyelination within the ventral funiculus
and lateral white matter columns (Figure 3, A and B). Quanti-
fication of GFP-NPCs in defined spinal cord sections rostral and
caudal to the implantation site indicated a significant (P< 0.05)
increase in numbers of GFP-NPCs in FTY720-treated animals
when compared with vehicle-treated mice (Figure 3C).
Immunostaining for Ki-67 revealed increased numbers of
Ki-67epositive GFP-NPCs throughout the spinal cord in
FTY720-treated mice, consistent with increased proliferation
(Figure 3, D and E).

These findings suggest a role in S1P receptor antagonism in
controlling proliferation and/or migration of NPCs engrafted
into the spinal cord.We have previously shown that CXCL12 is
critical in controlling the positional migration of engrafted

NPCs by signaling through CXCR4 expressed on the surface of
NPCs.9 Furthermore, Kimura et al45 have reported that FTY720
treatment promotes migration of human CD34þ hematopoietic
progenitor cells by enhancing CXCR4 function. CulturedNPCs
were treated with increasing concentrations of FTY720P (10
nmol/L, 100 nmol/L, and 1 mmol/L), and the in vitromigration
in response to 200 ng/mL recombinant mouse CXCL12
resulted in a dose-dependent migration response (Figure 4A).
Flow analysis revealed that FTY720 treatment did not affect
surface expression of CXCR4 at any concentration tested
(Figure 4, B and C). Therefore, administration of FTY720 en-
hances migration of NPCs potentially by enhancing CXCR4
function, consistent with earlier studies.45

FTY720 Treatment of NPC-Transplanted Mice Does Not
Affect NPC Differentiation or Demyelination

FTY720 did not affect clinical disease in JHMV-infected
mice, regardless if transplanted with GFP-NPCs or treated
with vehicle (data not shown). We next examined if FTY720
treatment influenced the ability of engrafted NPCs to differ-
entiate into oligodendroglia, because our previous studies have
shown that most transplanted cells preferentially differentiate
into these cells.8,9 By 14 days posttransplant, FTY720 did not
affect lineage fate commitment of NPCs because similar fre-
quencies of GST-pepositive cells (a marker for mature
myelin-producing oligodendrocytes) were observed in
FTY720 versus vehicle-treated mice (Figure 5, A and B). The
severity of spinal cord demyelination in transplanted mice
treated with FTY720 was examined by staining serial coronal
sections rostral and caudal to the implantation site with luxol
fast blue and quantifying the percentage of white matter
damage.41,42 By day 14 posttransplant, the severity of demy-
elination was similar in transplanted mice treated with
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FTY720 when compared with control animals (Figure 5, C
and D). Electron microscopic analysis of spinal cords from
experimental mice was performed to better assess whether
FTY720 treatment of mice promoted remyelination. Deter-
mination of the g-ratio, the ratio of the inner axonal diameter/
the total outer fiber diameter, is an established structural index
of remyelination, with lower ratios indicating more extensive
remyelination.42 Regions of spinal cord ventral and lateral
white matter tracts of JHMV-infected mice, transplanted with
GFP-NPCs and treated with FTY720 or vehicle, and JHMV-
infected mice treated with vehicle or FTY720 alone were
analyzed (Figure 6A).

We first determined whether FTY720 treatment alone
increased remyelination in JHMV-infected mice. Our findings
indicate that, although there was an overall trend toward
remyelination after FTY720 treatment compared with control

mice, this did not reach significance (Figure 6, B, C, and F).
Increased remyelination was observed in JHMV-infected mice
that were transplanted with GFP-NPCs compared with vehicle
treatment alone (Figure 6, B, D, and F). However, FTY720 did
not result in a significant increase in remyelination in GFP-
NPCetreated animals compared with transplanted animals
treated with vehicle alone (Figure 6, B, E, and F). Therefore,
these findings argue that FTY720 treatment does not enhance
remyelination in JHMV-infectedmice regardless if transplanted
with GFP-NPCs.

Treatment with FTY720 Does Not Affect
Neuroinflammation in JHMV-Infected Mice

We have previously determined that FTY720 treatment of
JHMV-infected mice during acute disease results in
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Figure 5 FTY720 does not decrease the severity of demyelination. Mice were infected with 150 plaque-forming units of JHMV and 3 mg/kg FTY720 or
control vehicle treatment initiated at day 13 postinfection (p.i.) and transplanted with green fluorescent protein (GFP)eneural progenitor cells (NPCs) at day
14 p.i. In addition, JHMV-infected mice treated with FTY720 or vehicle alone served as an additional control. A: Representative glutathione S-transferase
(GST)-p immunofluorescence staining of spinal cords isolated at day 14 posttransplant (p.t.) from JHMV-infected mice engrafted with GFP-NPCs at day 14 p.i.
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increased mortality and limited infiltration of T cells into
the CNS, which correlated with impaired ability to control
viral replication within the CNS.41 We next examined
whether FTY720 treatment affected T-cell infiltration into
the CNS of mice either infected with JHMV or infected
and transplanted with GFP-NPCs. Mice were infected
intracranially with JHMV, and mice received daily i.p.
injections of FTY720 beginning at day 13 p.i. Flow anal-
ysis of T-cell infiltration into the spinal cords of infected
mice isolated at day 28 p.i. indicated no differences in
CD4þ or CD8þ T cells within the spinal cords of mice
treated with either FTY720 or vehicle alone (Figure 7, A
and B). Moreover, infiltration of virus-specific CD4þ and
CD8þ T cells was not affected after FTY720 treatment
(Figure 7, A and B).

Transplantation of GFP-NPCs into JHMV-infected mice
did not affect infiltration of total CD4þ and CD8þ T cells nor
virus-specific T cells into the spinal cord (Figure 7, C and D),
and this is consistent with our previously published studies.46

Similarly, administration of FTY720 to infected mice trans-
planted with GFP-NPCs did not prevent total T-cell or virus-
specific T-cell entry into the CNS (Figure 7, C and D). In
addition, FTY720 did not affect T-cell infiltration into the
brains of mice infected with JHMV alone or transplanted
with GFP-NPCs (data not shown). We confirmed the bio-
logical activity of FTY720 during chronic disease by
examining levels of circulating T cells within the blood.
FTY720 significantly (P< 0.05) diminished the frequency of
both CD4þ (Figure 8A) and CD8þ (Figure 8C) T cells within
the blood compared with control mice. In addition, by using

S1P1 eGFP knock-in mice, we determined that surface
expression of S1P1, measured by eGFP expression, was also
decreased (P < 0.05) on circulating CD4þ (Figure 8B) and
CD8þ T cells (Figure 8D) in FTY720-treated mice when
compared with control animals. Therefore, FTY720 treat-
ment of JHMV-infected mice results in diminished levels of
circulating lymphocytes that correlates with decreased S1P1
expression, and this is consistent with our earlier findings.41

These results indicate that FTY720 does not affect T-cell
migration into the CNS during chronic disease in animals,
regardless of whether transplanted with GFP-NPCs or
vehicle alone.

Discussion

The use of stem cells for treatment of human demyelinating
diseases, such as MS, to induce tissue repair offers an
attractive therapy for promoting remyelination and poten-
tially sustained clinical recovery.11,42,47e50 After spinal
cord engraftment of mouse NPCs into JHMV-infected mice,
NPCs preferentially migrate to sites of demyelination by
responding to the chemokine CXCL12 via expression of the
receptor CXCR4.9 However, it is likely that other signaling
cues are present within this inflammatory demyelinating
environment that influence NPC migration. The S1P/S1P1
axis has been shown to be involved in NPC migration to
sites of damage in a model of spinal cord injury highlighting
the importance of S1P receptors in mediating positional
migration of NPCs.28 Treatment of mice with FTY720

Figure 6 FTY720 treatment does not promote remyelination. A: Representative transverse spinal cord section; boxed areas indicate the regions in which
demyelinated and remyelinated axons were determined. Representative electron microscopic (EM) images of spinal cords of JHMVeinfected mice treated with
vehicle (VEH) alone (B), FTY720 (C), green fluorescent protein (GFP)eneural progenitor cells (NPCs) and vehicle (D), and GFP-NPCs and FTY720 (E). Black
arrows indicate myelinated axons; white arrows, demyelinated axons; asterisks, remyelinated axons. F: Calculation of g-ratio, as a measurement of axonal
remyelination, shows no significant differences between experimental mice. Data are presented as means " SEM (F). n Z 3 per group with n Z 150 or more
axons per mouse analyzed (F). Original magnification, #1200 (BeE).
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augments CXCR4 signaling and potentiates migration of
hematopoietic stem cells.45 Moreover, FTY720 readily
penetrates the CNS,19,24,33,51,52 arguing that it can modulate
the biology of transplanted NPCs by binding to S1P re-
ceptors. Indeed, Gonzalez-Cabrera et al53 have shown that
chronic FTY720 degrades and down modulates the receptor
in the CNS. FTY720 has a 17:1 brain/plasma ratio and is
accumulated in the brain, providing long-term steady-state
levels that drive complete receptor occupancy and degra-
dation. Therefore, we investigated the effects of FTY720
treatment in conjunction with NPC therapy in a viral model
of MS.

Herein, we show that FTY720 treatment of JHMV-
infected mice transplanted with GFP-NPCs results in
enhanced migration of transplanted cells when compared
with transplanted animals treated with vehicle control
(Figure 3, A and C). FTY720 treatment did not alter po-
sitional migration of transplanted NPCs because these cells
efficiently congregated within areas of demyelination
(Figure 3, A and B). The in vivo migration data support our
in vitro experimental results showing that FTY720

treatment of cultured NPCs increases migration after
exposure to recombinant mouse CXCL12, and this was
independent of elevated surface expression of CXCR4 on
NPCs (Figure 4, A and B). These findings argue that a
mechanism underlying enhanced NPC migration could
involve an effect on CXCR4 function and/or the down-
stream signaling cascade, such as calcium mobilization or
cytoskeleton rearrangement.
Previous studies have shown that FTY720 activates the

phosphorylation of CXCR4 through S1P3 activation, fol-
lowed by downstream cascade activation of Src kinase and
Janus-activating kinase 2 in progenitor cells,54 and affects
CXCR4-mediated migration in hematopoietic stem cells
after exposure to CXCL12.45

Future work focusing on defining the specific S1P re-
ceptor(s) involved in elevated CXCR4 function will be
critical to better understand the molecular mechanisms
governing how receptor agonists/antagonists influence NPC
migration mediated by CXCR4.
Our findings also indicated increased numbers of GFP-

NPCs within demyelinated white matter tracts of GFP-NPCs
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Figure 7 Treatment with FTY720 does not affect neuroinflammation in JHMV infected mice. The effect of FTY720 treatment on T-cell infiltration into the
spinal cord after either JHMV infection alone or GFP-NPCs transplantation was examined. Spinal cords were removed at day 28 postinfection [p.i.; day 14
posttransplant (p.t.) of GFP-NPCs], and the frequency of total T-cell subsets and virus-specific T cells was determined. There is no difference in frequencies of
CD4þ (A) or CD8þ (B) T cells and virus-specific CD4þ (A) or CD8þ (B) T cells in JHMV-infected mice treated with either vehicle control or FTY720. FTY720 does
not reduce overall frequencies of infiltrating CD4þ (C) or CD8þ (D) T cells compared with vehicle-treated control mice nor are there differences in the fre-
quencies of virus-specific CD4þ (C) and CD8þ (D) T cells following spinal cord transplantation of GFP-NPCs. Data represent means " SEM (AeD). nZ 4 mice or
more per group (AeD).
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in JHMV-infected mice treated with FTY720 when
compared with transplanted mice treated with vehicle con-
trol, suggesting proliferation is increased in vivo. Collec-
tively, these results argue that FTY720 treatment increased
NPC migration and proliferation following engraftment.

We have recently shown that FTY720 treatment of
JHMV-infected mice during acute disease results in
increased mortality that is associated with impaired migra-
tion of virus-specific T cells into the CNS and elevated viral
titers within the CNS.41 Dampened neuroinflammation
correlated with increased cellularity of draining cervical
lymph nodes, consistent with previous reports indicating
that S1P antagonism impairs lymphocyte egress from
lymphatic tissue.19,20,51,52 More important, administration of
FTY720 to JHMV-infected mice during acute disease was

associated with diminished severity of demyelination. These
findings highlight an important role for S1P signaling in
host defense during acute viral-induced neurological dis-
ease, most likely by enhancing T cells to efficiently migrate
from lymphatic tissue into the CNS. In marked contrast, the
present study indicates that when FTY720 treatment is
initiated at day 13 p.i. with JHMV, there is no effect on
T-cell accumulation within the CNS, and the severity of
demyelination is not affected. We believe these differences
in outcomes with regard to neuroinflammation reflect the
stage of disease at which point FTY720 is administered. As
indicated above, FTY720 treatment during acute disease
limited egress of virus-specific T cells from draining cer-
vical lymph nodes, thereby reducing the severity of neuro-
inflammation and demyelination. By day 13 p.i., surviving

Figure 8 FTY720 induces lymphopenia and
down-regulates sphingosine-1-phosphate receptor
1 (S1P1) on T cells. Frequencies of CD4þ and CD8þ

T cells in the blood day 7 posttransplant with GFP-
NPCs into JHMV-infected S1P1 eGFP mice treated
daily with FTY720 or control starting at day 13
postinfection. FTY720 significantly diminishes the
frequency of both CD4þ (A) and CD8þ (C) T cells
and S1P1 expression measured by GFP expression
on CD4þ (B) and CD8þ (D) T cells. Data are pre-
sented as means " SEM (AeD). n Z 2 or
more experiments with a minimum n Z 4 per
group (AeD). *P < 0.05. FSC, forward scatter.
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mice have reduced viral titers below the level of detection as
a result of infiltration of virus-specific T cells into the CNS
that can effectively control viral replication. Correspond-
ingly, treatment with FTY720 would have limited-to-no
effect on disease progression at this stage of disease
because the bulk of virus-specific lymphocytes have already
expanded and exited the draining cervical lymph nodes and
subsequently infiltrated the CNS. In addition, these data also
indicate that T cells do not rely on S1P signaling for T-cell
migration to the CNS during chronic disease but rather use
other inflammatory signaling cues (eg, chemokines) to gain
access to the CNS of JHMV-infected mice.2,55

Although FTY720 treatment of cultured NPCs resulted in
activation, increased proliferation, and enhanced migration in
response to CXCL12, there was no effect on lineage fate
commitment because similar frequencies of oligodendroglia,
astrocytes, and neurons were observed compared with
NPCs treated with control vehicle. Similar frequencies of
GFP-positive oligodendroglia expressing GST-p were detec-
ted within spinal cords of GFP-NPCetransplanted mice
treated with either FTY720 or vehicle control. Although there
were increased numbers of GFP-NPCs within areas of
demyelination in FTY720-treated mice, we did not observe
any discernable increase in remyelination. Whether this is
because of functional deficits in these cells is currently
unknown and is the focus of ongoing studies.

We have previously shown that engrafted NPCs can
remyelinate demyelinated axons,11 and these findings
would argue that FTY720 does not increase the remyeli-
nation potential of engrafted NPCs in our model of viral-
induced demyelination. This is similar to previous
studies that determined that FTY720 does not induce
remyelination in either the cuprizone or lysophosphatidyl
choline models of demyelination.56 However, Miron et al57

have demonstrated that FTY720 treatment resulted in
increased remyelination in organotypic cerebral slices
where demyelination was induced by lysolecithin. These
findings support other studies demonstrating FTY720
treatment in augmenting neurogenesis and repair in models
of CNS injury, possibly by activating endogenous NPCs
and/or oligodendrocyte progenitor cells.58e62 We are
currently examining whether FTY720 activates endoge-
nous progenitor cells within the CNS of JHMV-infected
mice. The conflicting reports on the effects of FTY720
on remyelination highlight differences in model systems
used, emphasizing the potential importance of targeting
specific receptors for promoting OPC maturation and
myelin synthesis. For example, by using a lysophospha-
tidyl cholineeinduced model of demyelination, adminis-
tration of S1P5 agonist has been reported to have a greater
effect on remyelination compared with S1P1 agonists.63

FTY720 treatment of MS patients with the relapsing-
remitting form of disease reduced the risk of disability
progression; yet, it is not clear if this is because of an in-
crease in remyelination.64 The fact that we did not observe
any increase in remyelination in JHMV-infected mice

treated with FTY720 alone would argue additional studies
in preclinical models of MS with more selective S1P
receptor agonists or antagonists to better understand the
effects on both endogenous glial cells and transplanted
NPCs with regard to promoting remyelination.
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