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ABSTRACT OF THE DISSERTATION 
 
 

Evaluating the functional contributions of microglia in host defense and disease in a model of 
mouse coronavirus-induced neurologic disease 

 
By 

 
Yuting Cheng 

 
Doctor of Philosophy in Biological Sciences 

 
University of California, Irvine, 2022 

 
Professor Thomas E. Lane, Chair 

 
An important unmet clinical need for multiple sclerosis (MS) patients is an effective 

method for promoting axonal sparing and remyelination that can ameliorate clinical symptoms 

associated with demyelination and restore motor function. Previous studies from our laboratory 

demonstrate an important role for microglia in restricting the severity of demyelination and 

promoting remyelination in a viral model of demyelination. In brief, intracranial instillation of 

the neuroadapted JHM strain of mouse hepatitis virus (JHMV, a member of the Coronaviridae 

family) results in an acute encephalomyelitis followed by a chronic immune-mediated 

demyelinating disease similar both clinically and histologically with MS. Targeted depletion of 

microglia via administration of PLX5622, a brain penetrant small molecule antagonist specific 

for colony-stimulating factor 1 receptor (CSF1R) that efficiently depletes microglia, before 

infection with JHMV resulted in a dramatic increase in the severity of spinal cord demyelination 

and markedly impaired remyelination. To better understand how microglia impact disease 

progression in mice persistently infected with JHMV that have established demyelination, 

PLX5622 was administered to mice at day 14 post-infection (p.i.) and animals remained on the 

drug for 14 days at which point animals were sacrificed and the severity of spinal cord 



xiv 
 

demyelination and remyelination evaluated. Our findings indicate that PLX5622-mediated 

ablation of microglia for 2 weeks beginning at day 14 p.i. did not lead to an increase in mortality 

but resulted in a significant (p<0.05) increase in the severity of spinal cord demyelination at day 

28 p.i. when compared to control mice. Infiltration of both total and virus-specific CD4+ and 

CD8+ T cells into the CNS was not affected in response to PLX5622-mediated microglia 

ablation yet control of viral replication was impaired that correlated with muted expression of 

MHC class II. Finally, we observed decreased expression of mRNA transcripts encoding 

remyelination-associated proteins Cystatin F and Lipoprotein lipase. BulkRNAseq analysis of 

spinal cords indicated that targeting microglia resulted in a dramatic reduction in gene expression 

profiles associated with cell-mediated immune responses and phagocytosis. These findings 

indicate that microglia continue to impact the control of viral replication within the CNS post-

acute phase of disease as well as restrict ongoing demyelination and remyelination in mice 

persistently infected with JHMV. 
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Chapter 1 

Background and Introduction 
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1.1 Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS) 

characterized by neuroinflammation, demyelination, and axonal loss1. MS was first described in 

1868 by French Neurologist Jean-Martin Charcot, who related distinct symptoms to the same 

disease and elegantly described the multitude of glial scars, which are its namesake2. Globally, 

an estimated 2-3 million people live with MS, although this figure is likely an underestimate due 

to a lack of data from certain geographic areas3.MS can occur at any age but the onset of this 

disease is usually between 20 to 40 years old, and women are two to three times more likely to 

get this disease than men4. Although the cause of MS is unknown, it is thought that both genetic 

and environmental factors contribute to the initiation of the disease5–7. For example, patients 

usually have a family history of getting MS, and white people, especially from Northern Europe, 

have a higher risk of developing MS than people from Asian, African, or Native American4. The 

human leukocyte antigen (HLA) class II region of the HLA-DR-2 haplotype on chromosome 

6p21 was shown to be associated with MS and HLADRB1*1501 is the major susceptibility allele 

in MS patients from North America or European Caucasians8–11. Besides that, having low levels 

of vitamin D, low exposure to sunlight, and smokers are associated with a greater risk of MS4. 

The symptoms of MS may vary from person to person depending on the location of 

affected nerve fibers. Since MS is a disease of the CNS, it usually affects patients’ movement 

such as electric-shock sensations that occur with certain neck movements, numbness or 

weakness in one or more limbs, and tremors. Other symptoms include vision problems, slurred 

speech, dizziness, tingling or pain in parts of the body, and problems with sexual, bowel, and 

bladder function may also happen4.  
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International Advisory Committee on Clinical Trials of MS had defined four basic MS 

disease courses (also called types or phenotypes) in 2013: clinically isolated syndrome (CIS), 

relapsing-remitting (RPMS), secondary progressive (SPMS), and primary progressive (PPMS). 

CIS is the first episode of neurologic symptoms caused by inflammation and demyelination in 

the CNS12. During this episode, patients won’t be diagnosed with MS because they may or may 

not go on to develop MS. A brain MRI (magnetic resonance imaging) will be suggested to take 

for those patients during this episode. If lesions can be seen in the MRI, which means that 

patients have a higher likelihood of developing MS and being diagnosed with RRMS, they may 

now be treated with a disease-modifying therapy (DMT) that has been approved by the U.S. 

Food and Drug Administration (FDA) and delay the onset of MS12. The DMTs are usually aimed 

at reducing T lymphocyte infiltration into the CNS and are aimed at preventing new lesion 

formation, including interferons (IFNs), Teriflunomide, Fingolimod, and monoclonal antibodies 

such as Natalizumab, Alemtuzumab, and Ocrelizumab13–18. Except for Ocrelizumab, which was 

recently approved for progressive MS, most of the FDA-approved DMTs are for RPMS. When 

patients are diagnosed with RRMS-the most common disease course, which not only means they 

have clearly defined attacks-also called relapses or exacerbation but also followed by periods of 

partial or complete recovery (remission)12. During the remission, all symptoms may disappear. 

However, during the relapsing, patients may generate new lesions on Magnetic resonance 

imaging (MRI) or increase in disability. Nearly 80% of patients who are diagnosed with RRMS 

will eventually transition to SPMS which may lead to progressive worsening of neurologic 

function and accumulation of disability over time12. Whereas approximately 15% of patients may 

directly accumulate disability without early relapses or remission in the PPMS course. Both the 

SPMS and PPMS can be further characterized as either active (with relapses and/or generating 
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new lesions on MRI) or not active, as well as with progression (increase disability) or without 

progression12. During the progression, accumulated cortical lesions lead to severe neurological 

dysfunction including loss of motor function. These symptoms are likely due to axonal 

degeneration, and the innate immune response, for example- microglia activation and 

macrophage infiltration- is associated with gray matter inflammation while T cells and B cells 

reside in the border of pre-existing lesions19–22,23(p). Moreover, remyelination of damaged areas 

by oligodendrocyte precursor cells (OPCs) fails to occur which severely reduces potential 

recovery24–27. 

MS is considered an autoimmune disease in which activated T cells attack proteins 

embedded within the myelin sheath resulting in damage/destruction over time1,5. In addition, 

activated B cells also contribute to disease progression in MS patients yet the mechanisms by 

which these cells contribute to disease are not well-characterized28. Supporting an important role 

for activated lymphocytes in contributing to disease is that FDA-approved DMTs are primarily 

focused on limiting access of either T lymphocytes into the CNS e.g., Tysabri (natalizumab), or 

depletion of B cells via administration of CD20-specific antibodies to dampen formation of new 

lesions1,5. Natalizumab is a humanized monoclonal antibody targeting α4 subunit of the integrin 

α4β1 on lymphocytes that reduces leukocyte migration into the central nervous system by 

preventing binding to vascular cell adhesion molecule (VCAM-1). Although it has higher 

efficacy compared to other drugs patients take natalizumab may get potential serious adverse 

effects including allergic reactions, liver disorders, and more importantly, the potential of 

developing progressive multifocal leukoencephalopathy (PML), a rare disease that can be fatal 

and also is the result of an infection of oligodendrocytes in the CNS with the human 

polyomavirus JC (JCV)29. Except for the natalizumab, there are some other common drugs for 
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MS- interferon-β (IFN-β) and glatiramer acetate (GA) are administered by either subcutaneous 

or intramuscular injections with adverse effects ranging from influenza-like symptoms to 

injection-site reactions30. IFN-β reduces T cell activation and displays anti-viral effects as well as 

induces apoptosis of autoreactive T cells31. GA is a polymer of amino acids that mimic myelin 

basic protein presumably shifting immune responses from pro-inflammatory to anti-

inflammatory32. When patients have a severe form of MS, they can also choose the cytotoxic 

agent mitoxantrone which is administered by i.v. injections. It acts through inhibition of type II 

topoisomerase and disrupts DNA synthesis. Some drugs, for example, FTY720 are delivered 

orally therefore more convenient for patients. FTY720 is the first FDA-approved oral drug for 

MS patients. FTY720 is a sphingosine-1-phosphate analog that binds to S1P1 expressed on 

lymphocytes thereby preventing their egress from lymph nodes and consequently preventing 

their infiltration into the CNS. Moreover, FTY720 seems to act directly on resident cells of the 

CNS and may reduce neurodegeneration. Teriflunomide, a pyrimidine synthesis inhibitor, 

reduces autoreactive T and B cells and is also administered orally. Finally, dimethyl fumarate, 

another oral drug for MS patients, modulates immune cell responses, however, the effector 

mechanisms remain undefined33. Most of the therapeutic strategies used to treat MS patients are 

trying to decrease the demyelination and neurodegeneration in the CNS, but there are currently 

no effective treatments to enhance remyelination and subsequently no treatment for the 

progressive forms of MS. Stem cell transplants offer hope in this regard and clinical 

investigations have begun with the intravenous injection of autologous bone-marrow-derived 

mesenchymal stem cells into patients with progressive MS. To date, treated patients have 

exhibited no serious side effects and reported improved visual acuity suggesting diminished 

severity of optic neuritis34. Besides, Oligodendrocytes- which are the myelinating cells within the 
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CNS are integral for maintaining axonal health and myelin integrity- also provide some thoughts 

for developing therapeutic treatment for MS. In MS pathology the function of mature 

myelinating oligodendrocytes can be dysregulated by a combination of direct infiltrating immune 

cell functions and released proinflammatory factors35. This dysregulation can ultimately lead to a 

failure of remyelination, which reduces the chance for remission in patients. Oligodendrocyte 

precursor cells (OPCs) are spread throughout the CNS and are present in MS plaques early 

during disease36. However, a failure to achieve a mature myelinating form may contribute to a 

lack of remyelination and a progression toward more severe symptoms. Therefore, possible 

therapies have looked at stimulating OPCs to a mature myelinating form within the CNS. 

 

1.2 Preclinical model of MS 

Pre-clinical animal models of MS have been invaluable in terms of understanding 

molecular and cellular pathways that contribute to white matter pathology as well as the 

development of novel therapies that limit disease progression. There are two general categories 

of the preclinical model of MS: autoimmune model, for example, experimental autoimmune 

encephalomyelitis (EAE) and viral model, including Theiler’s murine encephalomyelitis virus 

(TMEV) and mouse hepatitis virus (MHV).  

EAE model can be induced by peripheral immunization with myelin protein 

components37, within this model, the type of antigenic immunization, age, sex and genetic strain 

of the mouse dictates the disease course, resulting in heterogeneous pathologies that share 

similarities to the wide spectrum of disease states that exist in MS38 including active 

demyelination, oligodendrocyte, and axonal loss. All of these features are presumably mediated 

by myelin-specific T cells37. The mice model of EAE is characterized by ascending paralysis 
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from the tail then followed by limb and forelimb paralysis39. EAE can be induced with either 

active immunization (protein or peptide) or by passive transfer of encephalitogenic T cells with 

different genetic backgrounds of mice, including SJL/J, C57BL/6, and NOD. In all cases, the 

relevant immunogen is derived from self-CNS proteins such as myelin basic protein (MBP), 

proteolipid protein (PLP), or myelin oligodendrocyte glycoprotein (MOG). Different 

immunization protocols, animal strains, and antigens used can lead to different features. For 

example, inducing SJL/J mice with an immunodominant epitope of PLP (PLP 139-151) can 

cause a relapsing-remitting disease course40 with the acute induction phase resulting in ascending 

hind limb paralysis due to white matter demyelination38. This is followed by a remission phase 

for which mice show clinical recovery for at least 2 days after peak score of acute phases. 

However, inducing C57BL/6 mice with immunodominant MOG (MOG35-55) peptide can cause 

a chronic nature41 which is characterized by infiltration from CD4+ T Cells, CD8+ T Cells, B 

cells, and neutrophils leading to an eventual loss of hind limb motor movement through 

demyelination of the peripheral white matter in the spinal cord. Compared to the relapsing form 

of EAE, mice with chronic EAE disease develop increased lesion burden and more expansive 

axonal loss. Immunologically, chronic-EAE generates a wider and more robust cytokine and 

chemokine expression profile and an increased predominance of cytotoxic CD8+ T cells in CNS 

exhibiting MOG specificity42. The immune response generated following peptide immunization 

is primarily driven by proliferation and infiltration of pathogenic Th17 CD4+ T cells into the 

CNS where they act together with IFN-γ-expressing CD4+ and CD8+ T cells to induce 

damage43. Although the molecular underpinnings of disease initiation and disease course are yet 

to be fully unraveled, evidence indicates that Th17+ T cells can induce expression of an array of 

pro-inflammatory cytokines, such as GM-CSF, IL-9, IL-17 IL-21, IL-2, which can impact glial 



8 
 

survival44. The pathogenesis in EAE mediated by Th17 shares similarities to MS. For example, 

IL-17 mRNA and protein levels have been found to be elevated within cells found in the CSF of 

MS patients during relapses45,46. In addition, IL-17 has been detected in both CD4 and CD8 T 

cells via immunohistochemical analysis of active MS lesions, although a majority of acute 

lesions during RRMS display a Th1 type immune profile. Overall, EAE as an autoimmune model 

have been used in the development of several therapeutics including Fingolimod, Rituximab, and 

Laquinimod, and remain an important model for the development of MS therapies47–50. 

In contrast to EAE are the virus-induced models, which can result in widespread 

demyelination and neurological deficit. TMEV is one of the widely used viruses for inducing MS 

in mice51- which is a non-enveloped, positive-sense, single-stranded RNA virus52. However, 

different from EAE, the TMEV model can only induce inflammatory demyelination disease in 

mice, but only in rodents and primates. Mice infected with TMEV will generate a chronic 

demyelinating disease associated with virus persistence. Autoimmune responses to myelin 

antigens are also observed in this model, however, contribute only to lesion progression in 

chronically diseased animals but not initiation of the demyelination51. TMEV persistently infects 

macrophage/microglia lineage cells, oligodendrocytes, and astrocytes during the chronic phase53, 

among them, depletion of macrophage can ameliorate TMEV-induced demyelination suggest 

that macrophages play an important role in the demyelination process.54,55 Besides macrophages, 

depletion of TMEV-specific CD4+ T cells can also decrease the severity of demyelination. This 

result makes people think that CD4+ T cells can induce/augment demyelination in the TMEV 

model, however, Gerety and others showed that CD4+ Th1 cells alone cannot induce 

demyelination and treat TMEV infected mice with ex vivo generated induced Tregs (iTregs) in 

the early phase of the disease worsened clinical signs of MS but showing a protective role in the 
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chronic phase, as it increased IL-10 production from B cells, CD4+ T cells and dendritic cells, 

which may contribute to the decreased CNS inflammation56,57. CD8+ T cells, on the other hand, 

play an effector role in TMEV-induced demyelination, since CD8-deficient SJL mice showed 

minimal deficits with no effect on the extent of demyelination and meanwhile MHC class I 

molecules are up-regulated in the CNS of TMEV-infected mice58.  

 

1.3 MHV model of MS 

MHV is used as another viral model of MS, which is an enveloped positive-sense, single-

stranded ribonucleic acid (RNA) virus of the Coronaviridae family of viruses59. It is a member of 

the genus Betacoronavirus and is closely related to other coronaviruses that have caused 

widespread disease in humans including the Middle East respiratory syndrome (MERS) 

coronavirus, severe acute respiratory syndrome coronavirus (SARS-CoV), and the recently 

described severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent 

of coronavirus disease of 2019 (COVID-19)59,60.  Coronaviruses get their name from the spike 

protein projections around the spherical virion resembling the appearance of a solar corona61(p),62. 

Several strains of MHV have independent pathologies depending on the route of infection and 

mouse strain59. MHV-3 and the A59 strain induce mainly hepatitis while MHV-1 causes 

respiratory disease. The highly neurotropic John Howard Mueller strain of MHV (JHMV) causes 

encephalitis and was derived from vivarium settings in 1949 whereby mice were found to 

spontaneously develop hind limb paralysis63,64. JHMV-infected mice develop an acute 

encephalomyelitis characterized by widespread preclinical replication of the virus in microglia, 

astrocytes, and oligodendrocytes with relative sparing of neurons65. Within 24 hours of i.c 

infection, JHMV targets the ependymal layer of the lateral ventricles followed by dissemination 
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into the parenchyma where the virus infects oligodendrocytes, microglia, and astrocytes66. The 

virus further disseminates into the spinal cord through the cerebral spinal fluid (CSF) where it 

infects the glial cells of the white matter tracts66. The presence of virus in the glial cells and 

parenchyma elicits a milieu of anti-viral responses, initially consisting of components of the 

innate immune system and later followed by the adaptive immune system. JHMV infection 

results in widespread white matter tract demyelination with the presence of viral RNA for up to 

one-year post-infection (p.i)67. The spike glycoprotein and other virally encoded genes are 

important for neurovirulence and demyelination68. JHMV-induced demyelination includes 

pathogenic immune responses against viral antigens69–71. The innate immunity consists of pro-

inflammatory factors such as IL-1, IL-6, IL-12, and TNF-α72,73. Type I interferons (IFN-α and 

IFN-β) provide crucial host defense against the JHMV, as mice lacking IFN-α/β show elevated 

viral load and higher mortality, and treatment of mice with external IFN-α/β shows a significant 

reduction in viral dissemination74,75. Innate immune cells are recruited to the CNS around 48 

hours p.i and consist of macrophages, dendritic cells (DCs), neutrophils, and natural killer (NK) 

cells. Matrix- metalloproteinases (MMPs) along with cellular innate components such as 

macrophages, neutrophils, and NK cells permeate the blood-brain barrier (BBB) to allow the 

infiltration of adaptive immune cells into the CNS76–78; by day 5 p.i, Th1-polarized T 

lymphocytes appear in the CNS79(p). CD4+ and CD8+ T lymphocytes are essential for the control 

of viral replication and elicit their antiviral effects by IFN-γ secretion and cytolysis80,81. CD8+ T 

cells function via cytotoxic effects on infected astrocytes and granzyme and perforin-mediated 

lysis of infected microglia80,82,83. Virus-specific CD4+ T cells support the peripheral expansion 

and anti-viral function of CD8+ T cells and thus are critical for controlling JHMV infection in 

the CNS84,85. CD4+ T cells limit the spread of virus by secreting IFN-γ, which controls viral 
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replication in oligodendrocytes and microglia85,86.  IFN-γ induces perforin-mediated lysis of 

JHMV-infected astrocytes and microglia by inducing up-regulation of MHC class I80,86. On the 

other hand, oligodendrocytes are resistant to perforin-mediated lysis and clear JHMV infection 

by IFN-γ receptor signaling87. Histopathological examination of JHMV-infected spinal cord 

tissue from mice undergoing demyelination shows that myelin destruction and oligodendrocyte 

dysfunction are not due to apoptosis and loss of mature oligodendrocytes, but rather due to the 

presence of inflammatory infiltrates and presentation of viral antigen by antigen-presenting cells 

(APCs) through MHC class I and class II88. Infectious virus particles are cleared during the 

chronic phase of the disease, suggesting that infection of glial cells does not promote 

demyelination. However viral quasi-species are present at the later stage of the disease, which 

enhances inflammation and subsequently promotes chronic demyelination89,90.  

During the chronic phase, MHV persistence in white matter tracts leads to demyelination 

that is associated with areas of viral RNA/antigen and this can last up to one year post-infection 

(p.i.)65,67,91. Analysis of spinal cords from mice with established MHV-induced demyelination 

reveals that oligodendrocyte dysfunction and myelin integrity loss in the white matter tracts are 

correlated with the presence of inflammatory leukocytes as well as presentation of viral antigen 

through MHC-class I and MHC-class II and not by apoptosis and/or necrosis of mature 

oligodendrocytes56,92. Immune infiltration into the CNS diminishes in two weeks p.i., however, 

viral-specific T cells and macrophages persist in the CNS. Furthermore, macrophages localized 

within white matter areas of demyelination are shown stripping and engulfing myelin93 and thus 

play an important role in demyelination94. Although neutralizing virus-specific antibody is 

considered important in suppressing viral recrudescence by limiting virus replication to 

oligodendrocytes95,96, it does not appear to have a prominent role in promoting demyelination, as 
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neutralizing anti-MHV antibodies are not detected in early MHV rather after infectious virus has 

been eliminated from the CNS97. The scarcity of infectious viral particles present in the CNS 

during chronic disease suggests that demyelination is not amplified by productive infection of 

glial cells. Rather, the presence of viral RNA quasi-species with mutants and deletion variants in 

the CNS results in chronic inflammation and demyelination in persistently infected mice67,98. 

Axonopathy within the white matter tracts of the spinal cord was originally suggested to occur in 

conjunction with demyelination. However, axonal degeneration might take place in the absence 

of immune-mediated demyelination in MS patients99. For years, MHV was believed to induce 

demyelination without causing axonal loss; however, studies have shown that the MHV-A59 

strain causes axonal damage within the optic nerve100. In addition, axonopathy was detected not 

only in areas of demyelination but also in areas where no myelin damage was observed in mice 

infected with MHV.  

Sterile immunity is not achieved and the virus persists in the CNS of surviving mice in 

which the majority develop an immune-mediated demyelinating disease67. Demyelination that 

occurs in persistently infected mice is thought to be primarily mediated by virus-specific T cells 

and inflammatory macrophages that infiltrate into the CNS due to chronic secretion of pro-

inflammatory chemokines and cytokines81,101–103. Axon damage in the white matter tracts is 

another hallmark of JHMV-induced disease in mice. SMI-32 staining, which stains for damaged 

neurofilament, has indicated that axon degeneration occurs in concord with demyelination in 

JHMV-infected mice104. However, some studies suggest that axon degeneration might precede 

oligodendrocyte dysfunction and demyelination105. JHMV-infection of mice lacking T and B 

cells (RAG1-/-), shows limited demyelination and extensive viral replication and adoptive 

transfer of JHMV-infected splenocytes into RAG1-/- mice results in demyelination94,106. CD4 T 
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cells were demonstrated to accelerate inflammation and demyelination post-JHMV infection, by 

trafficking macrophages into the CNS107. While we and others have demonstrated an important 

role for CD4+ and CD8+ T cells in contributing to JHMV-induced demyelination69,81,83,101,108–111, 

the contributions of resident glial cells to host defense and/or disease progression remains to be 

better characterized. Nonetheless, emerging studies have demonstrated that resident cells of the 

CNS are actively involved in either protection and/or disease progression112. Indeed, microglia – 

the resident immune cell of the CNS - has been shown to either augment demyelination113,114 

and/or contribute to remyelination115 depending upon the activation status. Additional studies are 

required to better understand how microglia contribute to these different processes. 

 

1.4 Microglia and its function in MS preclinical model 

Microglia are the resident immune cells of the CNS and constitute up to 12% of the total 

number of cells in rodents and 16% in humans. In mice, microglia are derived from immature, 

uncommitted KIT+ erythromyeloid progenitors (EMPs) in the yolk sac at embryonic day 7.5 

(E7.5)-E8.0. Progenitors will start to upregulate CD45expression followed by myeloid cell 

markers including F4/80, CX3C chemokine receptor 1 (CXCR1), and colony-stimulating factor 

1 receptor (CSF1R)116. Under normal conditions i.e. non-disease states, an important role for 

microglia is to maintain tissue homeostasis. Under homeostatic conditions, microglia exhibit a 

ramified morphology. Under inflammatory conditions that occur in response to infection, injury, 

or disease onset e.g. MS or Alzheimer’s disease (AD), microglia are rapidly activated and this 

results in morphologic changes characterized by an amoeboid form accompanied by expression 

of pro-inflammatory cytokines/chemokines as well as MHC class I and MHC class II117. For 
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example, immune-mediated demyelination is associated with activated microglia characterized 

by increased surface expression of CD68, CD86, and MHC class II antigens accompanied by the 

secretion of cytokines and chemokines. Activated microglia can serve as antigen-presenting cells 

(APCs) that interact with virus-specific T cells that have migrated to the CNS highlighting that 

these cells serve various functions under neuroinflammatory conditions resulting from either 

infection or onset of disease by presenting antigens and either amplifying or restricting disease 

progression via secretion of regulatory factors that control the activation state of inflammatory 

immune cells. 

In neurological diseases, activated microglia can contribute to both demyelination by 

recruiting macrophage and T cells, secrete cytokines and reactive oxygen species that can 

directly damage or enhance remyelination by clearing myelin debris and recruiting 

oligodendrocyte precursors (OPCs) to sites of white matter damage and contributing to the 

maturation of these cells into oligodendrocytes118–120. Therefore, many labs trying to figure out 

how microglia impact disease severity through use of pre-clinical models of human neurologic 

disease.  One widely used method used for studying microglia function is through targeted 

depletion through administration of PLX5622 which is a small molecule antagonist that binds to 

colony stimulating factor 1 receptor (CSF1R).  CSF1R is a receptor tyrosine kinase that is 

present on microglia and some peripheral immune cells including macrophages and dendritic 

cells. CSF1R regulates proliferation, differentiation, and survival of these cells when stimulated 

by its ligands CSF1 and IL-34121,122. CSF1R deficiency in adult mice does not affect viability but 

has few if any microglia or macrophages123–125. PLX5622 is used for depleting microglia in the 

CNS without affecting the survival and infiltration of macrophages. In EAE, M1-like microglia 

were more sensitive to PLX5622-mediated depletion compared to M2-like microglia126. 
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Administration of PLX5622 to mice at 7 days following EAE induction resulted in a decrease in 

spinal cord demyelination and an increase of mature oligodendrocytes126. Microglia that 

remained after PLX5622 treatment were shifted away from inflammatory NOS2 phenotype and 

were more anti-inflammatory as determined by Arg1 expression 126. Our lab has employed 

intracranial inoculation of susceptible C57BL/6 mice with JHMV to better understand how 

microglia function in response to CNS infection with a neurotropic virus. Our findings revealed 

that microglia depletion prior to JHMV infection resulted in an increase in mortality associated 

with impaired T cell-mediated control of viral replication which emphasized an important role 

for microglia in aiding in presentation of viral antigen to virus-specific T cells. In addition, we 

determined demyelination was significantly more severe compared to control mice and this was 

associated with impaired remyelination. Through use of single cell RNA sequencing (scRNAseq) 

of spinal cords, we determined that depletion of microglia resulted in an increase in transcripts 

encoding disease-associated molecules (DAMs) including Osteopontin, TREM2, and APOE 

while there was a marked reduction in transcripts encoding factors associated with remyelination 

including Cystatin F, Lipoprotein lipase, and Insulin growth factor-1127. Differential expression 

of these factors was associated primarily with macrophages and argues that microglia influence 

the spinal cord microenvironment to dampen demyelination as well as enhance remyelination.  In 

addition, we administered PLX5622 to JHMV-infected mice beginning at day 14 p.i. which is a 

time in which animals are persistently infected with virus and demyelination is established. 

PLX5622-treated mice remained on drug for two weeks at which time animals were sacrificed to 

assess spinal cord demyelination and remyelination. Our rationale for performing this experiment 

was to determine if timed ablation of microglia affected the severity of white matter damage and 

repair after demyelination was established. Our findings reveal similar results when microglia 
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are depleted prior to JHMV infection in that demyelination was much more severe in PLX5622-

treated mice compared to controls.  

 

1.5. Summary 

The thesis focuses on the functional contributions of microglia in host defense and 

disease in a model of coronavirus-induced neurological disease. Chapter 2 shows how CXCR2- 

a chemokine receptor that is expressed on oligodendroglia- plays a role in the pathogenesis of 

neuroinflammatory demyelinating disease via impacting the proliferation and maturation of 

oligodendroglia into mature myelin-producing oligodendrocytes. Using an inducible proteolipid 

protein (Plp) promoter-driven Cre-loxP recombination to ablate Cxcr2 in oligodendroglia of 

mice infected with JHMV, we found that genetic silencing of CXCR2 did not affect clinical 

disease, neuroinflammation, or demyelination, yet there was increased remyelination and this 

was associated with increased numbers of OPCs128(p2). Collectively, our findings argue that 

CXCR2 signaling in oligodendroglia is dispensable with regard to contributing to 

neuroinflammation, but its deletion enhances remyelination in a preclinical model of the human 

demyelinating disease multiple sclerosis (MS) and suggests that targeting CXCR2 may offer a 

therapeutic avenue for enhancing remyelination in patients with demyelinating diseases.  

Chapter 3 offers insight into microglia function in response to JHMV infection. In brief, these 

studies revealed that microglia tailor the CNS microenvironment to enhance control of 

coronavirus replication as well as dampen the severity of demyelination and promote 

remyelination. 127. Chapter 4 examines the role of microglia in the later state of JHMV infection 

and how it affects demyelination/remyelination. Ablation of microglia beginning at day 14, a 

time in which JHMV is persisting within the CNS and demyelination is established resulted in an 
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increase in the severity of demyelination. In addition, PLX5622-treated mice exhibited an 

increase in viral burden within the CNS that was associated with a reduction in expression of 

MHC class II but there was no effect on expression of MHC class I. Infiltration of total T cells, 

as well as virus-specific CD4+ and CD8+ T cells, was not affected arguing that CD4+ T cell-

mediated control of viral replication was selectively affected. Expression of mRNA transcripts 

encoding remyelination-associated proteins Lipoprotein lipase and Cystatin F arguing that 

remyelination was also impaired in the absence of microglia. Other than that, depletion of 

microglia also negatively affects multiple biological process pathways, including adaptive 

immune response, phagocytosis, etc. Collectively, these findings support and extend findings 

described in Chapter 3 that microglia aid in host defense by enhancing presentation of viral 

antigen to virus-specific CD4+ T cells via MHC class II. Moreover, microglia restrict 

demyelination presumably by dampening expression of disease-associated molecules as well as 

promote remyelination by promoting the expression of proteins that regulate remyelination.  
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ABSTRACT  

CXCR2 is a chemokine receptor expressed on oligodendroglia that has been implicated in the 

pathogenesis of neuroinflammatory demyelinating diseases as well as enhancement of the 

migration, proliferation, and myelin production by oligodendroglia. Using an inducible 

proteolipid protein (Plp) promoter-driven Cre-loxP recombination system, we were able to assess 

how timed ablation of Cxcr2 in oligodendroglia affected disease following intracranial infection 

with the neurotropic JHM strain of mouse hepatitis virus (JHMV). Generation of Plp-Cre-

ER(T)::Cxcr2flox/flox transgenic mice (termed Cxcr2-CKO mice) allows for Cxcr2 to be silenced in 

oligodendrocytes in adult mice following treatment with tamoxifen. Ablation of oligodendroglia 

Cxcr2 did not influence clinical severity in response to intracranial infection with JHMV. 

Infiltration of activated T cells or myeloid cells into the central nervous system (CNS) was not 

affected, nor was the ability to control viral infection. In addition, the severity of demyelination 

was similar between tamoxifen-treated mice and vehicle- treated controls. Notably, deletion of 

Cxcr2 resulted in increased remyelination, as assessed by g-ratio (the ratio of the inner axonal 

diameter to the total outer fiber diameter) calculation, compared to that in vehicle-treated control 

mice. Collectively, our findings argue that CXCR2 signaling in oligodendroglia is dispensable 

with regard to contributing to neuroinflammation, but its deletion enhances remyelination in a 

preclinical model of the human demyelinating disease multiple sclerosis (MS). 

 

IMPORTANCE  

Signaling through the chemokine receptor CXCR2 in oligodendroglia is important for 

developmental myelination in rodents, while chemical inhibition or non-specific genetic deletion 

of CXCR2 appears to augment myelin repair in animal models of the human demyelinating 
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disease multiple sclerosis (MS). To better understand the biology of CXCR2 signaling on 

oligodendroglia, we generated transgenic mice in which Cxcr2 is selectively ablated in 

oligodendroglia upon treatment with tamoxifen. Using a viral model of neuroinflammation and 

demyelination, we demonstrate that genetic silencing of CXCR2 on oligodendroglia did not 

affect clinical disease, neuroinflammation, or demyelination, yet there was increased 

remyelination. These findings support and extend previous findings suggesting that targeting 

CXCR2 may offer a therapeutic avenue for enhancing remyelination in patients with 

demyelinating diseases. 

 

KEYWORDS  

chemokine receptors, demyelination, oligodendrocyte, remyelination, virus 
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INTRODUCTION 

 Multiple sclerosis (MS) is a chronic inflammatory neurodegenerative disease 

characterized by multifocal regions of central nervous system (CNS) neuroinflammation, 

demyelination, and axonal loss that ultimately results in extensive neurologic disability (1). 

Preclinical 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, is important in disease initiation and 

maintaining demyelination. Through the use of mouse models of MS, chemokines and 

chemokine receptors have been implicated as being important in attracting targeted populations 

of activated immune cells into the CNS and have been considered relevant targets for clinical 

intervention for MS patients (2–11). CXCR2 is a receptor for ELR-positive CXC chemokines, 

e.g., CXCL1 and CXCL2, and is expressed on polymorphonuclear neutrophils (PMN) as well as 

glia (12–16). CXCR2 signaling on neutrophils promotes demyelination in models of 

experimental autoimmune encephalomyelitis (EAE), cuprizone-induced demyelination, as well 

as virus-induced demyelination (8, 17–19). However, CXCR2 has additional roles that extend 

beyond influencing neutrophil activity, as it is expressed on immature oligodendrocyte 

progenitor cells (OPCs) as well as mature myelinating oligodendrocytes (20). In vitro studies 

have demonstrated that signaling through CXCR2 influences OPC proliferation and 

differentiation (21), whereas in vivo studies argue that CXCR2 controls the positional migration 

of OPCs within the spinal cord and regulates OPC numbers to ensure the structural integrity of 

the white matter during CNS development (22). 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 (23).  
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Moreover, either genetic deletion or antibody- mediated targeting of CXCR2 increases myelin 

synthesis in demyelinated cerebellum slice cultures (24). The concept of CXCR2 signaling on 

oligodendroglia regulating myelin synthesis is further supported by a recent report by Liu and 

colleagues (25) that demonstrated that targeted ablation of CXCR2 on oligodendroglia enhanced 

remyelination following toxin-induced demyelination. Collectively, these findings argue that 

CXCR2 signaling on oligodendroglia ultimately contributes to maintaining myelin integrity and 

axonal protection both under homeostatic conditions and following demyelination. 

 Intracranial (i.c.) inoculation of susceptible mice with the neurotropic JHM strain of 

mouse hepatitis virus (JHMV) results in an acute encephalomyelitis characterized by widespread 

viral replication in glial cells with relative sparing of neurons (26, 27). CNS-infiltrating CD4+ 

and CD8+ T cells control viral replication through the secretion of gamma interferon (IFN-γ) and 

cytolytic activity, yet sterile immunity is not acquired and virus persists in white matter tracts, 

resulting in an immune-mediated demyelinating disease with clinical and histologic similarities 

to the human demyelinating disease MS (28, 29). Previous studies employing the JHMV model 

have demonstrated important roles for select chemokines in participating in host defense as well 

as demyelination by attracting targeted populations of leukocytes into the CNS (30–36). More 

recently, we have shown that treatment of JHMV-infected mice with blocking antibody specific 

for CXCR2 led to an increase in clinical disease associated with more severe demyelination (37). 

Examination of spinal cords revealed that the increase in white matter damage in anti-CXCR2- 

treated mice was associated with oligodendroglia apoptosis, arguing for a protective role for 

CXCR2 signaling in a model of virus-induced demyelination (37). Nonetheless, other resident 

cells as well as inflammatory cells express CXCR2, making it difficult to assign a specific role 

for CXCR2 signaling on oligodendroglia in contributing to either protection or disease 
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progression. The present study was undertaken to better understand how selective deletion of 

Cxcr2 within oligodendroglia lineage cells in adult mice influences host defense and disease in 

response to JHMV infection of the CNS. 
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RESULTS 

 Generation and characterization of Cxcr2-CKO mice. We sought to ablate Cxcr2 

signaling within oligodendrocytes and their progenitors to assess the impact on disease and 

repair in an animal model of neuroinflammation and demyelination. A Plp-Cre- 

ER(T)::Cxcr2flox/flox mouse line (referred to as Cxcr2-CKO) that utilizes Cre recombinase to 

ablate Cxcr2 in a selective and inducible manner was employed (17, 38–41). The proteolipid 

protein (PLP) regulatory element promotes expression of Cre-ER(T) (42) and has previously 

been shown to accurately reflect endogenous PLP expression spatially and temporally in 

oligodendroglia (42). To aid in visualizing cells actively expressing Cre recombinase, Cxcr2-

CKO mice were crossed to a Cre-inducible Rosa26-tdTomato reporter line on the C57BL/6 

mouse background (Figure. 1A). Ablation of Cxcr2 was confirmed within oligodendrocyte 

lineage cells following ex vivo culture of oligodendroglia generated from the brains of postnatal 

day 1 (P1) Cxcr2-CKO mice. Addition of (Z)-4- hydroxytamoxifen (4-OHT; 100 nM) induced 

Cre-mediated recombination at the Cxcr2 locus, as detected by PCR using primers that 

specifically generate an amplicon following excision of exon 2 of Cxcr2 (Figure. 1B). 4-OHT 

induced expression of tdTomato red in the majority of cultured cells from the brains of P1 

Cxcr2-CKO mice at day 6 post treatment, with the tdTomato red being distributed throughout the 

cell body and the cell morphology resembling oligodendrocytes (Figure. 1C). 

Immunocytochemical staining revealed >90% of cultured oligodendroglia expressing the late-

stage O1 surface marker, in contrast to vehicle-treated cultures (Figure. 1D). 

 Tamoxifen treatment results in enriched tdTomato red expression in spinal cord 

oligodendroglia. To determine the cellular specificity of Cre activity in vivo, 4-week-old Cxcr2-

CKO mice were treated with 1 mg tamoxifen by intraperitoneal (i.p.) administration twice daily 
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for 5 days, and the targeting of Cxcr2 was subsequently determined (43, 44). Recombination at 

the Cxcr2 locus was detected by PCR in the brain and spinal cord of Cxcr2-CKO mice but not in 

the spleen, liver, or kidney (Figure. 2A). In response to tamoxifen treatment, there was a 

dramatic increase in tdTomato expression that was distributed throughout the cell body as well as 

processes. To identify cells expressing tdTomato within the CNS in response to tamoxifen 

treatment, immunohistochemical staining for defined cellular markers of the CNS was 

performed. In addition to oligodendroglia, we focused our attention on neurons (45, 46) and 

macrophages/ microglia (45, 47), as these cells have been reported to express CXCR2. 

Expression of CXCR2 by astrocytes has not been reported, and we did not concentrate on this 

population of cells (48, 49). We found that the majority of tdTomato-positive cells in tamoxifen-

treated Cxcr2-CKO mice were oligodendroglia, as defined by staining either oligodendrocyte 

transcription factor 2 (Olig2) (50, 51) or glutathione S-transferase π (GST-π), a marker of mature 

oligodendrocytes (52, 53). In tamoxifen-treated mice, ~82% of tdTomato-positive cells (cells in 

which the tdTomato signal was distributed throughout the cell body) expressed nuclear-specific 

markers (Olig2, 42.1% ± 7.7%; GST-π, 39.9% ± 7.9%) (Figure. 2B, C, and F). MAP2-positive 

neurons accounted for <4% of tdTomato-positive cells (3.3% ± 0.8%) in tamoxifen-treated 

Cxcr2-CKO mice (Figure. 2D and F). Similarly, very few IBA1-positive 

macrophages/microglia expressed tdTomato (2.6% ± 0.3%) (Figure. 2E and F). We have 

previously demonstrated that neutrophils require CXCR2 to traffic and accumulate within the 

CNS in response to JHMV infection (54). Tamoxifen treatment did not modulate CXCR2 

expression in neutrophils, as no differences were observed in surface expression of CXCR2 on 

splenic neutrophils obtained from tamoxifen-treated Cxcr2-CKO mice and vehicle-treated mice, 

as deter- mined by flow cytometry (Figure. 2G). These results demonstrate that tamoxifen-
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induced targeting of Cxcr2 is highly specific to oligodendrocyte lineage cells. It is important to 

note that we did not perform CXCR2 immunohistochemical staining in experimental tissues, as 

we have previously reported that there are no validated CXCR2-specific antibodies, as we 

routinely detected nonspecific CXCR2 staining in experimental Cxcr2-/- mice (24). The 

remaining tdTomato-positive cells present within the spinal cords of tamoxifen-treated mice 

(~12%) most likely represent oligodendroglia cellular processes extending from the cell bodies 

in which neither Olig2 or GST-π is detected. No defects in myelin formation/synthesis following 

Cxcr2 ablation in oligodendroglia. We next evaluated whether tamoxifen-mediated targeting of 

Cxcr2 in oligodendroglia in adult mice affected myelin integrity, as previous studies have 

indicated that adult Cxcr2-/- animals have deficient myelin formation (22, 23). Cxcr2-CKO mice 

were treated twice daily with either 1 mg tamoxifen or vehicle, followed by resting for 2 weeks, 

at which point the spinal cords were removed to evaluate spinal cord myelin. Similar to the 

findings of Liu et al. (25), we did not detect any differences in either the size or behavior in 

tamoxifen-treated Cxcr2-CKO mice compared to their vehicle-treated littermates. Assessment of 

spinal cord myelin via toluidine blue staining revealed no overt differences between tamoxifen-

treated Cxcr2-CKO mice and vehicle-treated control Cxcr2-CKO mice (Figure. 3A and B). As 

an additional test of myelin integrity, electron microscopy (EM) analysis of spinal cord sections 

was performed. Assessment of the g ratio, the ratio of the inner axonal diameter to the total outer 

fiber diameter, is commonly employed as a structural index of myelin. We did not detect any 

changes in qualitative differences in myelin thickness between naive tamoxifen-treated Cxcr2-

CKO mice and vehicle-treated Cxcr2-CKO mice (Figure. 3C and D); subsequent calculation of 

the g ratios between experimental groups confirmed that targeting of CXCR2 in oligodendroglia 

in adult mice did not alter myelin integrity (Figure. 3E and F). In all experimental groups, the g 
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ratios averaged ~0.8, indicating normal myelinated axons in the spinal cord (Figure. 3E and F) 

(55–57). These findings argue that inducible deletion of CXCR2 in oligodendroglia lineage cells 

in young (4-week-old) mice does not affect the myelin content in a nondisease state. 

 Cxcr2 ablation within oligodendrocytes does not impair antiviral responses. 

Intracranial (i.c.) instillation of the neuroadapted JHM strain of mouse hepatitis virus (JHMV) 

results in an acute encephalomyelitis followed by a chronic demyelinating disease characterized 

by viral persistence in white matter tracts accompanied by immune-mediated demyelination (26). 

Tamoxifen- or vehicle-treated Cxcr2-CKO mice were infected i.c. with JHMV (250 PFU), and 

clinical disease was monitored. Vehicle- treated Cxcr2-CKO mice had worse (P < 0.05) clinical 

disease at 12 days post infection (p.i.) than control mice, but otherwise, no overt differences in 

morbidity or mortality were observed in the experimental mice out to day 28 p.i. (Figure. 4A). 

Examination of the viral titers in the brains at days 5, 7, and 10 p.i. showed similar levels of virus 

present between tamoxifen- and vehicle-treated mice (Figure. 4B). Although the titers were 

higher (P < 0.05) in tamoxifen-treated animals at day 7 p.i. than in the controls, we do not 

believe that this reflects an overall difference in the control of viral replication, as there were no 

differences in viral titers between experimental groups at the other time points examined. By day 

21 p.i., virus was not detected (ND) in the brains of experimental mice (Figure. 4B). There were 

no differences in viral titers in the spinal cords of experimental mice at days 5, 7, and 10 p.i. 

(Figure. 4B). Collectively, these findings indicate that Cxcr2 targeting did not compromise the 

control of viral replication within the CNS. Moreover, similar frequencies of CD4+ and CD8+ T 

cells specific for the immunodominant viral epitopes M133-144 and S510-518, respectively, as 

determined by tetramer staining, were detected within the brains of the experimental mice at day 

7, further supporting that targeting of Cxcr2 within oligodendroglia did not impact the generation 
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of a protective antiviral immune response (Figure. 4C). There were no differences in either total 

T cell subsets, neutrophils (CD11b+ Ly6G+), or macrophages (CD45hi F4/80hi) at day 7 p.i. 

between vehicle- and tamoxifen-treated mice (Figure. 4D). The comparable acute inflammatory 

response to JHMV between vehicle- and tamoxifen-treated Cxcr2-CKO mice was further 

supported by the observation of no significant differences in expression of proinflammatory 

cytokine and chemokine genes (a detailed inventory of the probes is provided in Materials and 

Methods) within the brain at day 7 p.i. (Figure. 4E). Collectively, these findings indicate that 

selectively targeting Cxcr2 within oligodendroglia does not mute neuroinflammation or impair 

control of JHMV replication within the CNS. 

 Cxcr2 ablation does not affect the severity of demyelination. JHMV infection of mice 

results in persistent CNS infection and a chronic immune-mediated demyelinating disease. 

Evaluation of demyelination in JHMV-infected Cxcr2-CKO mice indicated that there were no 

significant differences in the severity of demyelination between vehicle- and tamoxifen-treated 

Cxcr2-CKO mice at days 21 (Figure. 5A to C) and 28 (Figure. 5E to G) p.i. Evaluation of 

immune cell infiltration into the spinal cords of tamoxifen- and vehicle- treated mice by flow 

cytometry at either day 21 p.i. (Figure. 5D) or day 28 p.i. (Figure. 5H) revealed no difference in 

CD4+ or CD8+ T cell as well as macrophage (CD45lo F4/80+) infiltration. Furthermore, 

examination of demyelination within the brains of JHMV- infected Cxcr2-CKO mice treated 

with either vehicle or tamoxifen revealed no differences in the severity of demyelination (data 

not shown). These findings argue that tamoxifen-mediated targeting of Cxcr2 within 

oligodendroglia does not alter immune cell infiltration into the spinal cords of JHMV-infected 

mice or influence the severity of white matter damage. Remyelination is enhanced upon silencing 

of CXCR2 in oligodendroglia. Previous work has indicated that targeting of CXCR2 signaling 
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through either administration of receptor-specific small molecules (58) or genetic targeting (25) 

results in increased remyelination. To determine whether remyelination was occurring following 

tamoxifen-mediated silencing of Cxcr2 signaling, JHMV-infected Cxcr2-CKO mice were 

sacrificed at day 28 p.i., and EM analysis of spinal cord sections was performed to calculate g 

ratios. High-magnification (X1,200) images of the spinal cord lateral white matter columns 

concentrated within thoracic vertebrae 6 to 10 of tamoxifen-treated and vehicle-treated control 

Cxcr2-CKO mice were used to evaluate axons. Representative EM images from JHMV-infected 

mice treated with vehicle depict axons with very little to no myelin sheath (Figure. 6A). 

Remyelinated axons in tamoxifen-treated JHMV- infected Cxcr2-CKO mice were identified by 

thin myelin sheaths, in contrast to the thicker myelin sheath detected on a normal myelinated 

axon (Figure. 6B). In vehicle-treated Cxcr2-CKO mice, there was an overall increase of 

demyelinated axons and fewer remyelinated axons compared to tamoxifen-treated Cxcr2-CKO 

mice. To more accurately quantitate these differences, we quantified both the g ratio and the 

myelin thickness in infected mice. Tamoxifen-induced ablation of Cxcr2 on oligodendroglia 

resulted in a g ratio (0.78 ± 0.006, n = 5 mice) significantly (P < 0.05) lower than that in control 

mice (0.87 ± 0.006, n = 4 mice) (Figure. 6C and D). In addition, there was a corresponding 

significant (P < 0.01) increase in myelin thickness in tamoxifen-treated Cxcr2-CKO mice 

compared to vehicle-treated mice (Figure. 6E and F). Collectively, these findings indicate that 

selective ablation of Cxcr2 in oligodendroglia enhances remyelination following JHMV-induced 

demyelination. 

 Small-molecule targeting of CXCR2 has been shown to enhance the maturation of 

cultured oligodendrocyte progenitor cells (OPCs) to mature myelin-producing oligodendroglia 

(58). To better understand how tamoxifen-mediated targeting of Cxcr2 within oligodendroglia 
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led to an increase in remyelination, we stained for NG2, a marker associated with OPCs, and 

GST-π, which is normally associated with mature myelin-producing oligodendrocytes in the 

spinal cords of experimental mice. There was a significant (P < 0.01) decrease in NG2-positive 

cells in the spinal cords of tamoxifen- treated mice compared to the vehicle controls (Figure. 7A 

to C). Conversely, we detected an increase in the numbers of GST-π-positive cells in tamoxifen-

treated mice compared to the controls (Figure. 7D to F). These findings argue that targeted 

ablation of Cxcr2 within oligodendrocytes increases the numbers of mature oligodendrocytes and 

that this correlates with a diminished pool of OPCs and, correspondingly, an increase in 

remyelination. 
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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 (59). One chemokine pathway that is emerging as 

important in chronic CNS disease involves the CXCR2 receptor and its cognate ELR-positive 

chemokine ligands CXCL1, -2, and -3 and CXCL5, -6, -7, and -8. CXCR2 is highly expressed on 

circulating neutrophils, enabling these cells to rapidly migrate to the blood-brain barrier (BBB) 

in response to CNS-derived ELR-ligand expression, whereby these cells participate in degrading 

components of the BBB. Evidence for a proinflammatory role of neutrophils in chronic 

neurologic disease is supported by the work of Segal and colleagues (8), who have shown that 

genetic silencing or antibody- mediated blockade of CXCR2 in mice following PLP-induced 

EAE results 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 enhances disease (54). This 

outcome was a result of reduced neutrophil and monocyte trafficking, as these cells are critical in 

permeabilizing the BBB, which subsequently allows the 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 (45, 46), cerebral endothelial cells (60, 61), as well as resident glia, including microglia 

(45, 47) and oligodendrocytes (13, 14, 22, 25, 62, 63). Further, addition of IFN-γ to cultured 

OPCs derived from mouse neural progenitor cells results in apoptosis, while inclusion of the 

CXCL1 protein blocks OPC apoptotic death (14). CXCR2 also influences OPC proliferation and 

differentiation (21) as well as controls the migration of spinal cord OPCs during development 
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(22). Ablation of Cxcr2 results in a paucity of OPC numbers and structural misalignments that 

persist into adulthood in the mouse and manifest as reduced numbers of mature oligodendrocytes 

and total myelin within the white matter (23). 

 The functional role of CXCR2 signaling in mouse models of demyelination within the 

CNS is enigmatic. Some findings suggest that the CXCR2 signaling axis downregulates myelin 

production by oligodendrocytes (64), while we have reported that CXCR2 signaling is a survival 

mechanism for OPCs needed to halt the apoptosis induced by cytotoxic factors secreted during 

an inflammatory response (14, 37, 63, 65). With regards to CXCR2 signaling and survival, these 

studies were performed using either antibody targeting of CXCR2 or germ line Cxcr2-/- mice, 

and this opens the possibility of CXCR2 signaling on other cell types, either resident or immune 

cells, in augmenting experimental outcomes. Previously, members of our group (24) 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 enabled the study of both EAE- and cuprizone-

mediated demyelination and demonstrated increased oligodendrocyte differentiation in both 

models of demyelination, suggesting that CXCR2 may be an inhibitory signaling cue for myelin 

repair (24). CXCR2 antagonism via neutralizing antibodies 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 (58). Conversely, inducible overproduction of CXCL1 by astrocytes reduced EAE 

clinical disease, although it was unclear whether increased levels of CXCL1 directly affected 

oligodendrocyte biology or modulated immune cell recruitment into the CNS (65). We have 

recently shown that induced expression of CXCL1 resulted in increased demyelination mediated 
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by neutrophils in both JHMV and EAE models of neurologic disease (18, 19). In addition, 

previous work from our laboratories 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 virus-induced demyelination, as previously 

discussed (37). However, whether this is a direct effect of blocking CXCR2 signaling on 

oligodendroglia and/or other CNS resident cells is un- known. Given the various resident cell 

types within the CNS that express CXCR2 as well as inflammatory myeloid cells expressing 

CXCR2, it is difficult to accurately assign a specific role for CXCR2 in protecting spinal cord 

oligodendroglia from apoptosis using an antibody-mediated targeting approach. It may be 

possible that anti-CXCR2 treatment of JHMV-infected mice altered the signaling responses on 

other CXCR2-positive resident cells and/or infiltrating immune cells and that this contributed to 

the increased clinical disease severity associated with more severe demyelination and 

oligodendrocyte death. 

 Our present study used a more incisive genetic model to further our understanding of how 

CXCR2 signaling on oligodendrocytes affects neurologic disease in a preclinical animal model 

of MS. Using this genetic approach, our findings indicate that targeted deletion of Cxcr2 occurs 

in oligodendrocytes both in vitro and in vivo. In addition, our previous work indicates that 

CXCR2 expression on neutrophils is important in host defense by allowing these cells to 

participate in increasing the permeability of the blood-brain barrier, allowing access of virus-

specific T cells into the CNS to control virus replication. However, tamoxifen treatment did not 

diminish CXCR2 expression on neutrophils, as determined by flow cytometry. In addition, we 

have previously reported that antibody targeting of CXCR2 during acute JHMV-induced disease 
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limits neutrophil migration to the CNS, resulting in increased mortality correlating with impaired 

T cell access to CNS and increased viral titers (54). 

 Targeting of CXCR2 in Cxcr2-CKO mice was selective to oligodendroglia and did not 

affect myelin thickness in adult naive animals. These findings allowed us to move forward and 

assess how silencing of Cxcr2 on oligodendrocytes influences neuroinflammation, 

demyelination, and remyelination in response to intracerebral inoculation with the neurotropic 

virus JHMV. Targeting of CXCR2 signaling on oligodendroglia did not dampen the 

accumulation of either myeloid cells or lymphocytes; the infiltration of virus-specific T cells was 

not affected, and this correlated with the ability to efficiently control viral replication within the 

CNS. We also determined that expression of proinflammatory genes within the CNS was not 

impacted in response to tamoxifen-mediated silencing of Cxcr2 on oligodendrocytes, further 

supporting the notion that chemokine signaling through CXCR2 oligodendrocytes does not 

influence neuroinflammation. Sterile immunity is not acquired in JHMV-infected mice, and 

persistent virus is enriched within glial cells present within white matter tracts, resulting in an 

immune-mediated demyelinating disease mediated by activated T lymphocytes as well as 

microglia and macrophages (28). We did not detect differences in the severity of demyelination 

in tamoxifen-treated JHMV-infected Cxcr2-CKO mice from that in the controls, and these 

results are consistent with our findings that selective ablation of Cxcr2 in oligodendrocytes does 

not impact neuroinflammation. 

 We observed increased numbers of mature GST-π oligodendrocytes along with reduced 

numbers of NG2-positive cells representing OPCs in the spinal cords of Cxcr2-CKO mice 

treated with tamoxifen compared to the vehicle-treated controls. Through EM analysis of the 

spinal cords of the experimental mice, we determined that an increase in the remyelination of 
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axons occurred following targeting of CXCR2 and that this correlated with an increased myelin 

thickness compared to that in control animals. Collectively, these findings support the concept 

that targeted ablation of CXCR2 on oligodendroglia in adult mice may enhance the maturation of 

OPCs into myelin-producing oligodendrocytes (25, 58). 

 Previously, members of our group (25) generated mice in which Cxcr2 was selectively 

ablated in oligodendrocytes. Similar to the findings for the animals that we report here, Cxcr2 

was silenced within oligodendroglia in adult mice upon tamoxifen treatment (25). Employing 

toxin models of demyelination, the authors clearly showed enhanced remyelination in animals in 

which CXCR2 signaling in oligodendrocytes was inhibited, arguing for an important role for this 

chemokine receptor in influencing oligodendrocyte biology. Our findings would suggest that the 

influence of CXCR2 signaling on oligodendroglia is not model dependent, as remyelination is 

observed in both toxin and viral models of demyelination. Our findings are consistent with those 

of Kerstetter et al. (58), who showed that treatment of mice with MOG35–55-induced EAE with 

small-molecule antagonists specific for CXCR2 resulted in improved motor skills that correlated 

with diminished white matter damage associated with enhanced remyelination, arguing that 

CXCR2 may be a relevant therapeutic target for the treatment of demyelinating diseases. We 

would not argue with this conclusion but suggest that the small-molecule antagonists employed 

in this study may be targeting other cell types, e.g., resident glia and/or inflammatory cells, 

including neutrophils, resulting in improved clinical and histologic outcomes. 
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MATERIALS AND METHODS 

Mice and tamoxifen treatment. Plp-Cre-ER(T)::Cxcr2floc/floc mice were crossed to mice of the 

reporter strain B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (stock number 007909; The Jackson 

Laboratory) to generate Plp-Cre-ER(T)::Cxcr2floc/floc::R26-stop-Td+/- (Cxcr2-CKO) mice. 

Tamoxifen was prepared by resuspending it at 10 mg/ml in prewarmed sesame seed oil. Four-

week-old Cxcr2-CKO mice received either 1 mg/ml tamoxifen or vehicle (control) twice daily 

for 5 days via intraperitoneal (i.p.) injection, rested for 2 weeks, and subsequently infected 

intracranially with JHMV (43, 44). 

 

Viral infection. Age-matched 5- to 6-week-old Cxcr2-CKO mice were infected i.c. with 250 

PFU of JHMV in 30 µl of sterile Hanks balanced salt solution (HBSS); sham-infected animals 

received 30 µl HBSS via i.c. injection (56, 66). For viral titer analysis, one half of each brain or 

whole spinal cord was homogenized and used in a plaque assay as previously described (19, 67). 

Clinical disease severity was assessed using a previously described scoring system (19, 67). All 

animal experiments were approved by the University of Utah Institutional Animal Care and Use 

Committee per protocol no.16-09008. 

 

Primary oligodendrocyte cultures. Cortices from postnatal day 1 Cxcr2-CKO mice were 

dissected and processed according to previously published protocols (68). In brief, following 

removal of the meninges, cortical tissue was minced with a razor and placed in prewarmed 

Dulbecco modified Eagle medium (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 
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10% fetal bovine serum. Th flasks were then transferred to an orbital shaker in a 5% CO2 tissue 

culture incubator and shaken for approximately 16 h at 220 rpm in order to remove loosely 

adherent oligodendroglia. Medium containing OPCs was transferred to 10-cm dishes for 30 min 

to remove strongly adherent astroglial contaminants. Oligodendroglia were transferred to a 1- ml 

conical tube and centrifuged at 300 X g for 5 min. The cells were counted and plated onto 

Matrigel-coated Nunc Lab-Tek II chamber slides (Thermo Fisher Scientific, Waltham, MA) at 

50,000 OPCs per chamber in N2 medium supplemented with 3,3=,5-triiodo-L-thyronine sodium 

salt hydrate (T3; Sigma, St. Louis, MO). After 2 days, fresh medium supplemented with (Z)-4-

hydroxytamoxifen (4-OHT; Sigma, St. Louis, MO) at 100 nM was used to induce Cre-mediated 

recombination. Cells were cultured for an additional 6 days. 

 

Cell isolation and flow cytometry. Flow cytometry was performed to identify inflammatory 

cells entering the CNS using established protocols (67, 69). In brief, single-cell suspensions were 

generated from tissue samples by grinding with frosted microscope slides. Immune cells were 

enriched via a 2-step Percoll cushion (90% and 63%), and the cells at the interface of the two 

Percoll layers were collected. Before staining with fluorescent antibodies, isolated cells were 

incubated with anti-CD16/32 Fc block (BD Biosciences, San Jose, CA) at a 1:200 dilution. 

Immunophenotyping was performed using commercially available antibodies specific for the 

following cell surface markers: F4/80 (Serotec, Raleigh, NC), CD4, CD8, Ly6G, and CD11b 

(BD Biosciences, San Jose, CA), and Ly6C (eBioscience, San Diego, CA). The indicated flow 

cytometric gating strategies were employed for following inflammatory cells isolated from the 

CNS: neutrophils (CD45hi CD11b+ Ly6G+), monocytes (CD45hi CD11b+ Ly6C+ Ly6G-), 

macrophages (CD45hi CD11b+ F4/80+), and microglia (CD45lo CD11b+ F4/80lo). 
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Allophycocyanin (APC)-conjugated rat anti- mouse CD4 and a phycoerythrin (PE)-conjugated 

tetramer specific for the CD4 immunodominant epitope present within the JHMV matrix (M) 

glycoprotein spanning amino acids 133 to 147 (the M133–147 tetramer) were used to  determine 

total and virus-specific  CD4+ cells,  respectively (19, 56); APC- conjugated rat anti-mouse CD8a 

and a PE-conjugated tetramer specific for the CD8 immunodominant epitope present in the spike 

(S) glycoprotein spanning amino acids 510 to 518 (S510 –518) were used to identify total and 

virus-specific CD8+ cells, respectively (19, 56). Samples were analyzed using a BD LSR 

Fortessa X-20 flow cytometer and analyzed with FlowJo software (Tree Star Inc.). 

 

PCR array and semiquantitative RT-qPCR. Proinflammatory gene expression was determined 

using a mouse cytokine and chemokine RT2 Profiler PCR array (Qiagen Inc., Valencia, CA), 

which included the following genes: chemokine genes Ccl1, Ccl11, Ccl12, Ccl17, Ccl19, Ccl2, 

Ccl20, Ccl22, Ccl24, Ccl3, Ccl4, Ccl5, Ccl7, Cx3cl1, Cxcl1, Cxcl10, Cxcl11, Cxcl12, Cxcl13, 

Cxcl16, Cxcl3, Cxcl5, Cxcl9, Pf4, Ppbp, and Xcl1; interleukin/ cytokine genes Il10, Il11, Il12a, 

Il12b, Il13, Il15, Il16, Il17a, Il17f, Il18, Il1a, Il1b, Il1rn, Il2, Il21, Il22, Il23a, Il24, Il27, Il3, Il4, 

Il5, Il6, Il7, Il9, Adipoq (Acrp30), Ctf1, Hc, Mif, Spp1, Tgfb2, Ccl19, Il10, Il11, Il12a, Il12b, Il13, 

Il18, Il2, Il22, Il23a, Il24, Il4, Il6, and Tgfb2; interferon genes Ifna2 and Ifng; growth factor 

genes Bmp2, Bmp4, Bmp6, Bmp7, Cntf, Csf1, Csf2, Csf3, Gpi1, Lif, Mstn, Nodal, Osm, Thpo, and 

Vegfa; and TNF receptor superfamily member genes Cd40lg, Cd70, Fasl, Lta, Ltb, Tnf, 

Tnfrsf11b, Tnfsf10, Tnfsf11, and Tnfsf13b. For reverse transcription-quantitative PCR (RT-

qPCR) analysis, total cDNA from the brains of JHMV-infected mice at day 7 p.i. was generated 

via SuperScript III reverse transcriptase (Life Technologies, Carlsbad, CA) after homogenization 

in the TRIzol reagent (Life Technologies, Carlsbad, CA). 
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Histology. Mice were euthanized at defined times points according to approved IACUC protocol 

no.16-09008, and the length of the spinal cord extending from thoracic vertebrae 6 to 10 was 

cryoprotected in 30% sucrose, cut into 1-mm transverse blocks, processed so as to preserve the 

craniocaudal orientation, and subsequently embedded in OCT (VWR, Radnor, PA, USA). Eight- 

micrometer-thick coronal sections were cut, sections were stained with hematoxylin/eosin 

(H&E) in combination with Luxol fast blue (LFB), and between 4 and 8 sections per mouse were 

analyzed. Areas of total white matter and demyelinated white matter were determined with 

ImageJ software, and demyelination was scored as the percentage of total demyelination from 

the spinal cord sections analyzed (55, 67, 70). 

 

Quantitative immunocytochemistry. For cultured oligodendroglia, cells were fixed for 20 min 

in 4% paraformaldehyde before being blocked with species-appropriate serum. Cells were then 

stained with mouse anti-O1 (1:50 dilution; eBioscience, San Diego, CA) overnight at 4°C, 

followed by a secondary stain with fluorescently labeled secondary antibodies. Control sections 

were incubated with an appropriate secondary antibody in the absence of primary antibody. Cell 

morphology and the presence of nuclei were criteria for determining cells dual positive for 

tdTomato and O1. TdTomato red expression in O1-positive oligodendrocyte cultures was 

quantified by random selection of 10 imaging sections (X20 magnification) from three 

independently isolated oligodendrocyte-enriched cultures. The slides were deidentified and read 

independently by two investigators. 
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Quantitative immunohistochemistry. Spinal cords (ranging from thoracic vertebrae 6 to 10) 

were removed from experimental mice at defined times p.i. and processed as described above. 

For immunohistochemical analysis, 8-µm sections were desiccated at room temperature for 2 h 

before beginning the staining process. The slides were then washed in phosphate-buffered saline 

(PBS) and blocked with species-appropriate serum for 1 h at room temperature. Rabbit anti-

GST-π (1:1,000 dilution; MBL Life Science, Woburn, MA), rabbit anti-Olig2 (1:500 dilution; 

Millipore Corp., Temecula, CA), rabbit anti-NG2 (1:200 dilution; Millipore Corp., Temecula, 

CA), mouse anti-MAP2 (1:200 dilution; Sigma-Aldrich, St. Louis, MO), and rabbit anti-IBA1 

(1:500 dilution; Wako Chemicals, Inc., Richmond, VA) were used to stain the slides overnight at 

4°C, the slides were subsequently washed in PBS, and appropriate secondary fluorescently 

conjugated antibodies were used for detection of targeted antigens. Control sections were 

incubated with appropriate secondary antibody in the absence of primary antibody. Quantitative 

analysis of NG2- and GST-π-positive cells was performed by analyzing spinal cords from Cxcr2-

CKO mice treated with tamoxifen (n = 4) from two independent experiments and performed in a 

blind fashion, and the results were read by two investigators. Coronal spinal cord sections 

(ranging from 4 to 10 sections per mouse) were used to count cells positive for either NG2 or 

GST-π in each experimental group. Microscopy was performed on a Nikon A1 confocal laser 

microscope (University of Utah Cell Imaging Core Facility). To phenotype tdTomato-positive 

cells, spinal cords from tamoxifen-treated mice (n = 5) were used to detect cells dual positive for 

tdTomato and cellular markers for neurons (MAP2), macrophage/microglia (IBA1), or 

oligodendroglia (Olig2 and GST-TI). Coronal spinal cord sections (ranging from 2 to 5 sections 

per mouse) were used to count dual-positive cells. 
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EM. For electron microscopy (EM) analysis of spinal cords (ranging from thoracic vertebrae 6 to 

10), experimental mice were sacrificed and underwent cardiac perfusion with 0.1 M cacodylate 

buffer containing 2% paraformaldehyde–2.5% glutaraldehyde. Serial ultrathin sections of spinal 

cords embedded in Epon epoxy resin were stained with uranyl acetate-lead citrate and analyzed 

as previously described (36, 55, 56, 71). Images at X1,200 magnification were analyzed for the g 

ratio and myelin sheath thickness. In adult animals, there is a relationship between axon 

circumference and total myelin sheath thickness (number of lamellae), expressed by the g ratio 

(axon diameter/total fiber diameter); in remyelination, this relationship changes such that myelin 

sheaths are abnormally thin for the axons that they surround (72). An abnormally thin myelin 

sheath relative to the axonal diameter was used as the criterion for oligodendrocyte 

remyelination. The absence of a myelin sheath was used as the criterion for demyelination. 

Analysis was performed in ventral and lateral white matter columns of spinal cords isolated from 

experimental mice. For vehicle-treated mice, a total of 297 axons were counted (n = 4 mice) 

from a total of 25 randomly selected fields, and for tamoxifen-treated mice, a total of 493 axons 

were counted (n = 5 mice) from a total of 34 randomly selected fields. EM images were analyzed 

using ImageJ software. 

 

Statistics. For RT-qPCR quantification, the fold change in expression was determined by 

normalizing the expression of each sample to that of β-actin and then quantifying the fold change 

in expression relative to that in naive mice. A log-rank (Mantel-Cox) test was used for survival 

curve analysis. Comparisons of two groups were analyzed by two-tailed Student’s t tests unless 

otherwise indicated. Data are reported as the mean ± standard error of the mean (SEM), with a P 

value of <0.05 being considered significant. 
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Figure 1 Cre-mediated recombination is detected in vitro. (A) Schematic diagram 
showing the genetic strategy used to generate tamoxifen-inducible knockout of Cxcr2 within 
oligodendroglia. (B) Cre-mediated recombination at the Cxcr2 locus was detected by PCR 
from oligodendroglia-enriched cultures derived from postnatal day 1 (P1) Cxcr2-CKO mice 
following addition of 100 nM (Z)-4-hydroxytamoxifen (4-OHT). gDNA, genomic DNA. (C) 
Representative immunofluorescent staining for O1 (a marker for mature oligodendrocytes) 
from cultured oligodendroglia following 6 days of treatment with 4-OHT, showing a 
morphology characteristic of mature oligodendrocytes and colocalization of O1 (green) and 
tdTomato red. (D) Treatment of cultured oligodendroglia with 4-OHT resulted in expression 
of tdTomato in >90% of O1-positive oligodendrocytes (****, P < 0.0001; 91.4% ± 2.02%) 
derived from P1 Cxcr2-CKO mice, in contrast to vehicle treatment (3.92% ± 0.14%); data 
are presented as the average + SEM and represent those from 3 independent experiments 
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Figure 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 Cxcr2-CKO mice 
2 weeks following tamoxifen treatment. (B to E) Phenotyping of tdTomato-positive cells 
was performed via immunofluorescent staining for defined cell-specific markers. 
Representative staining of spinal cords from tamoxifen-treated (n = 5) Cxcr2-CKO mice for 
oligodendroglia via GST-π (B), Olig2 (C), neurons (MAP2) (D), and macrophage/microglia 
(IBA1) (E). Magnifications, X20. Arrows in panels B and C represent dual-positive cells. 
(F) Quantification of dual-positive cells in the spinal cords of tamoxifen-treated mice; the 
data were derived from 2 independent experiments, with the data presented as the average ± 
SEM. (G) The surface expression of CXCR2 on neutrophils was not affected in tamoxifen-
treated Cxcr2-CKO mice (n = 2), in contrast to the vehicle- treated controls (n = 2); the data 
are presented as the average ± SEM. MFI, mean fluorescence intensity. 
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Figure 3 Myelin integrity and ultrastructure are not affected following tamoxifen-
treatment of naive Cxcr2-CKO mice. Cxcr2-CKO mice were treated with either vehicle or 
tamoxifen for 1 week and sacrificed 2 weeks later to evaluate myelin integrity. (A and B) 
Representative spinal cord semithin sections stained with toluidine blue demonstrate no visible 
differences in myelin between vehicle-treated (A) and tamoxifen-treated (B) mice. (C and D) 
Representative EM images showing myelinated axons within the spinal cords of vehicle-treated 
(C) and tamoxifen-treated (D) Cxcr2-CKO mice. Analysis was performed in the ventral and 
lateral white matter tracts. Magnifications, X1,200. (E) Scatter plot depicting the g ratios of 
individual axons as a function of the axonal diameter. (F) Calculation of the g ratios of vehicle-
treated (n = 3, 0.75 ± 0.004, 222 axons) and tamoxifen- treated (n = 3, 0.75 ± 0.004, 298 axons) 
Cxcr2-CKO mice. The data were derived from two independent experiments with 2 to 4 mice per 
group and are presented as the mean ± SEM. 
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Figure 4 Tamoxifen-treated Cxcr2-CKO mice are susceptible to JHMV-induced 
neuroinflammation. Cxcr2-CKO mice were treated with either tamoxifen (n = 22) or vehicle (n 
= 10), rested for 2 weeks, and infected i.c. with 250 PFU of JHMV. The data are representative 
of those from 3 independent experiments. (A) Clinical disease developed in both groups, and 
vehicle-treated Cxcr2-CKO mice had worse (P < 0.05) disease at 12 days p.i. than control mice, 
but otherwise, there were no statistically significant differences in disease severity or mortality 
out to day 28 p.i. between the experimental groups. (B) Viral titers in the brains and spinal cords 
of tamoxifen- and vehicle-treated mice at days 5, 7, and 10 p.i. *, P < 0.05. By day 21 p.i., virus 
was not detected (ND) in the brains of experimental mice. dpi, day post infection. (C) No 
differences in the frequencies of virus-specific CD4+ and CD8+ T cells were detected, as 
determined by tetramer staining at day 7 p.i. (D) At day 7 p.i., similar numbers of neutrophils 
(Neut.), macrophages (Mac.), and T cells were detected in the brains of JHMV-infected Cxcr2-
CKO mice treated with either vehicle or tamoxifen. Day 7 p.i. flow cytometric data were derived 
from 2 independent experiments with a minimum of 3 mice per group for each experiment. (E) 
RNA analysis revealed no changes in proinflammatory gene expression within the brains of the 
experimental groups at day 7 p.i. The data represent the average for 2 mice per group 
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Figure 5 Demyelination is not affected following Cxcr2 ablation. JHMV-infected Cxcr2-CKO 
mice were treated with vehicle or tamoxifen and sacrificed at days 21 and 28 p.i., and spinal 
cords were removed to assess the severity of demyelination. Representative spinal cords from 
either vehicle-treated (A, E) or tamoxifen-treated (B, F) mice were collected at day 21 p.i. (A and 
B) or day 28 p.i. (E and F) and stained with Luxol fast blue (LFB). Quantification of the severity 
of demyelination revealed no differences at either day 21 p.i. (C) or day 28 p.i. (G).  Flow 
cytometric data revealed no differences in spinal cord infiltration of T cells (CD4+ and CD8+ 
subsets) or macrophages (CD45hi F4/80+) at either day 21 p.i. (D) or day 28 p.i. (H). The data 
were derived from two independent experiments with 2 to 3 mice per group and are presented as 
the mean ± SEM 
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Figure 6 Remyelination is increased following Cxcr2 ablation in oligodendroglia. Spinal 
cords were removed at day 28 p.i. from JHMV-infected mice treated with either vehicle control 
or tamoxifen. (A and B) Representative EM images from vehicle-treated mice depict 
demyelinated axons (black arrows) (A), whereas in tamoxifen-treated mice, remyelinated axons 
(blue arrows) were present (B). Normal myelinated axons (yellow arrows) are also shown. 
Magnifications, X1,200. Analysis was performed in ventral and lateral white matter columns of 
spinal cords isolated from experimental mice. (C) Scatter plot depicting the g ratios of individual 
axons from vehicle- and tamoxifen-treated mice as a function of axonal diameter. (D) 
Calculation of the g ratio of vehicle-treated Cxcr2-CKO mice (0.87 ± 0.006, n = 4 mice; 297 
axons randomly selected from a total of 25 fields) and tamoxifen-treated Cxcr2-CKO mice (0.78 
± 0.006, n = 5 mice; 493 axons randomly selected from a total of 34 fields) indicates a significant 
(P < 0.05) reduction in the g ratios in tamoxifen-treated mice compared to the vehicle-treated 
controls. (E) Scatter plot depicting the myelin thickness of individual axons from vehicle- and 
tamoxifen-treated mice as a function of axon diameter. (F) Quantification of myelin thickness in 
vehicle-treated mice (0.23 µm ± 0.008 µm) and tamoxifen-treated mice (0.35 µm ± 0.007 µm) 
indicated a significant (P < 0.01) increase in myelin thickness in tamoxifen-treated mice 
compared to the vehicle-treated controls. The results are derived from two independent 
experiments, and the data in panels D and F are presented as the mean ± SEM. 
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Figure 7 Cxcr2 ablation increases the numbers of mature oligodendrocytes in JHMV-
infected mice. JHMV-infected Cxcr2-CKO mice were treated with vehicle or tamoxifen, and at 
day 28 p.i. the animals were sacrificed and the spinal cords were removed. Representative NG2 
(A, B) and GST-π (D, E) staining in control (n = 5) and tamoxifen-treated (n = 4) mice is 
shown. Quantification reveals reduced numbers of NG2-positive cells in tamoxifen-treated 
mice (C) and increased numbers of dual-positive GST-π-positive cells in tamoxifen-treated 
mice (F) compared to vehicle- treated mice. Data represent those from 2 independent 
experiments, and significance was measured using an unpaired 2-tailed Student’s t test. **, P < 
0.01; ***, P < 0.001. DAPI, 4=,6-diamidino-2-phenylindole. 
  



70 
 

Chapter 3 
 

MICROGLIA INFLUENCE HOST DEFENSE, DISEASE, AND REPAIR 
FOLLOWING MURINE CORONAVIRUS INFECTION OF THE 

CENTRAL NERVOUS SYSTEM 
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ABSTRACT 

 The present study examines functional contributions of microglia in host defense, 

demyelination, and remyelination following infection of susceptible mice with a neurotropic 

coronavirus. Treatment with PLX5622, an inhibitor of colony stimulating factor 1 receptor 

(CSF1R) that efficiently depletes microglia, prior to infection of the central nervous system 

(CNS) with the neurotropic JHM strain of mouse hepatitis virus (JHMV) resulted in increased 

mortality compared with control mice that correlated with impaired control of viral replication. 

Single cell RNA sequencing (scRNASeq) of CD45+ cells isolated from the CNS revealed that 

PLX5622 treatment resulted in muted CD4+ T cell activation profile that was associated with 

decreased expression of transcripts encoding MHC class II and CD86 in macrophages but not 

dendritic cells. Evaluation of spinal cord demyelination revealed a marked increase in white 

matter damage in PLX5622-treated mice that corresponded with elevated expression of 

transcripts encoding disease-associated proteins Osteopontin (Spp1), Apolipoprotein E (Apoe), 

and Triggering receptor expressed on myeloid cells 2 (Trem2) that were enriched within 

macrophages. In addition, PLX5622 treatment dampened expression of Cystatin F (Cst7), Insulin 

growth factor 1 (Igf1), and lipoprotein lipase (Lpl) within macrophage populations which have 

been implicated in promoting repair of damaged nerve tissue and this was associated with 

impaired remyelination. Collectively, these findings argue that microglia tailor the CNS 

microenvironment to enhance control of coronavirus replication as well as dampen the severity 

of demyelination and influence repair. 

 

Main points 
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• Microglia augment host defense in response to CNS infection by the neurotropic 

coronavirus JHMV.  

• A role for microglia in restricting demyelination and promoting remyelination in JHMV-

infected mice also is demonstrated. 

 

KEY WORDS  

coronavirus, demyelination, host defense, microglia, remyelination 
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INTRODUCTION  

 Intracranial inoculation of C57BL/6 mice with the neurotropic JHM strain of mouse 

hepatitis virus (JHMV), a member of the Coronaviridae family, leads to an acute 

encephalomyelitis in which virus infects and replicates within glial cells with relative sparing of 

neurons (Bergmann, Lane, & Stohlman, 2006; Lane & Hosking, 2010; Templeton & Perlman, 

2007; Weiss & Leibowitz, 2011). Expression of type I interferon (IFN-I) is critical in helping 

control viral replication as mice lac- king IFN-I receptor exhibit increased mortality associated 

with enhanced viral replication (Ireland, Stohlman, Hinton, Atkinson, & Bergmann, 2008). In 

addition, localized expression of T cell chemotactic chemokines including CCL5, CXCL9, and 

CXCL10 within the CNS contribute to host defense by attracting virus-specific CD4+ and CD8+ 

T cells into the CNS that further control viral replication through secretion of interferon-γ (IFN-

γ) and cytolytic activity (Bergmann et al., 2004; Glass et al., 2004; Glass & Lane, 2003a; Glass 

& Lane, 2003b; Liu et al., 2000; Liu, Armstrong, Hamilton, & Lane, 2001; Marten, Stohlman, & 

Bergmann, 2001; Parra et al., 1999). Antibody-secreting cells (ASCs) are also capable of 

responding to CXCL9 and CXCL10 and aid in host defense (Phares, Marques, Stohlman, 

Hinton, & Bergmann, 2011; Phares, Stohlman, Hinton, & Bergmann, 2013). Nonetheless, sterile 

immunity is not achieved and the majority of animals that survive the acute stage of disease 

develop immune-mediated demyelination in which both virus-specific T cells and macrophages 

amplify the severity of white matter damage associ- ated with hind-limb paralysis (Bergmann et 

al., 2006; Hosking & Lane, 2009; Hosking & Lane, 2010; Templeton & Perlman, 2007). 

 While the functional roles of T cells and B cells in both host defense and disease in 

JHMV-infected mice have been extensively studied, there is increasing interest in better 

understanding how resi- dent cells of the CNS contribute to these events. Microglia are consid- 
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ered the resident immune cells of the CNS and aid in a diverse array of functions including 

maintaining CNS homeostasis as well as con- tributing to various disease-associated conditions 

(Hammond, Robinton, & Stevens, 2018; Salter & Stevens, 2017; Tejera & Heneka, 2019; Wolf, 

Boddeke, & Kettenmann, 2017). Moreover, microglia are immunologically competent and 

capable of rapidly responding to infection and/or damage via specific expression of sur- face 

receptors culminating in morphologic changes accompanied by secretion of proinflammatory 

cytokines/chemokines that function in amplifying neuroinflammation. Recently, the functional 

role of microglia in contributing to host defense in response to CNS infection with neurotropic 

viruses has been examined. These studies have been greatly aided by findings demonstrating that 

mice lacking colony stimulating factor 1 receptor (CSF1R−/−) lack microglia emphasizing the 

importance of this signaling pathway in microglia development (Ginhoux et al., 2010). 

Subsequent studies by Green and colleagues (Elmore et al., 2014) showed that blocking CSF1R 

signaling in adult mice through administration of CSF1R antagonists is also important in survival 

of microglia in adult mice. Recent studies have employed treatment of mice with PLX5622, a 

brain penetrant and selective antagonist of the CSF1R that results in a dramatic reduction in 

microglia, to better understand functional roles of these cells in pre- clinical models of 

neurodegenerative disease (Acharya et al., 2016; Dagher et al., 2015; Elmore et al., 2014; 

Spangenberg et al., 2019). In addition, PLX5622-mediated targeting of microglia results in 

increased susceptibility to West Nile virus (WNV) (Funk & Klein, 2019; Seitz, Clarke, & Tyler, 

2018), Japanese encephalitis virus (JEV) (Seitz et al., 2018), Theiler's murine encephalomyelitis 

virus (TMEV) (Sanchez et al., 2019a; Waltl et al., 2018), and JHMV (Wheeler, Sariol, 

Meyerholz, & Perlman, 2018) arguing for a protective role for microglia against acute viral-

induced encephalitis. 
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 The current study was undertaken to evaluate how microglia tai- lor the immunological 

landscape in response to JHMV infection within the brain and spinal cord at different stages of 

infection with regard to pathways associated with both host defense and neuropathology. We 

believe microglia will be critical in aiding in host defense through regulating a number of 

different pathways including antigen presentation and T cell activation as well as augmenting 

demyelination. To address this, we used a comprehensive set of analytical approaches including 

single cell RNA sequencing (scRNAseq), flow cytometry, and histopathological techniques to 

assess disease outcome in JHMV- infected mice treated with PLX5622 at defined times post 

infection. Our findings emphasize an important role for microglia in aiding in host defense in 

response to JHMV infection of the CNS as well as influencing both the severity of spinal cord 

demyelination and remyelination in a model of murine coronavirus-induced neurologic disease. 
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MATERIALS AND METHODS  

Mice and viral infection. Five-week-old C57BL/6 male mice were purchased from The Jackson 

Laboratory. Mice were infected intracranially (i.c.) with 250 plaque forming units (PFU) of 

JHMV strain J2.2v-1 in 30 μl of sterile Hanks balanced sterile solution (HBSS) and animals were 

euthanized at days 3, 7, 12, and 21 post infection (p.i.). Clinical disease in JHMV-infected mice 

was evaluated using a previously described scale (Lane et al., 2000). To determine viral titers 

within brains, experimental animals were sacrificed at defined times p.i., brains isolated, 

homogenized and plaque assay were performed on the DBT astrocytoma cell line as described 

previously (Hirano, Murakami, Fujiwara, & Matsumoto, 1978). All animal studies were 

reviewed and approved by the University of Utah Animal Care and Use Committee. 

 

PLX5622 treatment. AIN-76A (Research Diets, NJ) rodent chow formulated with CSF1R 

inhibitor-PLX5622 at a dose of 1,200 mg/kg of chow was kindly pro- vided by Plexxikon, Inc 

(Berkeley, CA). Mice were fed with either PLX5622 chow or control chow 7 days prior to viral 

infection and chow was continued until the mice were sacrificed to harvest tissues at defined 

times p.i. 

 

Cell isolation and flow cytometry. Flow cytometry was performed to identify inflammatory 

cells entering the CNS using established protocols (Blanc, Rosen, & Lane, 2014; Chen et al., 

2014). In brief, single cell suspensions were generated from tissue samples by grinding with 

frosted microscope slides. Immune cells were enriched via a two-step Percoll cushion (90 and 

63%) and cells were collected at the interface of the two Percoll layers. Before staining with 

fluorescent antibodies, isolated cells were incubated with anti-CD16/32 Fc block (BD 
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Biosciences, San Jose, CA) at a 1:200 dilution. Immunophenotyping was performed using com- 

mercially available antibodies specific for the following cell surface markers: CD4, CD8, CD11b 

(BD Biosciences, San Jose, CA), and CD45 (eBioscience, San Diego, CA). The following flow 

cytometric gating strategies were employed for inflammatory cells isolated from the CNS: 

macrophages (CD45hiCD11b+) and microglia (CD45lo CD11b+). APC-conjugated rat anti-

mouse CD4 and a PE-conjugated tetramer specific for the CD4 immunodominant epitope present 

within the JHMV matrix (M) glycoprotein spanning amino acids 133–147 (M133-147 tetramer) 

to determine total and virus-specific CD4+ cells, respectively (Chen et al., 2014; Marro, Grist, & 

Lane, 2016a); APC-conjugated rat anti-mouse CD8a and a PE- conjugated tetramer specific for 

the CD8 immunodominant epitope present in the spike (S) glycoprotein spanning amino acids 

510-518 (S510-518) to identify total and virus-specific CD8+ cells, respectively (Chen et al., 

2014; Marro et al., 2016a). Data were collected using a BD LSR Fortessa X-20 flow cytometer 

and analyzed with FlowJo software (Tree Star Inc.). 

 

scRNASeq. Immune cells were isolated as described above from brain (day 7 p.i.) and spinal 

cord (day 14 p.i.) and stained with DAPI and APC conjugated anti-CD45 for 20 min on ice in 1× 

PBS containing 0.5% bovine serum albumin (BSA). Live CD45+ cells were enriched through the 

use of BD FACS Aria flow sorter (University of Utah Health Science Center) and washed once 

with 0.04% BSA. Samples were then processed for single cell RNA sequencing via the 10× 

Genomics plat- form performed at the Huntsman Cancer Institute High Throughput Genomics 

Shared Resource Core Facility (https://uofuhealth.utah.edu/huntsman/ shared-resources/gba/). 

RNA sequencing was per- formed via Agilent Hiseq next generation sequencer. Sequencing data 

was processed using the 10X Genomics Cell Ranger pipeline and analyzed using the Seurat R 
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package. Gene expression signatures defining cell clusters were analyzed from PLX5622-treated 

and controls at day 7 p.i. (brains) and day 14 p.i. (spinal cords). Cells from each aggregated 

sample data set were clustered into corresponding immune cell populations by a shared nearest 

neighbor modularity optimization- based clustering algorithm using the Seurat package. The 

resulting clusters were defined using an immune-cell scoring algorithm (https:// 

aekiz.shinyapps.io/CIPR/) (Ekiz et al., 2019) that compares the gene signatures of each cluster in 

the experimental data set with the micro- array data available in the Immunological Genome 

(ImmGen) Project Database. Expression levels and distribution of population-specific immune 

cell markers were then analyzed to further refine the identified clusters and expose any 

subpopulations that should be separated as independent clusters. Once the clusters were 

established and identified, plots were generated using Seurat, ggpubr, and fgsea R packages. 

 

Histology. Mice were euthanized at defined times points according to IACUC- approved 

guidelines and the length of spinal cord extending from thoracic vertebrate 6–10 was 

cryoprotected in 30% sucrose, cut into 1-mm transverse blocks and processed to preserve the 

craniocaudal orientation and subsequently embedded in O.C.T. (VWR, Radnor, PA). Eight 

micron (μm)-thick coronal sections were cut and sections were stained with hematoxylin/eosin 

(H&E) in combination with luxol fast blue (LFB) and between 4 and 8 sections/mouse analyzed. 

Areas of total white matter and demyelinated white matter were determined with ImageJ 

Software and demyelination was scored as a percentage of total demyelination from spinal cord 

sections analyzed (Blanc et al., 2015; Blanc, et al., 2014; Dickey, Worne, Glover, Lane, & 

O'Connell, 2016; Marro, Grist, & Lane, 2016b). 
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Electron microscopy and g-ratio analysis. For electron microscopy (EM) analysis of spinal 

cords, mice were sacrificed and underwent cardiac perfusion with 0.1 M cacodylate buffer 

containing 2% paraformaldehyde/2% glutaraldehyde. Serial ultrathin sections of spinal cords 

embedded in Epon epoxy resin were stained with uranyl acetate-lead citrate and analyzed as 

previously described (Liu, Keirstead, & Lane, 2001). Images at ×1200 magnification were 

analyzed for g-ratio using ImageJ software. In adult animals there is a relationship between axon 

circumference and myelin sheath thickness (number of lamellae) expressed by the g-ratio (axon 

diameter/total fiber diameter); in remyelination this relationship changes such that myelin 

sheaths are abnormally thin for the axons they surround (Smith, Bostock, & Hall, 1982). An 

abnormally thin myelin sheath, relative to axonal diameter, was used as the criterion for 

oligodendrocyte remyelination. Absence of a myelin sheath was used as the criterion for 

demyelination. For most axons, two measurements were conducted with a minimum of 400 

axons analyzed per experimental group. In all cases, slides were blinded and read independently 

by two investigators. 

 

Statistical analysis. GraphPad Prism was used to perform statistical analyses. Data for each 

experiment is presented as mean ± SEM. For flow cytometry analysis unpaired Student's t test 

was used to determine significance and a p value of <.05 was considered statistically significant. 

Wilcoxon test was used for analyzing gene expression in scRNASeq clusters and the resulting p 

values were corrected for multiple comparisons by Holm-Sidak method and a p value of <.05 

was considered statistically significant. 
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RESULTS 

PLX5622 treatment increases susceptibility to JHMV-induced neurologic disease.  

 To evaluate the contribution of microglia to disease progression in JHMV-infected mice, 

the CSF1R inhibitor PLX5622 was administered as previous studies have reported this 

pharmacologic approach effectively depletes >90% of microglia (Acharya et al., 2016; Najafi et 

al., 2018). Mice were treated with PLX5622 (1,200 mg/kg) 7 days prior to infection and 

continued on the drug for the duration of the experiment. Treatment with PLX5622 resulted in an 

overall increase in mortality with ~25% of PLX5622-treated mice surviving to day 21 p.i. 

whereas ~75% of control-chow treated mice survived to this time (Figure 1a). The increase in 

mortality in PLX5622-treated mice correlated with increased viral titers within the brains and 

spinal cords at days 3, 7, and 12 p.i. compared with control animals; however, by day 21 p.i. 

viral titers were not detected (ND) in experimental groups (Figure 1b). We confirmed efficient 

microglia (CD45loCD11b+) depletion in PLX5622-treated mice within the brain at day 7 p.i. 

(Figure 1c) and spinal cord at day 14 p.i. (Figure 1d) using flow cytometry. PLX5622 treatment 

did not affect numbers of macrophages (CD45hiCD11b+) within brains and spinal cords of 

experimental mice (Figure 1c and d). These findings support earlier work indicating that 

PLX5622-targeting of microglia impacts efficient immune-mediated control of viral replication 

following infection with neurotropic viruses (Funk & Klein, 2019; Sanchez et al., 2019b; Seitz et 

al., 2018; Waltl et al., 2018; Wheeler et al., 2018). 

 

PLX5622 treatment and immune cell infiltration into the brains of JHMV-infected mice 

during acute disease 



82 
 

 Our findings reveal that PLX5622 treatment of mice increases susceptibility to JHMV-

induced neurologic disease associated with impaired ability to control viral replication. In order 

to better understand the effects of PLX5622 treatment on influencing the immune cell compo- 

sition of the CNS we used 10× Genomics scRNAseq technology. Experimental mice were fed 

either control chow or chow containing PLX5622 for 7 days prior to infection and remained on 

chow until sacrificed at either day 7 p.i. or 14 p.i., at which point, live CD45+ cells were sorted 

from the brains or spinal cords, respectively. The respective tissues were found appropriate to 

study host defense and disease pathogenesis. The immune response to JHMV infection peaks 

around day 7 p.i. in the brain and ensuing spinal cord demyelination is present at day 14 p.i. We 

aggregated data from 4,806 cells taken from control-treated (n = 6) and 3,868 cells from 

PLX5622-treated (n = 6) mice brain tissue at day 7 p.i. and performed unsupervised clustering 

analysis based on similarity of gene expression signatures using Seurat single cell genomics R 

package (Ekiz et al., 2019) (Table 1). This approach revealed 16 distinct cell clusters 

representative of both lymphoid and myeloid linages at day 7 p.i. (Figure 2a). To better 

understand the overlapping expression of marker genes and identification of cell clusters, we 

employed a recently described algorithm that com- pares the gene expression signatures of cell 

clusters with publicly available ImmGen database (Ekiz et al., 2019). As previously described 

(Ekiz et al., 2019), this algorithm calculates an aggregate identity score for each scRNAseq cell 

cluster as a measure of molecular similarity to the ImmGen subsets. Through combinations of 

these two approaches, we identified three CD8+ T cell subsets [naïve, effector (Eff.), and 

memory (Mem.)], two macrophage subsets (Mac 1 and Mac 2), four dendritic cell (DC) subsets 

(plasmacytoid, NADPH [Nox2], XCR1 [Xcr1], CCL22 [Ccl22]), and single subsets of CD4+ T 

cells, regulatory T cells (Treg), natural killer (NK) cells, B cells, microglia, neutrophils (neuts), 
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and monocytes at day 7 p.i. (Figure 2a). In order to verify the algorithm-assisted identification 

of cell clusters, we examined expression of known cellular markers in our data set; expression of 

these markers corresponded with the respective identities of the distinct clusters (Figure 2b and 

c). Our initial preliminary analyses focusing on samples separately are in agreement with the 

results of this aggregated approach. 

 We next analyzed differences in CD45+ cells between PLX5622-treated and control mice 

at day 7 p.i. following JHMV infection. When data from the cellular genotypes were plotted 

side-by- side, treatment-dependent dynamics within the tissues started to emerge (Figure 3a and 

b). Importantly, we were able to show that PLX5622 treatment resulted in decreased expression 

of microglia- associated transcripts Tmem119, P2ry12, and Sparc compared with control mice 

(Figure 3c). Expression of IFN-α is critical in effective control of JHMV replication within the 

CNS (Athmer et al., 2018; Ireland et al., 2008; Vijay et al., 2017). We examined IFN-α responses 

by both macrophages and DCs in order to gain better insight into potential mechanisms by which 

PLX5622 treatment led to impaired control of viral replication. When the global expression 

signatures of macrophages and DCs were examined, IFN-α response genes were found to be 

significantly enriched within the brains of PLX5622-treated mice compared with controls 

arguing that targeting microglia did not diminish IFN-I responses (Figure 3d and  e). 

 

PLX5622-treatment alters infiltration and activation phenotype of T cells during acute 

disease 

 Control of JHMV replication within the CNS is associated with infiltration of activated 

virus-specific CD4+ and CD8+ T cells (Marten et al., 2001; Pearce, Hobbs, McGraw, & 

Buchmeier, 1994; Williamson & Stohlman, 1990). At day 7 p.i., PLX5622 treatment did not 
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significantly alter CD4+ T cell infiltration yet there was an increase in CD8+ T cells (p < .05) 

compared with control mice as determined by flow cytometric analysis (Figure S1a). There were 

no differences in virus-specific CD4+ and CD8+ T cells specific for immunodominant epitopes 

present within the Matrix (M) (Figure S1b) and Spike (S) glycoproteins (Figure S1c) as 

determined by tetramer staining (Blanc, et al., 2014; Marro et al., 2016b). 

 Evaluation of defined factors associated with T cell activation at day 7 p.i. revealed 

reduced expression of the Th1-associated tran- scription factor Tbet (Tbx21) (p < .01) and this 

was associated with reduced (p < .05) expression of Tnf transcripts, but not Ifng transcripts, in 

PLX5622-treated mice compared to control mice (Figure 4a). We also determined reduced 

expression of activation markers CD69 (Cd69) and CD44 (Cd44, p < .05) in CD4+ T cells from 

the brains of PLX5622-treated mice compared to control mice at day 7 p.i. (Figure 4a). In 

addition, the CD4+ T cells subset from PLX5622-treated mice also expressed reduced transcripts 

for Il2ra (p < .05) and Il2rb (p < .01) that encode for components of the IL-2 receptor when 

compared to control-treated mice (Figure 4a). Previous work from Bergmann and colleagues 

(Phares et al., 2013) identified that IL-21 derived from CD4+ T cells is important in enhancing 

anti- viral effector functions by CD8+ T cells following JHMV infection. Comparison of Il21 

transcript levels in CD4+ T cells between PLX5622-treated mice compared to control mice 

indicated no significant difference at day 7 p.i. (Figure 4c). In contrast, CD8+ T cells isolated 

from brains of PLX5622-treated mice expressed increased transcripts specific for perforin (Prf1, 

p < .0001), granzyme B (Gzmb, p < .001) and programmed cell death 1, PD-1 (Pdcd1, p < .0001) 

(Figure 4b). There was no difference in expression of Ifng transcripts between experimental 

groups (Figure 4b).  
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 Correlating with muted CD4+ T cell activation was the demonstration of a reduction (p < 

.0001) in transcripts associated with MHC class II as well as the co-stimulatory molecule CD86 

in macrophages in PLX5622-treated mice compared controls (Figure 4d). Flow cytometric 

staining for MHC class II on cells isolated from the brains of PLX5622 and control mice at day 7 

p.i. confirmed expression was reduced (p < .001) on macrophages obtained from PLX5622-

treated mice compared to controls (Figure 4f). Additionally, MHC class II expression on 

remaining microglia within the brains of PLX5622-treated mice was also reduced (p < .001) 

compared to expression on microglia from control mice (Figure 4f). Dampened expression of 

MHC class II in PLX5622-treated mice was further confirmed through immunofluorescent 

staining in combination with Iba1 (Figure 4g). Expression of MHC class I-associated transcripts 

was increased (p < .0001) in macrophages isolated from the brains of PLX5622-treated mice 

compared with control animals in macro- phages which was consistent with apparent increased 

CD8+ T cell activation (Figure 4d). With regard to dendritic cells at day 7 p.i., we did not detect 

changes in expression of transcripts associated with either MHC Class II or MHC Class I 

(Figure 4e) between PLX5622-treated mice and controls. 

   

PLX5622 treatment and immune cell infiltration into spinal cords of JHMV-infected mice 

during immune-mediated demyelination 

 We next performed scRNAseq on CD45+ cells enriched from the spinal cords of JHMV-

infected mice treated with either PLX5622 or control at day 14 p.i. Using the same approach as 

described above using aggregated data from 2,725 cells taken from control-treated (n = 6) and 

4,891 cells from PLX5622-treated (n = 6) mice (Table 1), we detected 18 cell clusters within 

spinal cords of experimental mice rep- resenting lymphoid and myeloid populations (Figure 5a). 
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In brief, this included 3 DC subsets (plasmacytoid, NADPH [Nox2], XCR1 [Xcr1]), five 

macrophage subsets (CD40 [Cd40], [Interferon-induced proteins with Tetratricopeptide repeats 

IFIT (Ifit1,Ifit2,Ifit3)], Mac 1, Mac 2, and Mac 3), three populations of microglia that included 

Galectin+ microglia and Insulin growth factor 1-positive (Igf1+) microglia, two populations of 

CD8+ T cells [effector (Eff.) and effector cycling (Eff. Cyc.)], and single populations of neuts, 

Tregs, CD4+ T cells and B cells. Expression of known cellular markers in our data set 

corresponded with respective identities of clusters (Figure 5b and c). Consistent with our spinal 

cord flow data (Figure 1d), PLX5622 treatment led to a reduction in microglia with a trend 

toward an increase in macrophage populations (Figure 5d and e). The presence of Ifit-positive 

macrophages argues for a role in contributing to anti-viral immune responses (Diamond & 

Farzan, 2013). Further, we also detected the presence of Galectin-positive microglia although 

there were no differences in frequency between experimental populations (Figure 5d and e). 

Finally, we did find a reduced frequency of Igf-1-positive microglia within the spinal cords of 

PLX5622-treated mice compared to controls (Figure 5d and e). 

 

CSF1R antagonism increases the severity of demyelination in JHMV-infected mice 

 CNS inflammatory T cells augment demyelination in JHMV-infected mice presumably 

through recognition of viral antigens resulting in secretion of cytokines for example, IFN-γ that 

activate both resident CNS cells and inflammatory macrophages/myeloid cells to secrete 

proinflammatory cytokines/chemokines as well as molecules damaging to oligodendrocyte 

function (Hosking & Lane, 2009; Templeton & Perlman, 2007). By day 14 p.i., we detected no 

difference in CD4+ T cells in the spinal cords of PLX5622-treated mice versus controls, though 

there was an increase (p < .05) in CD8+ T cells (Figure S2a) as well as virus-specific CD4+ 



87 
 

(Figure S2b) and CD8+ T cells (Figure S2c) compared with controls. Similar to what we 

observed at day 7 p.i., we detected reduced expression of Cd69 transcripts (p < .01), Il2rb 

transcripts (p < .0001), and Tbx21 (p < .0001) in CD4+ T cells isolated from spinal cords of 

PLX5622-treated mice compared to controls (Figure 6a). There were no differences in 

expression of Cd44 or cytokines Ifng and Tnf within CD4+ T cells between experimental groups 

of mice (Figure 6a). However, Il21 transcript levels were significantly (p < .0001) reduced in 

CD4+ T cells isolated from PLX5622-treated mice compared to control mice at this time (Figure 

6c). In addition, there was no difference in transcript levels for Gzmb or Ifng in CD8+ T cells 

isolated from spinal cords of PLX5622-treated mice compared with controls (Figure 6b). How- 

ever, expression of both Pdcd1 (p < .01) and Prf1 (p < .05) were reduced in CD8+ T cells from 

PLX5622-treated mice versus controls (Figure 6b). PLX5622-treatment resulted in reduced 

expression of Cd86 (p < .0001), H2_Aa (p < .0001), H2_Ab1 (p < .001), and H2_DMb1 (p < 

.0001) in spinal cord macrophages compared with control mice (Figure 6d). In contrast, 

expression of MHC class I- associated transcripts H2_K1 (p < .0001), H2_M3 (p < .05) remained 

elevated in spinal cord macrophages isolated from PLX5622-treated mice compared to controls 

yet there was no difference expression of H2_Q7 transcripts (Figure 6d). 

 We next assessed how PLX5622 treatment affected the severity of demyelination in 

JHMV-infected mice. Using Luxol Fast Blue (LFB) staining of spinal cords from experimental 

mice, we determined that PLX5622 treatment resulted in an increase in the severity of 

demyelination at days 14 (p < .01) and 21 p.i. (p < .05) compared with control mice (Figure 7a 

and b). These findings indicate that targeting microglia via PLX5622 treatment results in 

increased demyelination arguing these cells exert a protective role in limiting the severity of 

white matter pathology in JHMV-infected mice. We also looked at expression of several genes 
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associated with immune-mediated demyelinating dis- eases. Through scRNAseq analysis of 

CD45 + -enriched cells from the spinal cords of JHMV-infected mice treated with either 

PLX5622 or control chow, we consistently observed a dramatic increase in transcripts encoding 

for molecules associated with demyelination including Apoliprotein E (Apoe) (Krasemann et al., 

2017), Osteopontin (Spp1) (Chabas et al., 2001), and Triggering receptor expressed on myeloid 

cells (Trem2) (Krasemann et al., 2017; Ulrich & Holtzman, 2016) in macrophage clusters within 

the spinal cords of PLX5622-treated mice compared to controls (Figure 7c). In addition, 

transcripts encoding proteins associated with remyelination including Cst7 (Cystatin F), Igf1 

(insulin growth factor 1), and Lpl (Lipoprotein lipase) were decreased in spinal cord 

macrophages within the spinal cords of PLX5622-treated mice compared to controls (Figure 7f) 

(Bruce et al., 2018; Durose et al., 2019; Hlavica et al., 2017; Ma et al., 2011; Shimizu et al., 

2017; Wlodarczyk et al., 2017; Ye, Li, Richards, DiAugustine, & D'Ercole, 2002). This suggests 

that microglia may have a role in suppressing expression of molecules associated with 

demyelination and even promoting expression of those related to remyelination in macrophages. 

To determine whether remyelination was impacted in response to PLX5622 treatment, EM 

analysis of spinal cord sections was performed. Assessment of the g-ratio, the ratio of the inner 

axonal diameter to the total outer fiber diameter, is commonly employed as a structural index of 

remyelination; lower ratios indicate more extensive myelination (Liu, Keirstead, & Lane, 2001; 

Moore et al., 2013). High magnification (×1,200) images of the spinal cord ventral funiculus of 

PLX5622-treated and control mice were used to evaluate myelinated and demyelinated axons. 

PLX5622 treatment resulted in a significant (p < .05) decrease in remyelination as determined by 

calculating g-ratio's (0.87 ± 0.004, minimum of 400 axons counted/mouse) compared with 
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control treated mice (0.79 ± 0.003, minimum of 400 axons counted/mouse) (Figure 7d) as well 

as measuring myelin thickness (Figure 7e). 

 
 
  



90 
 

DISCUSSION  

 Viral infection of the central nervous system (CNS) presents unique challenges to the 

immune system with regard to controlling and eliminating the invading pathogen. The CNS is 

composed of a variety of highly specialized cells, many of which have limited renewal capacity, 

that represent potential targets of infection by numerous different viruses (Klein et al., 2019). A 

significant hurdle encountered by infiltrating antigen-specific lymphocytes is the elimination of 

virus from infected cells while limiting the damage that may have long-term detrimental 

consequences to the host. Therefore, characterizing the mechanisms involved in how viral 

infection of the CNS is controlled is an important question. It is becoming increasingly clear that 

CNS resident cells are critical in host defense through either secretion of anti-viral cytokines for 

example, type I interferon (IFN-I) and/or presentation of antigen within the context of either 

MHC Classes I or II. Recently, an important role for microglia in aiding in host defense in 

response to CNS viral infection has been identified (Funk & Klein, 2019; Sanchez et al., 2019a; 

Seitz et al., 2018; Waltl et al., 2018; Wheeler et al., 2018). Perlman and colleagues (Wheeler et 

al., 2018) have shown that microglia are required for optimal host defense in response to JHMV 

infection of the CNS. Targeted depletion of microglia through administration of PLX5622 

revealed a role in limiting mortality that was associated with impaired control of JHMV 

replication. The increase in susceptibility to disease did not appear to be due to altered 

expression of IFN-I but more likely a reflection of impaired antigen-presentation due to muted 

MHC Class II expression by macrophages infiltrating the CNS of PLX5622-treated mice and this 

likely resulted in dampened T cell responses (Wheeler et al., 2018). We believe the increase in 

expression of IFN-I response genes in PLX5622-treated mice most likely reflects the overall 

increase in viral titers within the brains. Similarly, microglia depletion led to increased mortality 



91 
 

in mice infected with WNV associated with diminished activation of APCs and limited 

reactivation of virus-specific T cells that led to reduced viral clearance (Funk & Klein, 2019; 

Seitz et al., 2018). These findings clearly implicate microglia in enhancing optimal host 

responses following CNS viral infection, in part, by influencing antigen-presentation that affects 

virus- specific T cell responses. 

 We undertook the present study to better understand how microglia contribute to host 

defense as well as demyelination and repair following JHMV infection of the CNS using 

sophisticated molecular, cellular, and histologic approaches. Employing PLX5622 to deplete 

microglia, we found increased mortality associated with impaired control of CNS viral 

replication. CSF1R antagonism led to a selective decrease in microglia with sparing of 

macrophages as well dendritic cells indicating that resident APCs within the CNS were not 

affected. To better understand the functional contributions of microglia in aiding in host defense, 

we performed scRNAseq on CD45+ cells enriched from the brains of PLX5622 and control mice 

at day 7 p.i. Using a verified and unbiased bioinformatics approach (Ekiz et al., 2019), we were 

able to reliably identify clusters of cells associated with innate immune responses for example, 

microglia, monocytes, macrophages, NK cells, and neutrophils as well as adaptive responses 

including T cell subsets and dendritic cells (Figure 2a-c). Moreover, this approach revealed the 

heterogeneity of both the innate and adaptive immune cell response by infiltrating cells as well 

as resident microglia with the identification of different subsets of DCs, macrophages, and T 

cells. These findings emphasize the complexity of both the innate and adaptive immune 

responses that occur in response to viral infection of the CNS and raises interesting questions 

with regard to functional roles for these populations of cells in either defense and/or disease 

progression. Employing scRNAseq demonstrated that PLX5622-mediated depletion of microglia 
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did not dramatically alter the presence of the majority of immune cells identified including 

neutrophils, monocytes, DC and macrophage subsets, as well as Tregs and naïve and memory 

CD8+ T cells, not to say that these populations are not transcriptionally different. This approach 

did indicate that PLX5622-treatment resulted in increased effector CD8+ T cells, CD4+ T cells 

and, interestingly, B cells. These findings would argue that microglia may not impact either 

directly or indirectly the synthesis/secretion of proinflammatory cytokines/chemokines by other 

resident CNS cells for example, astrocytes and/or inflammatory macrophages. Nonetheless, the 

use of scRNAseq to assess gene expression profiles of CD45+ cells has yielded a tremendous 

amount of data that we will continue to examine with the goals of elucidating mechanisms not 

tied to current dogma associated with both anti-viral host defense mechanisms in response to 

viral infection of the CNS and viral-induced demyelination. 

 Expression of IFN-I is critical in host defense in response to JHMV infection of the CNS 

(Athmer et al., 2018; Ireland et al., 2008; Vijay et al., 2017). PLX5622-mediated targeting of 

microglia did not affect IFN-I signaling as GSEA analysis revealed IFN-α response genes were 

significantly enriched in both macrophages and dendritic cells within the brains of PLX5622-

treated mice at days 7 compared with controls (Figure 3d and e). These findings may reflect the 

increase in viral titers within the CNS of PLX5622-treated mice at these times but also argue that 

microglia are not solely responsible for production of IFN-I. We detected altered T cell 

responses within the CNS following PLX5622 treatment as determined by both flow cytometry 

and scRNASeq. There were increased numbers of total CD8+ T cells (p < .05) as well as virus-

specific CD8+ T cells within the brains of JHMV-infected mice treated with PLX5622 compared 

to controls at day 7 p.i. We also found a trend towards increased total CD4+ T cells and virus-

specific CD4+ T cells in PLX5622-treated mice compared to controls although these differences 
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were not significant. In terms of T cell activation, we detected differential responses in T cell 

subsets at day 7 p.i. In CD4+ T cells, there was a reduction in transcripts associated with Th1-

polarized activation for example, T-bet (Tbx21) in PLX5622-treated mice compared to controls 

although there were no differences in Ifng transcripts in CD4+ T cells in experimental groups. 

PLX5622-treatment also resulted in reduced expression of CD4+ T cell surface activation 

markers including CD44, CD69, and components of IL-2 receptor in PLX5622-treated mice 

compared with controls whereas there was an overall increased activation phenotype associated 

with CD8+ T cells compared with controls. A role for CD4+ T cell-derived IL-21 has previously 

been shown to enhance antiviral CD8+ T cell responses following JHMV infection of the CNS 

(Phares, DiSano, et al., 2013). While expression of Il21 transcripts in CD4+ T cells was not 

affected at day 7 p.i. in PLX5622-treated mice, expression was significantly reduced by day 14 

p.i. This reduction in Il21 expression in CD4+ T cells in PLX5622-treated mice may have 

impacted virus-specific CD8+ T cell function and partially explain mechanisms associated with 

impaired control of JHMV replication within the CNS. In addition, the muted activation 

phenotype by CD4+ T cells was associated with reduced expression of MHC class II by 

macrophages, but not DCs, at day 7 p.i. in PLX5622-treated mice, demonstrating a selective 

effect in response to microglia depletion. This selective effect of reduced MHC class II 

expression by macrophages in PLX5622-treated mice was further emphasized in that expression 

of MHC class I transcripts was increased in macrophages, but not DCs, compared with control 

mice. Identifying the mechanisms by which microglia augment expression of MHC class II on 

macrophages will be a focus of ongoing studies. 

 Our results examining immune cell infiltration and activation in spinal cords of 

experimental mice at day 14 p.i. through scRNAseq were intriguing as we observed differences 
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in both macrophage and microglial populations compared with the brain at day 7 p.i., regardless 

of the experimental groups. First, there were both Ifit + and CD40+ macrophages present within 

the spinal cords of both PLX5622 and control mice, suggesting these cells may be responsible 

for host defense in response to viral infection (Diamond & Farzan, 2013). It is important to note 

that both populations of cells were present at a low frequency and there were no dramatic 

differences between experimental groups, although CD40+ macrophages were present at a much 

higher frequency compared to Ifit + macrophages. Furthermore, there was a small population of 

Galectin+ microglia in spinal cords in control mice yet not in PLX5622-treated mice and 

previous studies argue for a role for certain isoforms of Galectin in potentially contributing to 

demyelination in patients with multiple sclerosis (MS) (de Jong et al., 2018) while other isoforms 

are considered important in driving oligodendrocyte differentiation associated with 

remyelination (Thomas & Pasquini, 2018). Our findings that spinal cord demyelination was 

significantly increased in PLX5622-treated mice supports an emerging role for microglia in 

restricting the severity of white matter and this is consistent with a recent study from our group 

indicating that microglia influence the severity of demyelination in JHMV- infected mice 

(Brown et al., 2019). While we are currently exploring the molecular and cellular mechanisms by 

which microglia may modulate the CNS microenvironment in mice persistently infected with 

JHMV, evidence presented in the current study indicates that PLX5622 treatment resulted in 

increased expression of transcripts encoding for Osteopontin, APOE, and TREM2 all of which 

have been implicated in contributing to demyelination (Chabas et al., 2001; Krasemann et al., 

2017; Ulrich & Holtzman, 2016). Interestingly, expression of all three transcripts were enriched 

within macrophage populations suggesting a specific effect by which microglia may suppress 

expression and limit myelin damage. 
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 Emerging studies have pointed to a protective role for microglia in limiting 

neuropathology and promoting repair (Baaklini, Rawji, Dun- can, Ho, & Plemel, 2019; Lee, 

Hamanaka, Lo, & Arai, 2019; Lloyd & Miron, 2019). In support of this concept are recent 

studies from Miron and colleagues (Lloyd & Miron, 2019) showing an important role for 

microglia in enhancing remyelination in a toxin-model of demyelination that is aided by 

microglial death and subsequent microglial repopulation; here, in this study, the absence of 

microglia prevents their further death and repopulation and is associated with increased white 

matter damage. Although mechanisms by which microglia may support remyelination have not 

been completely defined, it is though that these cells aid in clearance of myelin debris and/or 

secrete growth factors/cytokines that influence maturation of oligodendrocyte progenitor cells 

(OPCs) into mature myelin-producing oligodendrocytes. What is also clear is that microglia are 

heterogenous in terms of transcriptome and protein expression which is likely regulated during 

disease and this would influence the role of these cells in enhancing or muting disease 

progression and potential repair. In support of a protective role for microglia in restricting 

neuropathology and promoting repair is our data demonstrating that PLX5622 treatment of 

JHMV-infected mice results in an increase in white matter damage associated with impaired 

remyelination (Figure 7a, b, d, and e). In addition, scRNASeq also shows reduced expression of 

genes encoding proteins previously associated with remyelination including Cystatin F (Durose 

et al., 2019; Ma et al., 2011; Shimizu et al., 2017), Insulin growth factor 1 (IGF1) (Hlavica et al., 

2017; Wlodarczyk et al., 2017; Ye et al., 2002) and Lipoprotein lipase (Bruce et al., 2018) within 

macrophages isolated from the spinal cords of PLX5622-treated mice (Figure 7f). These findings 

further support the notion that microglia may either directly or indirectly influence remyelination 

within the spinal cord by contributing to controlling expression of genes encoding proteins that 
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regulate OPC maturation. We are currently pursuing the functional contributions of Cystatin F, 

IGF1, and Lipoprotein lipase in contributing to remyelination in JHMV-infected mice. 

 We would caution that although demyelination was worsened and remyelination was 

impaired when microglia are depleted, this may reflect the model employed that is, targeted 

depletion of microglia prior to JHMV infection of the CNS which may lead to increased 

neuropathology through altered macrophage biology and/or resident cells of the CNS including 

astrocytes and oligodendrocytes. We are currently determining if microglia depletion in mice 

persistently infected with JHMV in which demyelination is established affects either neuro- 

pathology and/or viral recrudescence as this is a more clinically-relevant question. Similarly, we 

are also determining if there is efficient repopulation of microglia in mice persistently infected 

with JHMV upon removal of PLX5622 treatment. Another important area we are pursuing 

relates to whether depletion of microglia in mice with established demyelination impacts 

remyelination. 
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Figure 1 PLX5622 treatment increases susceptibility to JHMV-induced neurologic disease. 
Mice were fed either PLX5622 or control chow for 7 days prior to i.c. infection with JHMV (250 
PFU) and subsequently remained specific chow for the duration of the experiment. PLX5622 
treatment led to (a) increased mortality compared to control mice that was associated with an (b) 
impaired ability to control viral replication within the brains and spinal cords at days 3, 7, and 12 
p.i. compared with control mice. Representative flow cytometric data from JHMV-infected mice 
treated with either PLX5622 or control chow and gating on microglia (CD45loCD11b+ cells) or 
macrophages (CD45hi CD11b+ cells) in (c) brains at day 7 p.i., and (d) spinal cords at day 14 p.i. 
PLX5622-treatment resulted in reduced numbers of microglia in brains and spinal cords 
compared with control mice. Data are derived from a minimum of three independent experiments 
with a minimum of 3 mice/time points. Data in B, C, and D are presented as average ± SEM. 
ND, not detected; *p < .05, ****p < .0001 
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Time point Day 7 p.i. Day 7 p.i. Day 14 p.i. Day 14 p.i. 

Diet Control chow PLX5622 Control chow PLX5622 

Tissue Brain Brain Spinal cord Spinal cord 

Pooled N 6 6 7 5 

Cell number 4,806 3,868 2,725 4,891 

Reads/cell 54,593 61,984 111,721 41,498 
 
Table 1 Overview of experimental conditions showing treatment, sacrifice time points, 
tissue collected, and total number of CD45+ cells isolated as well as reads/cell following 
scRNAseq analysis 
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Figure 2 scRNAseq of CD45+ cells isolated from brains of JHMV-infected mice treated 
with PLX5622 at day 7 p.i. (a) T-distributed stochastic neighbor embedding (t-SNE) plot of 
scRNASeq data revealing 16 distinct cell clusters (aggregate data from PLX5622 and control 
treated animals at 7 days p.i). (b) Heat map showing the top five differentially expressed genes 
within each cluster. Columns represent the different clusters, with sub-columns displaying both 
control-treated (blue) and PLX5622-treated (orange) groups, and rows specify genes. (c) Dot plot 
presenting expression of selected genes within the 16 cell clusters. Size of the dot is 
representative of the frequency of cells within a cluster expressing the gene of interest, while the 
degree of color intensity is indicative of the level of expression of the gene. The dashed boxes 
highlight commonly and uniquely expressed genes of clusters within overarching cell types 
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Figure 3 PLX5622 treatment and immune cell infiltration into the CNS at day 7 p.i. (a) t-
SNE plot showing the immune landscape in brains of control-(blue) and PLX5622-(orange) 
treated animals at 7 days p.i. (b) Frequency of cell clusters in brains of control- and PLX5622-
treated animals at 7 days post JHMV infection. (c) t-SNE plot showing decreased expression of 
microglia-associated transcripts Tmem119, P2ry12, and Sparc in PLX5622 mice compared with 
controls. Gene set enrichment analysis (GSEA) for IFN-α responses in combined (d) macrophage 
(teal) and (e) dendritic cell (purple) populations isolated at day 7 from brains of JHMV-infected 
mice treated with either PLX5622 or control chow, represented in t-SNE plots. Area under the 
curve represents enrichment of response genes. Responses to IFN-α were enriched in both 
macrophages and dendritic cells isolated from brains of PLX5622 mice compared with control 
animals at day 7 p.i. Normalized enrichment scores and p values are shown. 
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Figure 4 Altered T cell activation profiles in PLX5622-treated mice at day 7 p.i. t-SNE plot 
from brains of JHMV-infected mice treated with PLX5622 or control at day 7 p.i. showing (a) 
CD4+ T cells from either PLX5622-treated or control mice and box plots comparing expression 
of transcripts encoding for activation markers Cd44 (CD44), Cd69 (CD69), Il2ra (IL-2 receptor 
subunit alpha) Il2rb (IL-2 receptor subunit beta), Tbx21 (Transcription factor T-bet) Ifng 
(interferon gamma), and Tnf (tumor necrosis factor alpha). (b) CD8+ T cells comparing the 
expression levels of transcripts encoding effector and activation markers in CD8+ T cells Prf1 
(Perforin), Pdcd1 (Programmed cell death 1, PD1), Gzmb (Granzyme B), and Ifng. (c) Violin 
plots depicting expression of Il21 transcripts within T cell populations isolated from the brains of 
experimental mice; there was no significant (ns) difference in expression of Il21 in CD4+ T cells 
from control or PLX5622-treated mice. Expression of MHC class II-associated genes (H2-Aa, 
H2-Ab1, and H-2DMb1) and co-stimulatory molecule Cd86, as well as MHC class I-associated 
genes (H2-K1, H2-M3, and H2-Q7), are shown in (d) macrophages and (e) dendritic cells from 
experimental mice. In these plots, each dot represents a single cell. Normalized expression values 
were used and random noise was added to show the distribution of data points. The box plots 
show interquartile range and the median value (bold horizontal bar). Average expression value 
per sample is indicated by the red dots. Wilcoxon's test was used for statistical analysis. (f) MHC 
class II expression on macrophages (CD11b + CD45high) and microglia (CD11b + CD45lo) 
isolated from the brains of JHMV- infected mice treated with either PLX5622 or control at day 7 
p.i. as determined by flow cytometric analysis. Data presented as average + SEM. (b) 
Representative immunofluorescent staining for MHC class II on spinal cords isolated from 
infected mice treated with either PLX5622 or control at day 7 p.i. ns, not significant; *p < .05; 
**p < .01 ***p ≤ .001, ****p ≤ .0001 
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Figure 5 scRNAseq of CD45+ cells isolated from spinal cords of JHMV-infected mice 
treated with PLX5622 at day 14 p.i. (a) t-SNE plots of scRNASeq data revealing 18 distinct 
cell clusters. Aggregate data are from spinal cords isolated from PLX5622- and control-treated 
animals at 14 days p.i. (b) Heat map showing the top five differentially expressed genes within 
each cluster. Columns represent the different clusters, with sub-columns displaying both control-
treated (green) and PLX5622-treated (gray) groups, and rows specify genes. (c) Dot plot 
presenting expression of selected genes within the 18 cell clusters. Size of the dot is 
representative of the frequency of cells within a cluster expressing the gene of interest, while the 
degree of color intensity is indicative of the level of expression of the gene. The dashed boxes 
highlight commonly and uniquely expressed genes of clusters within overarching cell types. (d) 
t-SNE plot showing the immune landscape in spinal cords of control-(green) and PLX5622-
(gray) treated animals at day14 p.i. (e) Frequency of cell clusters in spinal cords of control- and 
PLX5622-treated animals at day 14 p.i. 
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Figure 6 Muted activation profiles of spinal cord CD4+ T cells isolated from PLX5622-
treated mice at day 14 p.i. JHMV-infected mice treated with either control chow or PLX5622 
were sacrificed at day 14 p.i. and CD45+ cells sorted from spinal cords to evaluate mRNA 
expression profiles via scRNASeq. (a) CD4+ T cells from spinal cords of mice treated with 
PLX5622-treated or control mice, comparing expression of transcripts encoding for activation 
markers Cd44, Cd69, Il2ra, Il2rb, Tbx21, Ifng, and Tnf. (b) Expression levels of transcripts 
encoding effector and activation markers in CD8+ T cells Prf1, Pdcd1, Gzmb, and Ifng. (c) 
Violin plots depicting expression of Il21 transcripts within T cell populations isolated from the 
spinal cords of experimental mice; expression is reduced (p < .0001) in CD4+ T cells from 
PLX5622-treated mice compared to controls. (d) Expression of MHC class II-associated genes 
(H2-Aa, H2-Ab1, and H-2DMb1) and co-stimulatory molecule Cd86, as well as MHC class I-
associated genes (H2-K1, H2-M3, and H2-Q7), are shown in macrophages from experimental 
mice. In these plots, each dot represents a single cell. Normalized expression values were used 
and random noise was added to show the distribution of data points. The box plot shows 
interquartile range and the median value (bold horizontal bar). Average expression per sample is 
represented by the red dot. Wilcoxon test was used for statistical analysis. ns, not significant; *p 
≤ .05; ** p ≤ .01; ****p ≤ .0001 
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Figure 7 The severity of spinal cord demyelination is increased in PLX5622-treated mice 
compared with control mice. (a) Representative images of H&E/LFB-stained spinal cord 
sections showing an increase in severity of demyelination (dashed black lines) in JHMV-infected 
mice treated with PLX5622 compared with control treated mice at day 14 p.i. (b) Quantification 
of spinal cord demyelination reveals a significant increase after PLX5622 treatment compared 
with control-treated animals (minimum of 12 mice/experimental group) at days 14 and 21 p.i. (c) 
t- SNE plots showing increased expression of transcripts encoding disease-associated factors 
APOE (Apoe), Osteopontin (Spp1), and TREM2 (Trem2) in spinal cords of PLX5622-treated 
mice compared with controls at day 14 p.i. Normalized expression values were used, and random 
noise was added to show the distribution of data points. The box plots show interquartile range 
and the median value (bold horizontal bar). (d) Representative EM images (×1,200) from spinal 
cords from control and PLX5622-treated mice showing normal myelinated axons (white 
arrowheads), demyelinated axons (black arrows), and remyelinated axons (blue arrows) at day 21 
p.i. (e) Calculation of g-ratio of control and PLX5622; scatter plot depicting individual g-ratio's 
from lateral white matter columns of control (gray) and PLX5622 (green) treated mice as a 
function of axon diameter. Data in panels b and e are presented as mean ± SEM. Average 
expression value per sample is indicated by the red points. Wilcoxon's test was used for 
statistical comparisons. (f) t-SNE plots showing decreased expression of transcripts encoding 
remyelination- associated markers Cystatin F (Cst7), Insulin growth factor 1 (Igf1), and 
Lipoprotein lipase (Lpl) in spinal cords of PLX5622-treated mice compared with controls at day 
14 p.i. *p < .05, p < .01, ***p < .001, ****p < .000  
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Chapter 4 
 

Timed ablation of microglia leads to increased demyelination and 
impaired remyelination in mice infected with a neurotropic murine 

coronavirus 
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ABSTRACT 

 Previous studies from our laboratory have demonstrated that ablation of microglia via 

administration of PLX5622, a small molecule antagonist specific for colony stimulating factor 1 

receptor (CSF1R), to C57BL/6 mice prior to infection with the neurotropic JHM strain of mouse 

hepatitis virus (JHMV) results in increased mortality associated with impaired T cell-mediated 

control of viral replication combined with an increase in the severity of demyelination and 

impaired remyelination arguing for a protective role for microglia in response to the infection of 

the CNS with a neurotropic virus. To better understand how microglia impact disease 

progression in mice persistently infected with JHMV that have established demyelination, 

PLX5622 was administered to mice at day 14 post-infection (p.i.) and animals remained on drug 

for 14 days at which point animals were sacrificed and the severity of spinal cord demyelination 

and remyelination evaluated. Our findings indicate that PLX5622-mediated ablation of microglia 

for 2 weeks beginning at day 14 p.i. did not lead to an increase in mortality but resulted in a 

significant (p<0.05) increase in the severity of spinal cord demyelination at day 28 p.i. when 

compared to control mice. Infiltration of both total and virus-specific CD4+ and CD8+ T cells 

into the CNS was not affected in response to PLX5622-mediated microglia ablation yet control 

of viral replication was impaired that correlated with muted expression of MHC class II. Finally, 

we observed decreased expression of mRNA transcripts encoding remyelination-associated 

proteins Cystatin F and Lipoprotein lipase. BulkRNAseq analysis of spinal cords indicated that 

targeting microglia resulted in a dramatic reduction in gene expression profiles associated with 

cell-mediated immune responses and phagocytosis. These findings indicate that microglia 

continue to impact control of viral replication within the CNS post-acute phase of disease as well 

as restrict ongoing demyelination and remyelination in mice persistently infected with JHMV.  
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INTRODUCTION 

Intracranial inoculation of susceptible C57BL/6 mice with the neuroadapted JHM strain of 

mouse hepatitis virus (JHMV, a member of the Coronaviridae family) results in an acute 

encephalomyelitis characterized by wide-spread replication of virus in astrocytes, 

oligodendroglia, and microglia with relative sparing of neurons. Innate immune responses 

characterized by the expression of type I interferons as well as other inflammatory cytokines and 

chemokines are critical with regards to controlling viral replication as well as attracting cellular 

components of the innate immune response1. This is highlighted by inflammatory neutrophils 

expressing the chemokine receptor CXCR2 that are attracted to the CNS of JHMV-infected mice 

by responding to the chemokine CXCL12. Inflammatory neutrophils were important in host 

defense by secreting MMPs (matrix metalloproteinase) that increase the permeability of the 

blood-brain-barrier (BBB) which subsequently allows access of virus-specific CD4+ and CD8+ 

T cells that control viral replication via expression of anti-viral cytokines including IFN-g as well 

as cytolytic activity2(p2),3,4.  

While inflammatory T cells are efficient in controlling viral replication and reducing viral 

titers, sterile immunity is not achieved and virus persists primarily in spinal cord white matter 

tracts5. Persistent viral infection within glial cells leads to expression of both T cell and 

monocyte/macrophage chemokine gene expression6,7 resulting in chronic infiltration of these 

activated cells resulting in immune-mediated demyelination8–10. We and others have 

demonstrated an important role for CD4+ and CD8+ T cells in contributing to JHMV-induced 

demyelination9,11–17, yet the contributions of glial cells to disease progression remain to be better 

characterized. Emerging studies have demonstrated that resident cells of the CNS are actively 

involved in either protection and/or disease progression18. Microglia are the resident immune 
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cells of the CNS. In mice, microglia derived from immature, uncommitted KIT+ erythromyeloid 

progenitors (EMPs) in the yolk sac at embryonic day 7.5 (E7.5)-E8.0. When derived, these 

progenitors will start to upregulate CD45 followed by myeloid cell markers, such as F4/80, 

CX3C chemokine receptor 1 (CXCR1), and colony-stimulating factor 1 receptor (CSF1R)19. 

Under non-inflamed disease states, microglia function to maintain tissue homeostasis and exhibit 

a ramified morphology. Under inflammatory conditions that occur in response to infection, 

injury, or disease onset e.g. MS or Alzheimer’s disease (AD), microglia are rapidly activated and 

this results in morphologic changes associated with an amoeboid form and expression of pro-

inflammatory cytokines/chemokines20.  

Immune-mediated demyelination is associated with activated microglia that are 

characterized by increased surface expression of CD68, CD86, and MHC class II antigens 

accompanied by the secretion of cytokines and chemokines. Accordingly, activated microglia 

can serve as antigen-presenting cells (APCs) to recruit activated antigen-sensitized T cells to the 

CNS. Therefore, activated microglia serve various functions under neuroinflammatory 

conditions resulting from either infection or onset of disease by presenting antigens and either 

amplifying or restricting disease progression via secretion of regulatory factors that control the 

activation state of inflammatory immune cells. Pharmacologic depletion of microglia via 

administration of PLX5622, a small molecule antagonist specific for colony stimulating factor 1 

receptor (CSF1R), results in >95% ablation of microglia in recipient mice21. We have reported 

that PLX5622-mediated depletion of microglia prior to JHMV infection results in increased 

morbidity/mortality that is associated with impaired control of viral replication that was 

associated with muted anti-viral CD4+ T cell responses22. Moreover, microglia depletion 

resulted in a significant increase in the severity of demyelination accompanied by a reduction in 
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remyelination arguing that microglia augment both host defense as well as restrict myelin 

damage and influence repair22. Single cell RNA sequencing (scRNAseq) revealed that PLX5622-

mediated reduction of microglia led to increased expression of transcripts of disease associated 

molecules (DAMs) including Osteopontin (Spp1), APOE (Apoe), and TREM2 (Trem2) while 

transcripts encoding remyelination factors such as Lipoprotein lipase (Lpl), Insulin growth factor 

alpha (Igf1) and Cystatin F (Cst7) are reduced when compared to control mice22. The current 

studies were undertaken to examine if PLX5622-mediated ablation of microglia following the 

onset of JHMV-induced demyelination affected the severity of immune cell infiltration into the 

CNS as well as demyelination and remyelination. Our results indicate that time ablation of 

microglia phenocopied our earlier studies in terms of an overall significant (p<0.5) increase in 

the severity of demyelination as well as impaired control of viral replication associated with 

decreased expression of MHC class II, and negatively impact remyelination efficiency with 

decreased expression of Lpl and Cst7 in the spinal cord. These findings argue that microglia can 

restrict the severity of demyelination in mice persistently infected with JHMV as well as 

influence remyelination. 
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METHODS AND MATERIALS 

Mice, viral infection, and PLX5622 treatment. C57BL/6 mice (male and female mice, 6-8 

weeks of age) were purchased from the Jackson Laboratory. Mice were inoculated via 

intracranial (i.c.) infection with between 750-1000 plaque-forming units (PFU) of JHMV-CV34 

in 30µL of sterile Hanks balanced sterile solution (HBSS). Inoculations were performed under 

deep anesthesia through an intraperitoneal injection of a mixture of ketamine and xylazine. AIN-

76A (Research Diets, NJ) rodent chow formulated with CSF1R inhibitor-PLX5622 at a dose of 

1200mg/kg was provided by Plexxikon, Inc (Berkeley, CA). Mice were continuously fed with 

either PLX5622 chow or control chow from day 14 p.i. until the mice were sacrificed to harvest 

brains and spinal cords at day 21 and 28 p.i. Clinical disease in JHMV-infected mice was 

evaluated using a previously described scale23,24. Vial titers within brains and spinal cords at 

defined days p.i. were determined by plaque assay on DBT astrocytoma cell line as described 

previously25. All experiments were performed following animal protocols approved by the 

University of California, Irvine Institutional Animal Care and Use Committee. 

 

Cell isolation and flow cytometry. Flow cytometry was performed by using established 

protocols26(p720),27. In brief, single cell suspensions were generated from tissue samples by 

grinding and immune cells were enriched via a 2-step Percoll gradient (90% and 63%) and cells 

were collected at the interface of the two Percoll layers. Isolated cells were incubated with anti-

CD16/32 Fc block (BD Biosciences, San Jose, CA) at a 1:200 dilution before staining with 

fluorescent antibodies. Immune cells were identified by staining with following cell surface 

markers: CD4, CD8 (eBioscience), CD11b (Abcam) and CD45 (BD Pharmingen). APC-

conjugated rat anti-mouse CD4 and a PE-conjugated tetramer specific for the CD4 



118 
 

immunodominant epitope present within the JHMV matrix (M) glycoprotein spanning amino 

acids 133-147 (M133-147 tetramer) to determine total and virus-specific CD4+ cells, 

respectively27,28; APC-conjugated rat anti-mouse CD8a and a PE-conjugated tetramer specific for 

the CD8 immunodominant epitope present in the spike (S) glycoprotein spanning amino acids 

510-518 (S510-518) to identify total and virus-specific CD8+ cells, respectively27,28. Data were 

collected using an ACEA NovoCyte 2060 flow cytometer and analyzed with FlowJo software 

(Tree Star Inc.). 

 

Histology and immunohistochemical staining. Experimental mice were euthanized at defined 

time points p.i. and tissues were harvested according to IACUC-approved guidelines. Tissues 

were collected and placed in 4% PFA for fixation and subsequent histological analysis. 

Following fixation, the 24-48hr brains were cryoprotected in 30% sucrose, embedded in O.C.T., 

and sliced via Cryostat in 10µm sagittal sections. Sliced tissues were stained with 

hematoxylin/eosin (H&E) in combination with luxol fast blue (LFB) to assess demyelination 

within the spinal cords of experimental mice. Areas of total white matter and demyelinated white 

matter were determined with ImageJ software and demyelination was scored as percentage of 

total demyelination from spinal cord sections analyzed26,28–30. For immunohistochemical 

staining, slides were rinsed with PBS to remove residual O.C.T., and antigen retrieval 

(incubation with 10mM sodium Citrate at 95ºC for 15min) was performed if required for specific 

antigens at which point samples were incubated with 5% normal goat serum and 0.1% Triton-X, 

followed by overnight incubation at 4 oC with primary antibodies. Several primary antibodies 

were used, including Iba1 (1:500 Wako), Mac2/ Galactin-3 (1:500, CL8942AP Cedarlane), 

GFAP (1:1000 Abcam), MHC I (1:200 Abcam), and MHC II (1:200 Abcam). On the second day, 
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slides were treated with appropriate secondary antibodies (1:1000 goat anti-rat/rabbit Invitrogen, 

1:1000 goat anti-chicken, Abcam) following PBS rinsing. Slides were then mounted with DAPI 

Fluoromount-G (SouthernBiotech). High-resolution fluorescent images were obtained using 

Revolve-D75. 

 

qPCR analysis. RNA from mice spinal cords was extracted via the RNeasy Mini Kit (Qiagen, 

74106) using the “Purification of Total RNA, Including Small RNAs, from Animal Tissues” 

protocol. TRIzol was substituted for QIAzol, and Buffer RW1 was substituted for Buffer RWT. 

cDNA was made by following the “First Strand cDNA Synthesis” standard protocol provided by 

New England Biolabs with their AMV Reverse Transcriptase (New England Biolabs, M0277L). 

Random hexamers (Invitrogen, N8080127) were used for the reactions. qPCRs were performed 

using the Bio-Rad iQ5 and iTaq™ Universal SYBR® Green Supermix (Bio-Rad, 1725120). 

Reactions were 10µL, and the machine was set to run for 1 cycle (95℃ for 3 minutes), followed 

by 40 cycles (95℃ for 10 seconds, then 55℃ for 30 seconds). The following primer sequences 

were used:  

Gene target Forward Sequence Reverse Sequence 

GAPDH AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT 

JHMV TCAACCCCGAAACAAACAACC GGCTGTTAGTGTATGGTAATCCTCA 

Trem2 CTACCAGTGTCAGAGTCTCCGA CCTCGAAACTCGATGACTCCTC 

ApoE GAACCGCTTCTGGGATTACCTG GCCTTTACTTCCGTCATAGTGTC 

Spp1 GCTTGGCTTATGGACTGAGGTC CCTTAGACTCACCGCTCTTCATG 

Igf1 GTGGATGCTCTTCAGTTCGTGTG TCCAGTCTCCTCAGATCACAGC 

Lpl GCGTAGCAGGAAGTCTGACCAA AGCGTCATCAGGAGAAAGGCGA 

Cst7 AAGGAGTCCCATGTCAGCAAAGC GTCTTCCTGCATGTAGTTCGGC 
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Ct values for each sample were normalized to an internal control (GAPDH), yielding the dCt 

values.  

 

Electron microscopy and g-ratio analysis. For EM analysis of spinal cords, mice were 

sacrificed and underwent cardiac perfusion with 0.1 M cacodylate buffer containing 2% 

paraformaldehyde/2% glutaraldehyde. Serial ultrathin sections of spinal cords embedded in Epon 

epoxy resin were stained with uranyl acetate-lead citrate and analyzed as previously described22. 

Images at 1200X magnification were analyzed for g-ratio using Image J software. In adult 

animals there is a relationship between axon circumference and myelin sheath thickness (number 

of lamellae) expressed by the g-ratio (axon diameter/total fiber diameter); in remyelination this 

relationship changes such that myelin sheaths are abnormally thin for the axons they surround31. 

An abnormally thin myelin sheath, relative to axonal diameter, was used as the criterion for 

oligodendrocyte remyelination. Absence of a myelin sheath was used as the criterion for 

demyelination. For most axons, two measurements were conducted with a minimum of 400 

axons analyzed per experimental group.  

RNA sequencing. Whole transcriptome RNAseq libraries were produced from spinal cords of 

control and PLX5622 treated mice sacrificed at day 28 p.i.. RNA was isolated with a RNeasy 

Mini Kit (Qiagen, Valencia, USA) according to the manufacturer’s instructions. Library 

preparation, RNA sequencing, and read mapping analysis were performed by Novagene Co.  

Statistical analysis. GraphPad Prism was used to perform statistical analyses. Data for each 

experiment is presented as mean+standard error of mean (SEM). For flow cytometry analysis 
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unpaired Student’s t test was used to determine significance and a p value of < 0.05 was 

considered statistically significant.  
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RESULTS 

Timed ablation of microglia in JHMV-infected mice leads to impaired control of viral 

replication.  

To evaluate the contribution of microglia to demyelination following onset of JHMV-

induced demyelination, JHMV-infected mice were fed formulated chow containing either 

PLX5622 (1,200 mg/kg) or control chow beginning at day 14 p.i. and mice were kept on either 

PLX5622 or control chow until sacrificed at days 21 and 28 p.i. at which point brains and spinal 

cords were collected to assess viral burden and neuropathology. Notably, there were no 

differences in either clinical disease severity or survival (Figure 1A and B) between PLX5622 

and control chow-treated mice; however, targeting microglia resulted in higher viral titers within 

the brains at days 21 and 28 p.i. compared to control mice as determined by plaque assay 

(Figure 1C). Using flow cytometry, we confirmed efficient microglia (CD45loCD11b+) 

depletion in PLX5622-treated mice within the brain at days 21 p.i. (p<0.05) and 28 p.i. (p<0.005) 

(Figure 2A and B). PLX5622 treatment did not affect numbers of macrophages 

(CD45hiCD11b+) within brains of experimental mice (Figure 2A and B). PLX5622-treatment 

also reduced microglia numbers within the spinal cords while not affecting macrophages a day 

21 p.i. (Figure 2C). Immunohistochemical staining for microglia and inflammatory 

monocyte/macrophages via Iba1 and Mac2 expression, respectively32 confirmed that PLX5622 

did result in reduced staining for Iba1-positive microglia within the spinal cords of mice whereas 

inflammatory Mac2-positive monocyte/macrophages were not affected (Figure 2D).  

 

T cell infiltration into the CNS of PLX5622-treated is not altered.  
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Virus-specific CD4+ and CD8+ cells are required to control viral replication during acute 

disease via secretion of anti-viral cytokines. We have previously showed that PLX5622-mediated 

reduction of microglia within the CNS of mice prior to JHMV infection results in an impaired 

ability to control viral replication that was associated with a selective decrease in expression of 

MHC class II on inflammatory monocyte/macrophages and this correlated with muted CD4+ T 

cell activation22. Virus-specific CD4+ T cells enhance anti-viral activity of virus-specific CD8+ 

T cells arguing that the impaired control of viral replication in PLX5622-treated mice during 

acute disease was due, in part, to dampened anti-viral T cell effector responses22. Initiating 

PLX5622 treatment at day 14 in JHMV-infected mice did not affect infiltration of total CD4+ or 

CD8+ T cells into the brain compared to control mice at days 21 and 28 p.i. (Figure 3A). 

Moreover, there were no differences in virus-specific CD4+ and CD8+ T cells in brains at days 

21 and 28 p.i. (Figure 3B). Expression of MHC class II was reduced within the spinal cords of 

PLX5622-treated mice compared to controls while MHC class I expression was unaffected as 

determined by immunohistochemical (Figure 3C-E). These findings indicate that microglia 

continue to support the control of coronavirus replication within the CNS past the acute stage of 

disease and this is dependent upon continued activation of virus-specific CD4+ T cells via MHC 

class II expression on inflammatory cells from the periphery which are presumably 

monocyte/macrophages.  

   

Microglia restrict the severity of demyelination in mice persistently with JHMV. 

Previous studies from our laboratory as well as Perlman and colleagues22,33have indicated 

that depletion of microglia prior to JHMV infection results in an increase in the severity of 

demyelination as well as limiting remyelination arguing that microglia function to limit white 
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matter damage and promote myelin repair. In order to determine if depletion of microglia in mice 

persistently infected with JHMV with established demyelination affects the severity of 

demyelination, JHMV-infected mice were fed either PLX5622-formulated chow or control chow 

beginning at day 14 p.i. and were subsequently sacrificed at days 21 and 28 p.i. to assess the 

severity of spinal cord demyelination by luxol fast blue (LFB) staining of the spinal cord. 

PLX5622-mediated ablation of microglia starting at day 14 did not affect the severity of spinal 

cord demyelination at day 21 p.i between experimental groups; however, by day 28 p.i. 

demyelination was significantly (p<0.05) increased in PLX5622-treated mice when compared to 

control mice (Figure 4A-C). To further evaluate the severity of demyelination in experimental 

groups of mice, EM analysis of spinal cord sections was performed. Assessment of the g-ratio, 

the ratio of the inner axonal diameter to the total outer fiber diameter, is commonly employed as 

a structural index of both demyelination and remyelination with lower ratios indicating 

myelination22,34. Preliminary analysis of spinal cords revealed calculation of g-ratio’s indicated 

no difference in spinal cord myelination between PLX5622-treated mice compared to control 

animals arguing that in mice persistently infected with JHMV microglia do not impact 

remyelination but do help restrict the severity of white matter damage (Figure 4D-F).  

 

Targeting microglia impacts expression of immune response pathways. Next generation 

RNA sequencing was performed on spinal cords from experimental mice at day 28 p.i. in order 

to try and identify how ablation of microglia affected specific gene pathways associated with 

host defense, demyelination, and repair. Using this approach, we were able to identify 

differentially expressed genes (DEGs) between JHMV-infected PLX5622-treated and control 

mice. We determined ~95% (13,532 genes) of DEGs were common between the two 



125 
 

experimental groups with PLX5622-treated mice having 515 unique DEGs and control having 

253 suggesting microglia depletion affected gene expression (Figure 5A). PLX5622 treatment 

resulted in impaired expression of microglia-associated genes including Tmem119, P2ry12, 

Cx3cr1, and Csfr1 (Figure 5B). Heat map analysis further emphasizes the overall impact of 

microglia ablation on DEGs within the spinal cords of JHMV-infected mice (Figure 5C). 

Moreover, PLX5622-mediated targeting of microglia resulted in a dramatic reduction in 

immunology-related pathways that can impact the control of viral replication as well as 

potentially contribute to demyelination and remyelination (Figure 6). 
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DISCUSSION 

In this study, we demonstrate that microglia continue to restrict the severity of 

demyelination as well as contribute to remyelination in mice persistently infected with 

demyelination. Ablation of microglia in JHMV-infected mice beginning at 2 weeks p.i. which 

represents a time in which replicating virus is controlled and demyelination is established 

resulted in an increase in the severity of demyelination as well as dampened control of viral 

replication. In addition, our data suggest that remyelination is also impaired. These findings 

complement earlier studies from our laboratory22 and Perlman and colleagues35 that 

demonstrated that targeted ablation of microglia prior to JHMV infection resulted in decreased 

survival, impaired control of viral replication, increased demyelination, and impaired 

remyelination. The current study was performed to assess whether microglia continue to function 

in a protective manner in animals persistently infected with JHMV with established 

demyelination. Our findings indicate that microglia continue to protect against demyelination 

and aid in remyelination as well as control viral replication. These results also demonstrate the 

lack of redundancy of macrophages and microglia in the demyelinated CNS. These results are 

consistent with others describing distinct functions for microglia and macrophages in CNS 

pathologies36–38. In one EAE study, macrophages were associated with demyelination, while 

microglia were anti-inflammatory and required for debris removal36.  

The mechanisms by which microglia aid in controlling appear to be through regulating 

expression of MHC class II on monocyte/macrophages that are infected with virus. This is most 

likely mediated directly via secretion of cytokines that selectively influence MHC class II 

expression but not expression of MHC class I. In addition, inflammatory virus-specific T cells 



127 
 

secrete IFN-𝛾 that could also activate microglia to express cytokines/chemokines that impact 

expression of MHC class II on monocyte/macrophages.  

Our findings that spinal cord demyelination was significantly increased in PLX5622-treated 

mice persistently infected with JHMV support a role for microglia in restricting the severity of 

white matter22,35,39. We are continuing to explore the molecular and cellular mechanisms by 

which microglia modulate the CNS microenvironment that influence demyelination. We found 

that depletion of microglia does not affect mRNA expression of DAMs that we identified in our 

previous study22 including Osteopontin (Spp1), ApoE, and Trem2. However, the expression of 

molecules associated with remyelination including Cystatin F (Cst7) and Lipoprotein lipase (Lpl) 

were negatively affected after depletion of microglia which consistent with our previous study22, 

but the mRNA expression of Insulin growth factor 1 (Igf1) was not affect in the PLX5622-

treated mice spinal cords compare to the controls. Emerging studies have pointed to a protective 

role for microglia in limiting neuropathology and promoting repair40–42. In support of this 

concept are recent studies from Miron and colleagues42 showing an important role for microglia 

in enhancing remyelination in a toxin-model of demyelination that is aided by microglial death 

and subsequent microglial repopulation. Although mechanisms by which microglia may support 

remyelination have not been completely defined, it is thought that these cells aid in clearance of 

myelin debris and/or secrete growth factors/cytokines that influence maturation of 

oligodendrocyte progenitor cells (OPCs) into mature myelin-producing oligodendrocytes.  

To summarize, our data, in conjunction with previous reports22, indicate distinct roles for 

microglia in mice infected with a neurotropic coronavirus on not only facilitating control of viral 

replication and enhancing remyelination and limiting demyelination but also modulating the 

immunological landscape by altering transcriptomes of multiple biological process pathways.  
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Figure 1 Treatment of JHMV-infected mice with PLX5622 beginning at day 14 p.i. does not 
affect clinical disease or survival. JHMV-infected mice were fed either PLX5622 or control 
chow beginning at day 14 p.i. with JHMV (750-1000 PFU) through day 28 p.i. PLX5622 
treatment does not affect either (A) clinical disease (n=44 per group) or (B) survival (n=44 per 
group) compared to control mice. The red dash line indicates the time point that we begin 
PLX5622 treatment. (C) PLX5622-treatment led to an increase of viral titers within the brains at 
days 21 and 28 p.i. (control n=4 at day 21 p.i., n=9 at day 28 p.i.; PLX5622 n=5 at day 21p.i., 
n=9 at day 28 p.i.) compared to control mice as determined by plaque assay.  
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Figure 2 PLX5622 selectively targets microglia in mice persistently infected with JHMV. 
(A) Representative flow cytometric data from JHMV-infected mice treated with either PLX5622 
or control chow and gating on microglia (CD45loCD11b+ cells) or macrophages (CD45hi CD11b+ 

cells) quantified in (B) brains at day 21 and 28 p.i. (n=6 per group at day 21 p.i.; n=4 per group 
at day 28 p.i.) and (C) spinal cords at day 21 p.i. (n=5 per group). PLX5622-treatment resulted in 
reduced numbers of microglia in brains at day 21 p.i. (p<0.05) and day 28 p.i. (p<0.005) 
compared to control mice. Immunohistochemistry data also indicate that (D) microglia (Iba1) 
have been depleted but (E) macrophages (Mac2) have not been affected at day 28 p.i. in the 
brain. Data in B and C are presented as average + SEM.  
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Figure 3 PLX5622 treatment does not affect T cell infiltration but reduces MHC class II 
expression. (A) Infiltration of CD4+ T cells and CD8+ T cells and (B) virus-specific CD4+ T 
cells and virus-specific CD8+ T cells from either PLX5622-treated or control mice brains were 
detected by flow cytometry (n=6 per group at day 21 p.i.; n=4 per group at day 28 p.i.). 
Immunohistochemistry data of (C) MHC class I and (D) MHC class II shows that (E) there was 
a decrease of MHC class II expression from PLX5622-treated mice compared to the controls. 
Data in A, B, and E are presented as average + SEM. 
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Figure 4 The severity of spinal cord demyelination is increased in PLX5622-treated mice 
compared to control mice. JHMV-infected mice treated with either control chow or PLX5622 
from day 14 p.i. were sacrificed at day 21 or 28 p.i. and spinal cords were removed to evaluate 
the severity of demyelination. Representative images of H&E/LFB-stained spinal cord sections 
showing an increase in severity of demyelination (yellow line) in JHMV-infected mice treated 
with PLX5622 compared to control treated mice at day (A) 21 p.i. and (B) 28 p.i.. (C) 
Quantification of spinal cord demyelination (control n=4 at day 21 p.i., n=9 at day 28 p.i.; 
PLX5622 n=5 at day 21p.i., n=12 at day 28 p.i.) reveals a significant (p<0.005) increase after 
PLX5622 treatment compared to control-treated animals at 28 p.i.. (D) Representative EM 
images with magnification x1200 from control and PLX5622 mice spinal cord. (E) Calculation 
of g-ratio of control and PLX5622, scatter plot (F) depicting individual g-ratio’s from lateral and 
ventral white matter columns of control and PLX5622 treated mice as a function of axon 
diameter. Data in C and E are presented as average + SEM. 
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Figure 5 Targeting microglia impacts immune response related gene expression. RNA 
sequencing was performed on spinal cords from experimental mice at day 28 p.i.. (A) The 
correlation of DEGs between control and PLX5622 treated mice. (B) Volcano graph of DEGs 
between control and PLX5622 treated mice. (C) Heat map analysis. 
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Figure 6 Targeting microglia impacts expression of immune response pathways. JHMV-
infected mice treated with either control chow or PLX5622 from day 14 p.i. were sacrificed at 
day 28 p.i. and spinal cords were removed for RNA sequencing. Above are the top 10 biological 
process pathways that have been affected after PLX5622 treatment compare to controls.  
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CHAPTER 5 

Summary  
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5.1. Summary and Significance 

Cxcr2 signaling in oligodendrocytes contributes to the remyelination in the viral model of 

Multiple Sclerosis. Several excellent rodent models of MS have been developed that have 

greatly increased our understanding of molecular and cellular mechanisms contributing to both 

demyelination as well as remyelination. Infection of susceptible mice with the neurotropic JHM 

strain of mouse hepatitis virus (JHMV) represents a well-accepted model of viral-induced 

neurologic disease that shares many clinical and histopathological similarities with MS. 

Intracranial (i.c.) infection of susceptible strains of mice such as C57BL/6 with JHMV results in 

an acute encephalomyelitis that is accompanied by gray matter involvement with infection of 

oligodendrocytes, astrocytes, and microglia2. In response to JHMV infection of the CNS, there is 

a rapid synthesis of mRNA transcripts encoding proinflammatory cytokines and chemokines. 

Chemokines are expressed early in response to JHMV infection of the CNS and have 

important functional roles in host defense during acute disease. Expression of CXCL1 serves to 

attract neutrophils to the CNS by signaling through the receptor CXCR2 expressed on the 

neutrophil cell surface. The importance of attracting neutrophils is highlighted by the 

demonstration that blocking the migration of these cells via treatment with neutralizing anti-

CXCR2 results in increased mortality and impaired ability to control viral replication3. In 

addition, CXCR2 is also expressed on neurons4,5, cerebral endothelial cells6(p2),7, as well as 

resident glia, including microglia4,8 and oligodendrocytes9(p2),10–14. Cxcr2 expression on 

oligodendroglia offers an interesting target for studying possible remyelination strategies. 

CXCR2 has been shown to be important in myelination during development as well as 

remyelination in response to immune-mediated demyelination. During development, CXCR2 

signaling is involved in the positional migration of OPCs, and ablating Cxcr2 leads to deficits in 
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myelin production and oligodendrocyte numbers15. Additionally, OPCs taken from Cxcr2 

knockout mice have reduced ability to differentiate into mature oligodendrocytes in vitro15. 

Furthermore, in MS patient samples CXCR2 expression was found on both proliferating and 

mature oligodendrocytes within active lesion areas9,16. CXCR2 expressing oligodendrocytes 

were also found closely associated with CXCL1 positive astrocytes, highlighting a role for this 

pathway during MS disease. In pre-clinical demyelinating models of disease, CXCR2 has also 

been shown to play a role in oligodendrocyte survival and maturation. In the JHMV model, 

CXCR2 signaling is important in protecting oligodendroglia from apoptosis. Indeed, anti-

CXCR2 treatment increased white mature damage and disease severity without affecting 

infiltrating immune cells during the chronic phase of disease10(p2),10,14. Additionally, CXCR2 

signaling is protective in vitro against IFN-γ induced apoptosis of mouse and human 

OPCs10(p2),14. This is important in the context of JHMV infection as IFN-γ is primarily secreted to 

help control viral replication but can also damage infected cells such as oligodendrocytes. 

However, the numbers of earlier studies used either global genetic knockout of Cxcr2 or anti-

CXCR2 treatment, which target broadly all cell types that express this chemokine pathway 

making it hard to target the effects to a certain cell type. 

Because multiple cell types express CXCR2 and we know that CXCR2 function is important 

for the recruitment of neutrophils which can augment demyelination, it is important to develop 

cell-specific strategies to better understand how the CXCR2 signaling pathway affects 

oligodendroglia biology, demyelination, and remyelination. Recent studies by Ransohoff and 

colleagues using a transgenic mouse in which Cxcr2 was selectively ablated in oligodendroglia 

found that silencing Cxcr2 in both the cuprizone and LPC models of toxin-induced 

demyelination stimulated remyelination12.  
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 Therefore, our laboratory developed a transgenic mouse model in which Cxcr2 is 

conditionally ablated within oligodendroglia in adult mice following tamoxifen treatment. In 

addition, upon tamoxifen-induced ablation of Cxcr2, tdTomato expression is activated making it 

possible to identify fluorescently labeled cells. Using this mouse model, we found that silencing 

Cxcr2 on oligodendroglia did not affect infiltrating immune cells, viral load, or clinical disease. 

Importantly, Cxcr2 silencing also did not affect the severity of demyelination between tamoxifen 

or control treated mice nor did it affect the production of myelin in naïve mice. However, we did 

find that silencing CXCR2 signaling resulted in an increase in mature oligodendrocytes and 

enhanced spinal cord remyelination following JHMV induced demyelination. This is an 

important step in discerning cell type specific function of CXCR2 signaling pathway in models 

of disease and repair. 

 

Functional contribution of microglia in demyelination and remyelination in viral model of 

Multiple Sclerosis. Resident glial cells clearly aid in host defense in response to microbial 

infection through various effector functions including secretion of IFN-I as well as 

proinflammatory cytokines/chemokines that assist in attracting cellular components of both the 

innate and adaptive immune response. However, more refined roles for resident glia in host 

defense in response to microbial infection are being discovered. As indicated above, production 

of IFN-I by activated microglia relies, in part, on prostaglandin D2 signaling via D-prostanoid 

receptor 1 (DP1)17. However, defining discrete functional roles of microglia in terms of host 

defense in response to JHMV infection is challenging in the face of infiltrating myeloid cells that 

may have overlapping functions. In the face of these challenges, Perlman and colleagues18 

provided an important study that further emphasizes that microglia are an active participant 
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involved in an effective host response following JHMV infection of the CNS. Through use of an 

inhibitor of colony stimulating factor 1 receptor (CSF1R) that depletes microglia, yet only has a 

minimal effect on macrophages, it was determined that microglia play a critical role in both the 

early innate as well as virus-specific T cell responses. As early as day 4 post-infection, there is a 

dramatic increase in gene expression within microglia with the majority of genes being 

associated with IFN signaling and activation of IFN-regulatory factors. Depletion of microglia 

resulted in a dramatic increase in mortality that correlated with impaired ability to control viral 

replication within the CNS. In addition, microglia depletion led to increased infiltration of 

monocyte/macrophages into the CNS—although these cells had a less mature phenotype 

characterized by reduced MHC class II and elevated Ly6C expression. In addition, there was an 

overall increase in numbers of virus-specific CD8+ T cells yet there was an overall reduction in 

frequency and numbers of IFN-γ-producing CD4+ T cells and this likely contributed to the 

increase in viral titers within the CNS. Collectively, these findings illustrate important and 

previously unappreciated roles for microglia in contributing to protection from viral 

encephalomyelitis. 

 To examine the functional role of microglia in either host defense and/or disease in 

response to JHMV infection of the CNS, we administered the CSF1R inhibitor PLX5622 to 

deplete microglia 7 days prior to infection. We found that elimination of microglia resulted in 

similar results described by Perlman and colleagues19 in that there was reduced survival 

accompanied by impaired control of viral replication that was associated with muted CD4+ anti-

viral T cell responses and decreased expression of MHC class II on antigen-presenting 

monocytes/macrophages20. In addition, increased spinal cord demyelination was associated with 

increased expression of DAMs including Osteopontin, TREM2, and APOE by inflammatory 
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monocyte/macrophages while the reduction in remyelination correlated with reduced expression 

of Lipoprotein lipase, Cystatin F, and Insulin Growth Factor 1. Collectively, these findings 

support previous studies that microglia enhance host defense in response to infection with a 

neurotropic murine coronavirus as well as modulate the CNS environment to alter expression of 

genes involved with both demyelination and remyelination. 

 We also determined whether targeted ablation of microglia in mice persistently infected 

with JHMV that had established demyelination either improved white matter damage or further 

increased the severity of demyelination. Administration of PLX5622 to JHMV-infected mice at 

day 14 resulted in increased spinal cord demyelination associated with an increase in viral 

burden which correlated with a reduction in the expression of MHC class II on inflammatory 

myeloid cells. We also determined via qPCR that expression of remyelination-associated factors 

Lipoprotein lipase and Cystatin F were decreased in PLX5622-treated mice compared to 

controls. These findings argue that in mice persistently infected with JHMV, microglia continue 

to function in aiding in the control of viral replication as well as limiting the severity of white 

matter damage. Furthermore, we performed bulkRNA sequencing of spinal cords obtained from 

JHMV-infected mice fed with either PLX5622 or control chow and found that depletion of 

microglia impact expression of immune response related genes and negatively affect multiple 

biological process pathways. 

 

5.2 Future direction.  

 Our laboratory will continue to explore mechanisms by which microglia tailor the CNS 

microenvironment to promote effective control of viral replication through increased expression 

of MHC class II as well as other potential important anti-viral effector mechanisms. Similarly, 
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we are interested in how microglia impact both demyelination and remyelination through 

regulating expression of DAMs as well as remyelination-associated molecules. To this end, we 

will assess remyelination through electron microscopic evaluation of spinal cords from 

experimental mice in order to calculate g-ratio. Furthermore, we will employ CyTOF to better 

understand the cellular landscape that exists in PLX5622-treated or control mice.   
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ABSTRACT  

 Multiple sclerosis (MS) is a disease of the central nervous system (CNS) characterized by 

chronic neuroinflammation, axonal damage, and demyelination. Cellular components of the 

adaptive immune response are viewed as important in initiating formation of demyelinating 

lesions in MS patients. This notion is supported by preclinical animal models, genome-wide 

association studies (GWAS), as well as approved disease modifying therapies (DMTs) that 

suppress clinical relapse and are designed to impede infiltration of activated lymphocytes into 

the CNS. Nonetheless, emerging evidence demonstrates that the innate immune response e.g., 

neutrophils can amplify white matter damage through a variety of different mechanisms. Indeed, 

using a model of coronavirus-induced neurologic disease, we have demonstrated that sustained 

neutrophil infiltration into the CNS of infected animals correlates with increased demyelination. 

This brief review highlights recent evidence arguing that targeting the innate immune response 

may offer new therapeutic avenues for treatment of demyelinating disease including MS. 
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INTRODUCTION 

 Multiple sclerosis (MS) is a chronic inflammatory neurodegenerative disease 

characterized by multifocal regions of central nervous system (CNS) neuroinflammation, 

demyelination, and axonal loss that ultimately results in extensive neurologic disability [1]. 

Multifocal demyelinating lesions eventually lead to various clinical symptoms such as impaired 

motor skills, cognitive decline, behavioral deficits, and vision loss [1–3]. Inflammatory T cells 

reactive to proteins embedded within the myelin sheath are considered important in lesion 

formation. This notion is supported by preclinical animal models of MS, genome-wide 

association studies (GWAS) studies and the mechanisms-of-action of FDA-approved disease-

modifying therapies that mute clinical relapse by impeding infiltration of activated T cells into 

the CNS [1,4]. In addition, the success of anti-CD20 therapies in reducing new lesion formation 

argues for an important role for B cells in contributing to disease [5]. With this in mind, new 

areas of investigation are focusing on identifying how oligodendrocytes may contribute to 

disease [6] as well as developing strategies that promote maturation of oligodendrocyte 

progenitor cells (OPCs) into mature myelin-producing oligodendroglia. Trapp and colleagues [7] 

have demonstrated OPCs are spread throughout the CNS and appear in high density within some 

subacute lesions during early stages of MS. Subsequent to OPC maturation, there is limited 

remyelination leading to the formation of shadow plaques, in which patches of remyelinated 

white matter are composed of disproportionally thin myelin sheaths surrounding axons [7–13]. 

Nonetheless, as disease progresses, there is ultimately remyelination failure that is reflective of 

an inability of OPCs to mature into myelin-producing oligodendrocytes. 

 Available evidence indicates that the cause of MS is multifactorial and includes the 

genetic background of the individual as well as potential environmental influences [4,14–16]. 
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Although viruses such as herpes simplex virus type-1 (HSV-1), measles, human T cell leukemia 

virus type-1 (HTLV-1), human coronaviruses, human herpesvirus-6 (HHV-6), human 

endogenous retroviruses (HERV), and Epstein Bar Virus (EBV) have been suggested to be 

associated etiologically with MS, no clear causal relationship between MS and viral infection has 

been firmly established [17–27]. The development of animal models in which the clinical and 

histopathology is similar to that observed in the majority of patients is imperative in order to 

better understand the underlying pathological mechanisms contributing to MS. 

 
JHMV-Induced Neurologic Disease 

 Several excellent rodent models of MS have been developed which meet the necessary 

criteria. The neurotropic JHM strain of mouse hepatitis virus (JHMV) and Theiler’s murine 

encephalomyelitis virus (TMEV) are two well-accepted models of viral-induced neurologic 

disease which mimic clinical and histopathological characteristics of MS. TMEV infection of the 

CNS of susceptible SJL mice results in a persistent infection associated with an immune-

mediated chronic demyelinating disease [28]. Herein, we focus on the JHMV model of 

neurologic disease and cellular contributors to demyelination in persistently infected mice. 

Intracranial (i.c.) infection of susceptible strains of mice such as C57BL/6 with JHMV results in 

an acute encephalomyelitis that is accompanied by gray matter involvement with infection of 

oligodendrocytes, astrocytes, and microglia [29]. With regards to viral infection of the CNS, it is 

critical for the immune system to rapidly respond to control viral replication and subsequent 

spread in order to limit neuropathology and long-term damage. Pattern recognition receptors 

(PPRs) including Toll-like receptors (TLRs) and RIG-I are expressed within the CNS and 

provide important sentinel functions that aid in initiating innate immune responses following 

viral infection. Myd88 is an adapter protein that provides a critical role in transmitting signals 
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provided by TLRs that leads to expression of type I IFN (IFN-I) in addition to proinflammatory 

genes. The importance of Myd88 in host defense following JHMV infection is emphasized in a 

recent report indicating that infection of Myd88-/- mice increased mortality associated with 

failure to control viral replication and enhanced neuropathology [30]. Interestingly, CD4+ T cell 

responses—but not CD8+ T cell responses—were impacted as evidenced by reduced CD4+ T 

cell recruitment to the CNS and muted IFN-γ expression [30]. 

 

Secretion of Proinflammatory Cytokines/Chemokines in Response to JHMV Infection of 

the CNS 

 In response to JHMV infection of the CNS, there is a rapid synthesis of mRNA 

transcripts encoding proinflammatory cytokines and chemokines. In situ hybridization has 

revealed that astrocytes and microglia are responsible for secreting cytokines and chemokines 

following JHMV infection [31,32], although it is likely that other resident CNS cells e.g., 

neurons, macrophages, ependymal cells, etc. are also capable of secreting these molecules. The 

rapid secretion of cytokines and chemokines serves to help control viral replication as well as 

mobilize and attract cellular components of the innate immune response. Among the cytokines 

expressed following JHMV infection is IFN-I. In addition to a role in controlling viral replication 

within the CNS, IFN-I also enhances expression of cytokines and chemokines as well as 

increasing expression of MHC and costimulatory molecules. Previous studies have highlighted 

the importance of IFN-I in host defense against neurotropic viruses including West Nile, Sindbis, 

and vesicular stomatitis virus [33–35]. Within the context of CNS infection by JHMV, 

Bergmann and colleagues [36] clearly demonstrated that type I IFNs are critical in controlling 

viral replication. Intracranial infection of IFN-I-receptor knock-out mice resulted in increased 
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mortality and impaired ability to control infection that was associated with increased viral 

replication in glial cells as well as infecting and replicating in defined populations of neurons. 

Moreover, expression of IFN-I-stimulated genes was impaired, accompanied with reduced 

expression of MHC class I. Nonetheless, trafficking and accumulation of virus-specific CD8+ T 

cells was not affected in the absence of IFN-I signaling arguing that IFN-I is not required for T 

cell survival as has been shown to occur in response to LCMV infection [37]. These findings 

elegantly demonstrate that IFN-I is responsible for early control of viral replication and tropism 

that subsequently allows for more effective T cell-mediated protection. More recently, Perlman 

and colleagues [38] showed that microglia/macrophage activation and production of IFN-I is 

dependent upon prostaglandin D2 signaling via D-prostanoid receptor 1 (DP1). Additionally, 

prostaglandin signaling is required for limiting excessive inflammasome activation and 

increasing survival. 

 
Chemokine Signaling Promotes Immune Cell Infiltration into the CNS 

 Chemokines are also expressed early in response to JHMV infection of the CNS and have 

important functional roles in host defense during acute disease. Expression of CXCL1 serves to 

attract neutrophils to the CNS by signaling through the receptor CXCR2 expressed on the 

neutrophil cell surface. The importance of attracting neutrophils is highlighted by the 

demonstration that blocking the migration of these cells via treatment with neutralizing anti-

CXCR2 results in increased mortality and impaired ability to control viral replication. 

Neutrophils contribute to defense through release of matrix metalloprotease 9 (MMP9) which 

helps increase the permeability of the blood–brain barrier (BBB) ultimately leading to increased 

infiltration of virus-specific T cells into the CNS [39]. The effect of anti-CXCR2 treatment was 
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specific for neutrophils as T cell migration is not impacted following administration of this 

antibody [39]. 

 We have shown that the T cell chemoattractant chemokine interferon-inducible protein 

10 kDa (IP-10)/CXCL10 is rapidly expressed in response to JHMV infection and is strictly 

colocalized with viral RNA within the CNS [31]. Among the cell types responsible for CXCL10 

expression, astrocytes were the primary cellular source as demonstrated through both in vitro and 

in vivo experiments [31]. Although not defined, we believe that expression of CXCL10 is in 

response to early expression of IFN-I as this cytokine has previously been shown to induce 

CXCL10 expression [40]. In addition to CXCL10, another T cell chemoattractant chemokine, 

CXCL9, is also expressed early in response to JHMV infection of the CNS [41]. Both CXCL9 

and CXCL10 function by binding and signaling through the chemokine receptor CXCR3 which 

is expressed upon the surface of natural killer (NK) cells, activated CD4+ and CD8+ T cells, and 

antibody secreting cells (ASCs). We previously employed a recombinant strain of mouse 

hepatitis virus A59 (MHV-A59) that expressed CXCL10 from gene 4 of the viral genome to 

evaluate how CXCL10 shapes the innate immune response [42]. In brief, infection of the CNS of 

RAG1-/- mice (lacking functional T and B lymphocytes) with the CXCL10-expressing 

recombinant virus resulted in protection from disease associated with increased infiltration of 

NK cells into the CNS. Protection was mediated, in part, by secretion of IFN-γ which contributes 

to controlling viral replication within the CNS. However, the key functional role for both 

CXCL9 and CXCL10 is to attract virus-specific T cells (both CD4+ and CD8+ subsets) into the 

CNS by signaling through CXCR3. Through use of neutralizing antibodies specific for either 

CXCL9, CXCL10, or CXCR3 or employment of mice deficient in CXCL10, we demonstrated 

increased mortality accompanied by impaired ability to control replication within the CNS if 
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these signaling pathways are disrupted [41,43–45]. The function of CXCL10 appears limited to 

the recruitment of activated T cells as antiviral effector functions e.g., proliferation, secretion of 

IFN-γ, and cytolytic activity remained intact [45]. In addition to recruiting activated T cells into 

the CNS, CXCL10 performs a similar function to attract ASCs into the perivascular space as 

well as parenchyma and this also aids in host defense by controlling viral replication [46]. Upon 

entry into the CNS, virus-specific T cells combat JHMV spread within the CNS through either 

secretion of IFN-γ or cytolytic activity [47,48]. CD4+ T cells are critical in not only directly 

controlling JHMV replication via secreting IFN-γ but also through providing support to CD8+ T 

cells. Studies by Hwang et al. [49] revealed that depletion of CD4+ T cells prior to infection did 

not significantly impact either the peripheral expansion, IFN-γ secretion, or recruitment of virus-

specific CD8+ T cells into the CNS. Nonetheless, findings derived from this work revealed that 

CD4+ T cells are essential to prolong primary CD8+ T-cell function in the CNS as well as 

influencing memory CD8+ T cells for recall responses. 

 

Microglial Involvement in JHMV Disease Progression 

 Resident glial cells clearly aid in host defense in response to microbial infection through 

various effector functions including secretion of IFN-I as well as proinflammatory 

cytokines/chemokines that assist in attracting cellular components of both the innate and 

adaptive immune response. However, more refined roles for resident glia in host defense in 

response to microbial infection are being discovered. As indicated above, production of IFN-I by 

activated microglia relies, in part, on prostaglandin D2 signaling via D-prostanoid receptor 1 

(DP1) [38]. However, defining discrete functional roles of microglia in terms of host defense in 

response to JHMV infection is challenging in the face of infiltrating myeloid cells that may have 
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overlapping functions. In the face of these challenges, Perlman and colleagues [50] provided an 

important study that further emphasizes that microglia are an active participant involved in an 

effective host response following JHMV infection of the CNS. Through use of an inhibitor of 

colony stimulating factor 1 receptor (CSF1R) that depletes microglia, yet only has a minimal 

effect on macrophages, it was determined that microglia play a critical role in both the early 

innate as well as virus-specific T cell responses. As early as day 4 post infection, there is a 

dramatic increase in gene expression within microglia with the majority of genes being 

associated with IFN signaling and activation of IFN-regulatory factors. Depletion of microglia 

resulted in a dramatic increase in mortality that correlated with impaired ability to control viral 

replication within the CNS. In addition, microglia depletion led to increased infiltration of 

monocyte/macrophages into the CNS—although these cells had a less mature phenotype 

characterized by reduced MHC class II and elevated Ly6C expression. In addition, there was an 

overall increase in numbers of virus-specific CD8+ T cells yet there was an overall reduction in 

frequency and numbers of IFN-γ-producing CD4+ T cells and this likely contributed to the 

increase in viral titers within the CNS. Collectively, these findings illustrate important and 

previously unappreciated roles for microglia in contributing to protection from viral 

encephalomyelitis. 

 
JHMV-Induced Demyelination 

 Although virus replication within the CNS is controlled by infiltrating virus-specific T 

cells, sterile immunity is not achieved and JHMV persists primarily in white matter tracts. JHMV 

persistence results in a chronic demyelinating disease in which loci of demyelination are 

associated with areas of viral RNA/antigen [51]. Clinically, mice develop loss of tail tone and a 

partial-to-complete hind-limb paralysis. Due to similarities in both clinical and histologic disease 
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with the human demyelinating disease multiple sclerosis (MS), the JHMV model is considered a 

relevant animal model for studying mechanisms contributing to demyelination as well as 

remyelination [52–54]. A recent report detailed the genes and pathways associated with JHMV-

induced demyelinating disease in the spinal cord. Through use of high-throughput sequencing of 

the host transcriptome, Weiss and colleagues [55] demonstrated that demyelination is 

accompanied by numerous transcriptional changes indicative of immune infiltration as well as 

changes in the cytokine production. Furthermore, these findings also supported a Th1-driven 

response that is associated with JHMV persistence and demyelination. 

Virally-encoded genes, notably for the spike glycoprotein, are important in JHMV 

neurovirulence and demyelination [56,57]. However, JHMV-induced demyelination involves 

immunopathologic responses directed against viral antigens expressed in infected tissues [58–

62]. Inflammatory T cells and macrophages are considered important contributors to white 

matter damage in JHMV-infected mice. The importance of the immune system in driving 

demyelination in JHMV-infected mice is further emphasized by the demonstration that infection 

of RAG1-/- mice does not result in demyelination even though viral replication in resident glial 

cells, including oligodendroglia, is unrestricted. Adoptive transfer of either splenocytes derived 

from JHMV-immunized mice or virus-specific T cells results in spinal cord demyelination, 

further emphasizing the importance of T cells in driving disease. Secretion of IFN-γ by 

infiltrating T cells contributes to demyelination in JHMV-infected mice presumably through 

activating resident glia as well as inflammatory macrophages. The importance of both T cells 

and macrophages in contributing to demyelination in JHMV-infected mice is further highlighted 

by experiments in which targeting chemokines e.g., CXCL10 or CCL5 that attract activated T 

cells and macrophages limits the severity of white matter damage [63,64]. 
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Neutrophils and JHMV-Induced Demyelination 

  While T cells and macrophages clearly are critical in contributing to 

demyelination in JHMV-infected mice, emerging evidence supports a role for other cell types 

that participate in white matter damage. For example, microglia have been argued to be 

important in demyelination through secretion of proinflammatory cytokines/chemokines as well 

as directed phagocytizing of the myelin sheath [65,66]. Emerging studies demonstrate an 

important role for neutrophils in experimental models of demyelination [67–70] and other 

models of CNS injury [71–75]. Neutrophil involvement has also been implicated in a number of 

systemic autoimmune diseases including systemic lupus erythematosus, rheumatoid arthritis, and 

anti-neutrophil cytoplasm antibody-associated systemic vasculitis [76]. Notably, neutrophils are 

a hallmark pathological feature of neuromyelitis optica (NMO) which is triggered by 

autoantibodies directed against the water channel aquaporin 4 expressed on astrocytes [77]. 

NMO lesions show accumulation of neutrophils in human patients while animal studies 

modeling NMO have found reduced neuroinflammation and myelin loss following treatment 

with neutrophil protease inhibitors [78,79]. Increasing evidence supports a role for neutrophil 

and/or neutrophil-derived molecules in amplifying the severity of white matter damage in human 

demyelinating diseases including MS [80–85]. Neutrophils are transient phagocytes that function 

as part of the innate immune system to respond to sites of injury and infection. Among the first 

responders following microbial infection, neutrophils enter into the bloodstream and follow 

chemotactic gradients to sites of injury within the CNS. CXCR2 binds the ELR+ family of 

chemokines including CXCL1 and CXCL2. Inflammatory events stimulate the release of 

granulocyte colony-stimulating factor (G-CSF) which in turn upregulates CXCL1, CXCL2, and 
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CXCR2 while downregulating the CXCL12–CXCR4 axis that serves to retain neutrophils within 

the bone marrow. Circulating neutrophils must first attach to the vasculature before gaining entry 

into the CNS. Endothelial cells increase expression of transmembrane proteins including 

adhesion molecules (ICAM1 and VCAM1) and the neutrophil chemoattractants CXCL1 and 

CXCL2. These molecules attract and anchor neutrophils to the vasculature and this contributes to 

increasing the permeability of the BBB. Upon entry into the CNS, neutrophils continue to 

migrate to sites of infection/injury by responding to specific chemokine signals. Neutrophils 

have a potent antimicrobial arsenal including the release of reactive oxygen and nitrogen species 

that are toxic to many microbial pathogens. However, secretion of these molecules can lead to 

bystander damage instigating injury to surrounding host tissue. Indeed, preclinical mouse models 

of demyelination e.g., EAE and toxin models have demonstrated that neutrophils increase the 

severity of neuropathology and demyelination [86–88]. A better understanding of how 

neutrophils influence clinical disease and demyelination in preclinical models of MS is necessary 

to determine if these cells are relevant therapeutic targets. 

 

Neutrophils in MS Patients 

 In MS patients, neutrophils are normally not detected in MS lesions and this most likely 

reflects their transient nature. Nonetheless, numerous studies have correlated neutrophil-

associated factors with clinical disease in MS patients [83,85,89–91]. Higher levels of the 

neutrophil chemoattractant CXCL8 have been detected in the cerebrospinal fluid (CSF) of MS 

patients compared to healthy individuals. Additionally, CXCL8 levels measured through ELISA 

of CSF were higher in MS patients during relapsing episodes [92]. G-CSF, an important 

regulator for neutrophil trafficking from the bone marrow, was found to be upregulated in acute 
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MS lesions taken from autopsy tissue [91]. Circulating neutrophils also exhibit a more primed 

state in MS patients characterized by higher expression of TLR-2, enhanced degranulation and 

oxidative burst, along with reduced apoptosis [83]. Neutrophil protease activity is also increased 

in MS patients experiencing a relapse compared to patients in remission or healthy controls. 

Moreover, relapsing MS patients showed increased plasma levels of CXCL5 during lesion 

formation. Expression levels of CXCL1, CXCL5, and neutrophil elastase also correlated with 

measures of MS lesion burden [85]. Collectively, these findings argue that neutrophils may 

contribute to disease progression in MS patients. 

 

Neutrophil Involvement in Preclinical Models of Demyelination 

 Supporting this notion is the demonstration that neutrophils have been shown to modulate 

demyelination in various preclinical models of MS. Liu and colleagues [86] found using the 

cuprizone toxin model of demyelination that Cxcr2-/- mice were resistant to demyelination. 

Furthermore, neutrophils were both necessary and sufficient in contributing to demyelination 

arguing CNS infiltration increased neurotoxic and inflammatory mechanisms which exacerbated 

toxin-induced demyelination. Further evidence for a role for neutrophils in augmenting 

demyelination is provided by Segal and colleagues [93] who demonstrated that Cxcr2-/- mice are 

relatively resistant to EAE and this correlated with reduced infiltration of neutrophils into CNS; 

however, transfer of CXCR2+ neutrophils into Cxcr2-/- mice immunized with encephalitogenic 

myelin peptides resulted in increased clinical disease and demyelination supporting the notion 

that neutrophils contribute to disease in EAE. Stoolman et al. [88] have expanded on these 

findings to show that enriched expression of CXCL2 within the brainstem attracts neutrophils 

that substantially contribute to the pathogenesis of EAE. Similarly, mice in which neutrophils 
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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 cerebellum 

and brainstem [94]. The site of neutrophil recruitment may be critical in terms of amplifying 

histopathology as neutrophil accumulation within the brain, and to a limited extent in the spinal 

cord, contribute to tissue injury [87]. Collectively, these findings indicate that neutrophils can 

affect the severity of clinical disease and neuroinflammation in EAE. 

 In addition to EAE, TMEV infection of the CNS results in a rapid mobilization of 

neutrophils and monocytes that are recruited to the CNS. These cells are detected in the 

hippocampus of infected mice which is coincident with pathology. Targeted depletion of 

neutrophils/monocytes resulted in hippocampal neuroprotection and improved cognitive function 

[72]. Although the signaling mechanisms by neutrophils infiltrate into the CNS of TMEV-

infected mice are not defined, the neutrophil chemoattractant chemokines CXCL1 and CXCL2 

are secreted by astrocytes in response to infection suggesting these chemokines may function in 

attracting neutrophils into the CNS [95,96].  

 JHMV infection of the CNS results in the secretion of the ELR+ chemokines CXCL1, 

CXCL2, and CXCL5 at early times postinfection with virus [39,97]. Although we and others 

have determined that astrocytes express CXCL1 [31,97–100], it does not exclude the possibility 

that other resident CNS cells as microglia, neurons, and inflammatory immune cells are also 

capable of expressing CXCL1 as well as CXCL2 and CXCL5. These chemokines bind and 

signal through CXCR2 pathway to rapidly recruit neutrophils to the BBB. This also contributes 

to host defense by increasing BBB permeability via release of MMPs which subsequently 

enhances infiltration of virus-specific T cells [39]. Although neutrophils have been shown to 

contribute to clinical disease and white matter damage in EAE as well as toxin models of 
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demyelination [86–88,93,94], the function of these cells in models of viral-induced 

demyelination have not been as well-characterized. To address this issue, we recently generated 

transgenic mice where targeted expression of CXCL1 in astrocytes is induced upon treatment 

with doxycycline (Dox) (Figure 1A and B) [101]. Treatment of JHMV-infected CXCL1 

transgenic mice with Dox resulted in increased expression of CXCL1 mRNA transcripts and 

protein within the brain and spinal cords when compared to Dox-treated control mice (Figure 

1C) [101]. Surprisingly, Dox-induced overexpression of CXCL1 within the CNS of transgenic 

mice did not influence expression of other proinflammatory cytokines/chemokines nor were 

there differences in inflammatory T cells into the CNS and control of viral replication within the 

CNS was not affected. Rather, there was a selective increase in neutrophil accumulation in the 

CNS and this was associated with an increase in clinical disease and demyelination (Figure 2A–

C). Blocking neutrophil accumulation within the CNS of Dox-treated CXCL1 mice resulted in a 

significant reduction in demyelination further supporting a role for neutrophils in contributing to 

white matter disease (Figure 2D). Moreover, our lab has recently demonstrated similar results 

using this transgenic mouse model in the EAE model of demyelination. We observed that 

induced expression of CXCL1 in CXCL1-dg mice correlated with increased disease severity 

associated with neutrophil infiltration into the CNS and enhanced white matter damage. 

Blocking of neutrophil infiltration into the CNS ameliorated the severity of demyelination [102]. 

Importantly, we are now seeking to define the mechanisms by which CNS infiltrating neutrophils 

participate in white damage with a particular focus on secretion of reactive oxygen/nitrogen 

intermediates, neutrophil extracellular traps (NETs) as well as potentially activating resident glial 

cells and/or inflammatory monocytes/ macrophages [103,104] (Figure 3). 
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Possible Neutrophil Mechanisms of Action in Demyelination 

 Reactive oxygen and nitrogen species have been shown to be toxic to oligodendroglia 

and Reactive oxygen and nitrogen species have been shown to be toxic to oligodendroglia and 

suggested to be involved in the pathogenesis of demyelination [108,109]. An additional 

neutrophil suggested to be involved in the pathogenesis of demyelination [108,109]. An 

additional neutrophil killing mechanism is the release of neutrophil extracellular traps (NETs). 

NET release is characterized killing mechanism is the release of neutrophil extracellular traps 

(NETs). NET release is characterized by the neutrophil releasing DNA structures to ensnare 

foreign pathogens through chromatin by the neutrophil releasing DNA structures to ensnare 

foreign pathogens through chromatin decondensation. NETs can occupy 3–5 times the space as 

condensed chromatin. Different models of decondensation. NETs can occupy 3–5 times the 

space as condensed chromatin. Different models of NETosis have been previously described 

including suicidal NETosis which occurs in a 2–4-h timeframe NETosis have been previously 

described including suicidal NETosis which occurs in a 2–4-h and vital NETosis in which 

nuclear or mitochondrial DNA is released within minutes to an hour timeframe and vital 

NETosis in which nuclear or mitochondrial DNA is released within minutes to following 

activation [110–112]. DNA is intrinsically toxic to microbes disrupting their membranes. an hour 

following activation [110–112]. DNA is intrinsically toxic to microbes disrupting their 

Additionally, numerous neutrophil proteins also adhere to the expunged DNA including elastase 

membranes. Additionally, numerous neutrophil proteins also adhere to the expunged DNA and 

myeloperoxidase, which have their own antimicrobial effects. Viruses specifically have been 

including elastase and myeloperoxidase, which have their own antimicrobial effects.  Viruses 

investigated in relation to NET formation. Influenza, dengue, and human immunodeficiency 
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virus specifically have been investigated in relation to NET formation. Influenza, dengue, and 

human 1 have all been shown to stimulate NET formation from circulating neutrophils.  NETs 

have also immunodeficiency virus 1 have all been shown to stimulate NET formation from 

circulating been linked to a number of autoimmune diseases including psoriasis, rheumatoid 

arthritis, and neutrophils. NETs have also been linked to a number of autoimmune diseases 

including psoriasis, systemic lupus erythematosus.  However, little is known about NETs in 

relation to models of MS. rheumatoid arthritis, and systemic lupus erythematosus. However, 

little is known about NETs in Patient studies have shown higher circulating levels of NETs in 

serum from relapsing remitting MS relation to models of MS. Patient studies have shown higher 

circulating levels of NETs in serum from patients compared to healthy controls, which has been 

suggested to aggravate tissue injuries [83]. relapsing remitting MS patients compared to healthy 

controls, which has been suggested to aggravate Interestingly, a follow-up study by Sospedra and 

colleagues [113] found higher circulating NETs in tissue injuries [83]. Interestingly, a follow-up 

study by Sospedra and colleagues [113] found higher male relapsing remitting MS patients 

compared to women suggesting an underlying sex-specific circulating NETs in male relapsing 

remitting MS patients compared to women suggesting a difference in pathogeneses. While 

current MS therapies focus on limiting infiltration of activated T underlying sex-specific 

difference in pathogeneses. While current MS therapies focus on limiting cells into the CNS, the 

heterogeneous cellular nature of MS lesions argues that other cell types may be infiltration of 

activated T cells into the CNS, the heterogeneous cellular nature of MS lesions argues 

contributing to disease. As indicated above, neutrophils have been suggested to potentially 

participate that other cell types may be contributing to disease. As indicated above, neutrophils 

have been in disease progression MS patients arguing that focusing on these cells may offer new 
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therapeutic suggested to potentially participate in disease progression MS patients arguing that 

focusing on these options for managing disease. Targeting neutrophil infiltration into the CNS 

through, for example, cells may offer new therapeutic options for managing disease. Targeting 

neutrophil infiltration into specific small molecule inhibitors that block chemokine receptor e.g., 

CXCR2 function may provide the CNS through, for example, specific small molecule inhibitors 

that block chemokine receptor e.g., additional benefits when combined with existing disease 

modifying agents that limit the infiltration of CXCR2 function may provide additional benefits 

when combined with existing disease modifying circulating leukocytes. However, muting 

neutrophil recruitment to the CNS may have disadvantages agents that limit the infiltration of 

circulating leukocytes. However, muting neutrophil recruitment as these cells are important in 

host defense against different neurotropic viruses and this approach to the CNS may have 

disadvantages as these cells are important in host defense against different may impact effective 

host responses. neurotropic viruses and this approach may impact effective host responses. 

 

PERSPECTIVES 

 The response of the innate immune system to viral-induced demyelination has been 

appreciated for a number of years, however new questions have arisen as to how neutrophils 

contribute to demyelination. Although the observance of neutrophils in MS patients has been 

elusive, likely due to their transient nature, patient samples indicate substantial evidence of 

neutrophil attractants and markers during disease. This is supported through evidence from 

several animal models of demyelination from our lab and others that have shown neutrophil 

recruitment into the CNS enhances demyelination. While the exact mechanisms of neutrophil 

contribution to demyelination remain obscure, recent studies employing autoimmune models of 
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neuroinflammation/demyelination argue for a role for NETs and other neutrophil host defenses 

as possible instigators of damage. This information has emphasized the potential for targeting 

these cells as a therapeutic strategy to limit white matter damage. 
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Figure 1 Derivation and characterization of a mouse model in which CXCL1 expression 
within the central nervous system (CNS) is under the 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 glial fibrillary acidic protein (GFAP) 
promoter upon doxycycline treatment. (B) Cortex tissue from double tg and single tg postnatal 
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 (original 
magnification, ×20). (C) Within the spinal cord (SC) and brain, dox-treated double tg mice had 
statistically significant increases in CXCL1 mRNA expression over Dox-treated single tg mice at 
days 7 and 12 post-infection (p.i.) * p < 0.05, ** p < 0.01. Data derived from Marro et al., (2016) 
[101]. 
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Figure 2 Elevated CNS CXCL1 expression is associated with increased neutrophil 
accumulation and demyelination. (A) Representative luxol fast blue (LFB)-stained spinal cords 
reveal increased (p<0.05) demyelination in mouse hepatitis virus (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. (C) Representative 
immune-fluorescence 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<0.05) in Dox-treated double tg mice compared to Dox-treated single tg 
mice. (D) Representative LFB-stained spinal cord sections from JHMV-infected double tg mice 
treated with either control IgG2a or anti-Ly6G antibody between days 3 to 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. *p<0.05, 
**p<0.01, ***p<0.001. Data derived from Marro et al., (2016) [101] 
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Figure 3 Characterization of possible neutrophil mechanisms of action that contribute to 
white matter damage. Cartoon depiction of neutrophil mechanisms of action including release 
of reactive nitrogen species (RNS) [105] and reactive oxygen species (ROS) [106] intermediates, 
neutrophil extracellular traps (NETs) [83], and select cytokines [107]. We hypothesize that these 
mechanisms may by responsible for the enhanced white matter damage observed following 
induced infiltration of neutrophils in preclinical mouse models of MS. 
 
  



181 
 

MICROGLIA DO NOT RESTRICT SARS-CoV-2 REPLICATION 
FOLLOWING INFECTION OF THE CENTRAL NERVOUS SYSTEM OF 

K18-hACE2 TRANSGENIC MICE 

Journal of Virology 

© 2022 ASM Journals 

 



182 
 

Microglia do not restrict SARS-CoV-2 replication following infection of the central nervous 

system of K18-hACE2 transgenic mice 

 

Gema M. Olivarria1*, Yuting Cheng2*, Susana Furman1*, Collin Pachow2, Lindsay A. Hohsfield1, 

Charlene Smith-Geater3, Ricardo Miramontes4, Jie Wu5, Mara S. Burns1, Kate I. Tsourmas1, 

Jennifer Stocksdale1, Cynthia Manlapaz1, William H. Yong6, John Teijaro7, Robert Edwards6, 

Kim N. Green1, Leslie M. Thompson1,3,5,6, and Thomas E. Lane1,2,8 # 

 

1Department of Neurobiology & Behavior, 2Department of Molecular Biology & Biochemistry, 

School of Biological Sciences, University of California, Irvine 92697 

3Department of Psychiatry and Human Behavior, University of California, Irvine School of 

Medicine, Irvine 92697 

4Institute for Memory Impairments and Neurological Disorders, School of Biological Sciences, 

University of California, Irvine 92697 

5Department of Biological Chemistry, University of California, Irvine School of Medicine, Irvine 

92697 

6Department of Pathology & Laboratory Medicine, University of California, Irvine School of 

Medicine, Irvine 92697 

7Department of Immunology & Microbiology, The Scripps Research Institute, La Jolla CA 

92037 

8Center for Virus Research, University of California, Irvine 92697 

 

*These authors contributed equally to this work 



183 
 

 

#Address Correspondence 

Thomas E. Lane, Ph.D. 

Department of Neurobiology & Behavior 

School of Biological Sciences 

University of California, Irvine 

(949) 824-1360 

Email: tlane@uci.edu 

 
 
 
  



184 
 

ABSTRACT  

 unlike SARS-CoV-1 and MERS-CoV, infection with SARS-CoV-2, the viral pathogen 

responsible for COVID-19, is often associated with neurologic symptoms that range from mild to 

severe, yet increasing evidence argues the virus does not exhibit extensive neuroinvasive 

properties. We demonstrate SARS-CoV-2 can infect and replicate in human iPSC-derived 

neurons and that infection shows limited anti-viral and inflammatory responses but increased 

activation of EIF2 signaling following infection as determined by RNA sequencing. Intranasal 

infection of K18 human ACE2 transgenic mice (K18-hACE2) with SARS-CoV-2 resulted in 

lung pathology associated with viral replication and immune cell infiltration. In addition, ~50% 

of infected mice exhibited CNS infection characterized by wide-spread viral replication in 

neurons accompanied by increased expression of chemokine (Cxcl9, Cxcl10, Ccl2, Ccl5 and 

Ccl19) and cytokine (Ifn-λ and Tnf-α) transcripts associated with microgliosis and a 

neuroinflammatory response consisting primarily of monocytes/macrophages. Microglia 

depletion via administration of colony-stimulating factor 1 receptor inhibitor, PLX5622, in 

SARS-CoV-2 infected mice did not affect survival or viral replication but did result in dampened 

expression of proinflammatory cytokine/chemokine transcripts and a reduction in 

monocyte/macrophage infiltration. These results argue that microglia are dispensable in terms of 

controlling SARS-CoV-2 replication in in the K18-hACE2 model but do contribute to an 

inflammatory response through expression of pro-inflammatory genes. Collectively, these 

findings contribute to previous work demonstrating the ability of SARS-CoV-2 to infect neurons 

as well as emphasizing the potential use of the K18-hACE2 model to study immunological and 

neuropathological aspects related to SARS-CoV-2-induced neurologic disease. 
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Importance  

 Understanding the immunological mechanisms contributing to both host defense and 

disease following viral infection of the CNS is of critical importance given the increasing 

number of viruses that are capable of infecting and replicating within the nervous system. With 

this in mind, the present study was undertaken to evaluate the role of microglia in aiding in host 

defense following experimental infection of the central nervous system (CNS) of K18-hACE2 

with SARS-CoV-2, the causative agent of COVID-19. Neurologic symptoms that range in 

severity are common in COVID-19 patients and understanding immune responses that contribute 

to restricting neurologic disease can provide important insight into better understanding 

consequences associated with SARS-CoV-2 infection of the CNS.  
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INTRODUCTION 

The clinical spectrum of COVID-19 is complex, and numerous risk factors and 

comorbidities are considered important in affecting disease severity including age, obesity, 

chronic respiratory disease, and cardiovascular disease [1]. In addition, neurological symptoms 

are common in COVID-19 patients, suggesting the virus can potentially infect and replicate in 

the central nervous system (CNS). Indeed, encephalitis and meningitis have been reported in 

COVID-19 patients, and viral RNA and protein have been detected within the CSF of infected 

patients [2-4]. Additionally, human brain organoids are susceptible to SARS-CoV-2 infection [2, 

5], yet demonstration of extensive CNS penetrance by SARS-CoV-2 has remained elusive. It is 

imperative to develop pre-clinical animal models of COVID-19 that capture consistent and 

reproducible clinical and histologic readouts of many disease-associated symptoms following 

experimental infection with clinical isolates of SARS-CoV-2 [6].  Importantly, these models 

should be able to reliably evaluate interventional therapies to limit viral replication and mute 

immune-mediated pathology, as well as evaluate effectiveness of novel vaccines, all while 

remaining cost-effective. To date, the most common animal models employed to evaluate 

COVID-19 pathogenesis include mice, non-human primates (rhesus macaques, cynomolgus 

macaques and African green monkeys), Syrian hamsters, ferrets, and cats [6]. 

Human ACE2 (hACE2) transgenic mouse models have provided important insights into 

the pathogenesis of COVID-19. Perlman and colleagues [7] developed the K18-hACE2 mice, 

initially used as a mouse model of SARS-CoV-1, which has been successfully employed as a 

model of COVID-19 [8]. Intranasal inoculation of SARS-CoV-2 in K18-hACE2 mice results in a 

dose-dependent increase in weight loss and mortality with the lung being the major site of viral 

infection, while lower amounts of virus are detected in the heart, liver, spleen, kidney, small 
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intestine, and colon [8]. Examination of lungs revealed distribution of viral antigen associated 

with alveolar damage, interstitial lesions, edema, and inflammation. Lung infection resulted in an 

increase in expression of interferons as well as inflammatory cytokines and chemokines 

associated with neutrophil, macrophage/monocyte, and T cell infiltration. Viral RNA was also 

detected within the sinonasal epithelium, and viral antigen was present in sustentacular cells 

associated with anosmia [8].  

Examination of brains of SARS-CoV-2 infected hACE2 transgenic mice has indicated 

that infection of the CNS is not consistent, and in some cases, virus is rarely detected  [8-12]. 

This may reflect the SARS-CoV-2 isolate being studied as well as the dose of virus being 

administered. However, in those animals in which virus penetrates the brain, there can be 

extensive spread of the virus throughout different anatomic regions accompanied by cell death 

[8], and these results are consistent with early studies examining SARS-CoV-1 infection of K18-

hACE2 mice [7]. High-level of CNS infection in K18-hACE2 is accompanied by meningeal 

inflammation associated with immune cell infiltration into the brain parenchyma and microglia 

activation [11].  Enhanced CNS penetrance and replication of SARS-CoV-2 within the CNS of 

K18-hACE2 is associated with increased mortality; although the mechanisms by which this 

occurs remain unclear. The present study was undertaken to i) expand on earlier studies 

examining SARS-CoV-2 infection of human CNS resident cells, ii) evaluate the immune 

response that occurs in response to SARS-CoV-2 infection of the CNS of K18-hACE2 mice and 

iii) assess the contributions of microglia in host defense following CNS infection by SARS-CoV-

2. 
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RESULTS 

SARS-CoV-2 infection of human neurons. Previous studies have indicated neurons are 

susceptible to infection by SARS-CoV-2 (2); therefore, we infected human iPSC-derived 

neurons with SARS-CoV-2. Similar to earlier reports, SARS-CoV-2 was able to infect and 

replicate within neurons as determined by staining for nucleocapsid protein (Figure 1A and B). 

By 48h p.i., viral nucleocapsid protein had spread from the neuron cell body and extended down 

dendritic and axonal projections (Figure 1C and D). Notably, we did not detect syncytia 

formation in neuron cultures at any time following infection with SARS-CoV-2, suggesting that 

virus may not spread via fusion with neighboring cells. RNA sequencing analysis revealed that 

expression of both anti-viral and inflammatory responses in infected neurons was limited relative 

to the genes within the heatmap at both 24h and 48h post-infection (Figure 1E). We then 

evaluated pathways that may progressively change between 24h and 48h post-infection 

comparing the Transcripts per million (TPMs) as input for Ingenuity Pathway Analysis (IPA). 

Figure 1F shows the top 12 IPA canonical pathways that are overrepresented. eIF2 signaling is 

the predominant pathway induced upon SARS-CoV-2 infection of neurons, followed by 

pathways associated with oxidative phosphorylation, eIF4, MTOR signaling and mitochondrial 

dysfunction, the latter with no prediction of activity. Notably, the Coronavirus Pathogenesis 

Pathway is also overrepresented, however is inhibited in response to neuronal infection by 

SARS-CoV-2 over the time frame tested with the majority of the genes represented encoding 

ribosomal proteins (Figure 1F). 

 

SARS-CoV-2 infection of lungs of K18-hACE2 mice. K18-hACE2 mice were intranasally 

infected with either 1x104, 5x104 or 1x105 plaque-forming units (PFU) of SARS-CoV-2, and 
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weight loss and mortality were recorded. Consistent with other reports [8-12], we observed a 

general trend towards dose-dependent increase in weight loss and mortality out to day 7 post-

infection (p.i.) (Figure 2A). qPCR indicated the presence of viral RNA in lungs of infected K18-

hACE2 (Figure 2B). In situ hybridization of lungs of mice infected with 5x104 PFU of virus at 

day 7 p.i. revealed localized areas of viral infection as determined by expression of spike RNA 

(Figures 2C). Hematoxylin and eosin staining of lungs demonstrated both alveolar and 

interstitial lesions, with alveolar hemorrhage and edema (Figures 2D), interstitial congestion 

(Figure 2E) and lymphocytic infiltrates (Figure 2F).  qPCR analysis of proinflammatory 

cytokines and chemokines indicated increased expression of Ifn-λ, Cxcl10, Cxcr2, and Ccl2 yet 

varied expression of Il-10, TNF-α, Ccl19, and Ccl5 and limited expression of transcripts for Ifn-

b1(Figure 2G). Hematoxylin and eosin staining showed immune cell infiltrates in SARS-CoV-2-

infected lungs containing inflammatory CD8+ T cells as determined by immunofluorescent 

staining (Figure 3A-D). In addition, germinal center-like structures were detected within the 

lungs of SARS-CoV-2-infected mice with enriched CD8+ T cell accumulation (Figure 3E and 

F). Collectively, our findings are consistent with previous studies employing SARS-CoV-2 

infection of K18-hACE2 mice in terms of development of interstitial pneumonia and immune 

cell infiltration associated with viral RNA present within the lungs [8-12].  

 

Neuroinvasion by SARS-CoV-2. Following intranasal infection of mice with 5x104 PFU of 

SARS-CoV-2, virus was detected in the brain as determined by qPCR and RNAscope compared 

to sham-infected mice (Figure 4A-C). Using a Spike-specific probe, we observed wide-spread 

expansion of viral mRNA throughout the brain with many distinct anatomical regions infected as 

well as spared. By day 7 p.i., viral RNA was present within the cortex (CTX), striatum (STR), 
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pallidum (PAL), thalamus (TH), hypothalamus (HY), midbrain (MB), pons (P), and medulla 

(MD), whereas areas that were relatively spared included the olfactory bulb (OB), white matter 

(WM) tracts, hippocampus (HC) and cerebellum (CB) (Figure 4B); no viral RNA was detected 

in sham-infected K18-hACE2 mice (Figure 4C). Demyelinating lesions have been detected in 

post-mortem brains of COVID-19 patients [13], however we did not detect any evidence of 

demyelination within the brains of SARS-CoV-2-infected mice as determined by luxol-fast blue 

(LFB) staining (Figure 4D and E). The predominant cellular target for SARS-CoV-2 infection 

was neurons as determined by cellular morphology of cells positive for viral RNA (Figure 5A 

and B). In a small percentage of infected mice, we were able to detect viral RNA in the olfactory 

bulb with primary targets being mitral and glomerular neurons (Figure 5C and D).  Prominent 

neuropathological changes detected included perivascular cuffing (Figure 5E), subventricular 

inflammation (Figures 5F) and leptomeningitis (Figure 5G), consistent with previous studies (2, 

3).   

Analysis of CNS myeloid cells showed increased IBA1 soma size and 

shortened/thickened processes, indicative of microglial activation in SARS-CoV-2-infected mice 

compared to sham-infected mice (Figure 6A and B). In addition, immunofluorescent co-staining 

for Mac2/galectin-3+ cells, a marker recently identified in peripheral cell infiltrates, and IBA1 

(Hohsfield et al. manuscript in revision), revealed increased monocyte/macrophage infiltration 

within the brains of infected mice compared to sham-infected mice (Figure 6A and B). Mac2+ 

cells enter the CNS parenchyma from different anatomic areas including the ventricles, 

leptomeninges and vasculature (Figure 6C and D) when compared to uninfected control mice 

(Figure 6E).  

 



191 
 

Microglia ablation does not affect disease or control of viral replication in the CNS. 

Previous studies have implicated the importance of microglia in aiding in control of 

neuroadapted murine beta-coronaviruses by enhancing anti-viral T cell responses through      

augmenting antigen presentation (11-13). Notably, microglia are dependent on signaling through 

the colony stimulating factor 1 receptor (CSF1R) for their survival and can be effectively 

eliminated with CSF1R inhibitors that cross the blood brain barrier [14]. K18-hACE2 mice were 

fed pre-formulated chow containing either the CSF1R inhibitor PLX5622 (1,200 ppm) [15] or 

control chow 7 days prior to intranasal infection with 5x104 PFUs of SARS-CoV-2, and 

remained on drug for the duration of the experiment [6]. No notable differences were detected in 

weight loss between experimental groups (Figure 7A). SARS-CoV-2-infected mice treated with 

either PLX5622 or control chow were sacrificed at day 7 p.i., and viral mRNA levels in lungs 

and brains were determined. As shown in Figure 7B, we detected no significant differences in 

the Spike mRNA transcripts in either the lung or the brain between experimental groups. 

Quantification of Iba1-positive cells revealed a >95% reduction (p<0.01) in microglia in 

PLX5622-treated mice compared to control mice. Overall, PLX5622-mediated ablation of 

microglia resulted in a dramatic reduction in expression of proinflammatory cytokine/chemokine 

genes within the brains of SARS-CoV-2 infected mice when compared to infected mice fed 

control chow (Figure 7D). By day 7 p.i., SARS-CoV-2 infection resulted in increased expression 

of proinflammatory cytokines and chemokines in mice treated with control chow. The highest 

transcript levels were for the T cell chemoattractants CXCL9 and CXCL10; 

monocyte/macrophage chemoattractants, CCL2 and CCL5; and TNF-α (Figure 7D). Transcripts 

encoding the neutrophil chemoattractant CXCL1, and B cell chemoattractant CCL19 were also 

increased, as well as IFN-λ type 3 and IL-10 when compared to uninfected controls (Figure 7D). 
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Depletion of microglia resulted in a marked reduced expression of the majority 

chemokine/cytokines transcripts. While not significant, there was a marked reduction in 

Mac2/galactin3+ cells in PLX5622-treated mice when compared to control chow and this 

correlated with reduced expression of monocyte/macrophage chemoattractant chemokines CCL2 

and CCL5 (Figure 7E) that have previously been shown to attract these cells into the CNS of 

mice infected with a neurotropic mouse coronavirus [16-21].  
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DISCUSSION 

In the face of the ongoing COVID-19 pandemic, it is imperative to develop pre-clinical 

animal models of COVID-19 that capture consistent and reproducible clinical and histologic 

readouts of many disease-associated symptoms following experimental infection with SARS-

CoV-2 [1]. For both SARS-CoV-2 and SARS-CoV-1, the surface-bound viral spike glycoprotein 

uses the cellular surface receptor protein, ACE2, to bind and enter cells. However, mouse ACE2 

does not efficiently bind the spike glycoprotein of either SARS-CoV-1 or SARS-CoV-2, 

rendering wildtype mice not useful in the study of SARS or COVID-19 pathogenesis, 

respectively, due to an inefficient ability to infect and replicate in host cells. Human ACE2 

(hACE2) transgenic mouse models have provided important insights into the pathogenesis of 

COVID-19 in terms of evaluating the efficacy and duration of immune responses elicited in 

response to infection as well as testing vaccines, anti-viral drugs and monoclonal antibody 

therapies to restrict viral replication and limit disease severity [8]. 

Intranasal inoculation of K18-hACE2 mice with SARS-CoV-2 resulted in weight loss 

along with viral infection and replication within the lungs that was associated with a robust 

inflammatory response. These findings are consistent with other reports that demonstrated the 

presence of neutrophils, monocytes/macrophages and T cells within the lungs of SARS-CoV-2-

infected K18-hACE2 mice [8, 11]. In response to infection, expression of proinflammatory 

cytokines/chemokines was increased and correlated with the presence of inflammatory cells. We 

detected inflammatory CD8+ T cells in the lungs of infected mice and these cells are presumably 

responding to the T cell chemoattractant CXCL10. Our lab has previously shown that induction 

of CXCL10 expression following experimental infection of mice with a neuroadapted strain of 

murine coronavirus is critical in host defense and acts by attracting virus-specific T cells into the 
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CNS [22-24]. Similarly, inflammatory monocyte/macrophages are likely recruited in response to 

expression of CCL2 as this has been shown to attract these cells following murine coronavirus 

infection of mice [16-19]. The increased expression of transcripts encoding CXCR2 most likely 

reflects the presence of inflammatory neutrophils [25]. Therapeutic targeting of these 

chemokines may therefore alter immune cell trafficking into the lungs of infected mice and 

alleviate the severity of lung pathology. How blocking chemokine signaling would affect SARS-

CoV-2-induced lung pathology in COVID-19 patients is currently under investigation.  

Clinical reports of COVID-19 patients cite a dysregulated immune response characterized 

by elevated chemokine expression as key in the development of pathogenesis [26, 27]. Similar to 

our findings using the K18-hACE2 model, these reports have found upregulation of CCL2 

(MCP1), CXCL8 (IL-8), and CXCL10 (IP10) to correlate with severity of disease and have 

suggested evaluation of these as biomarkers for disease and as targets for therapeutic 

intervention [28-30]. Leronlimab, a CCR5-blocking antibody, is currently in phase 2 clinical 

trials in the U.S. for treatment of mild, moderate, and severe COVID-19 (NCT04343651, 

NCT04347239). In addition, limiting neutrophil infiltration into the lungs of COVID-19 patients 

may help prevent disease progression and outcome. With this in mind, the monoclonal antibody 

BMS-986253 that blocks CXCL8 as well as Reparixin, an oral inhibitor of CXCR1/2, are both 

currently undergoing clinical trials in the U.S. for reducing the severity of COVID-19-related 

pneumonia by reducing neutrophil accumulation within the lungs of infected patients 

(NCT04878055, NCT04347226). A clinical trial was recently completed using measurement of 

CXCL10 in a Clinical Decision Support Protocol in COVID-19 patients (NCT04389645) that 

positively correlated CXCL10 levels with mortality suggesting that targeting CXCL10 signaling 

may also be beneficial in managing disease severity [31].  
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Examination of brains of SARS-CoV-2-infected K18-hACE2 mice, as well as brains 

from other hACE2 transgenic mice, has revealed that virus is able to infect, replicate and spread 

within the parenchyma and this is considered important in contributing to mortality [2, 5, 8, 9].  

Virus can be detected in different anatomic regions of the brain and is accompanied by cell death 

[5] and these observations are consistent with early studies examining SARS-CoV-1 infection of 

K18-hACE2 mice [7]. Our results indicate that neurons are primary targets for SARS-CoV-2 

infection within the brains of K18-hACE2 mice which is consistent with other studies [10, 32, 

33]. Furthermore, human iPSC-derived neurons were susceptible to SARS-CoV-2 infection and 

virus was able to replicate in these cells. The detection of viral antigen within dendrites 

extending from the cell body suggests this may offer a unique mechanism of viral replication and 

spread in neurons and this is further emphasized by the absence of cell death and/or syncytia 

formation. RNA sequencing of infected neurons revealed that expression of most inflammatory 

and anti-viral response genes were reduced in SARS-CoV-2-infected neurons, consistent with a 

previously published study highlighting the muted immune response in neurons infected with 

SARS-CoV-2 as compared to Zika virus [2]. However, IPA analysis determined that despite the 

lack of induced immune and inflammatory response in infected neurons, there was a significant 

overrepresentation of pathways associated with eIF2, oxidative phosphorylation, regulation of 

eIF4 and mTOR signaling. eIF2, which mediates initiation of eukaryotic translation by binding 

Met-tRNAiMet to the ribosomal subunit, can be activated via phosphorylation by various kinases, 

including protein kinase-RNA-dependent (PKR), PKR-like endoplasmic reticulum kinase 

(PERK), and heme regulated inhibitor (HRI) [34]. Upregulation of eIF2 phosphorylation by 

these can occur in response to various types of stressors including viral infection, ER stress, or 

oxidative stress, respectively [34]. Upregulation of eIF4, which mediates recruitment of 
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ribosomes to mRNA for translation, alongside overactivation of mTOR signaling, which 

modulates eIF4 activity, suggests infection of neurons with SARS-CoV-2 induces increased 

cellular activity and protein production even in the absence of inflammatory and anti-viral gene 

induction [35]. Whether this increase in protein production pathways corresponds to viral 

hijacking of cellular machinery for viral reproduction or if it corresponds to other induced 

mechanisms of neuronal stress/survival response remains to be determined.  

Resident cells of the CNS are important in host defense following viral infection through 

either secretion of anti-viral cytokines like type I interferon (IFN-I) and pro-inflammatory 

cytokines/chemokines, and presentation of antigen to infiltration of antigen-sensitized T cells. 

We found the transcripts encoding the T cell chemoattractant chemokines including CXCL9 and 

CXCL10 were expressed along with monocyte/macrophage chemokines CCL2 and CCL5 and 

CXCL1 which attracts neutrophils. In addition, transcripts specific for the B cell chemoattractant 

CCL19 were also detected. The chemokine elicited in response to CNS infection of K18-hACE2 

by SARS-CoV-2 infection is remarkably similar to the chemokine response following CNS 

infection of mice with the neuroadapted strains of murine coronaviruses [36, 37].  This is 

interesting in that murine coronavirus are primarily tropic for glial cells e.g. astrocytes, microglia 

and oligodendrocytes with relative sparing of neurons while neurons appear to be exclusively 

targeted by SARS-CoV-2. These findings argue that expression of chemokines following 

coronavirus infection of the CNS may not be influenced by the cellular target of infection and 

this may reflect a localized response to expression of interferons (IFN) expressed in response to 

viral infection. With this in mind, we did detect IFNl3 transcripts within the brains of SARS-

CoV-2 infected mice yet IFNb1 transcripts were noticeably reduced. The inflammatory response 

consisted primarily of monocytes/macrophages as determined by immunofluorescent staining for 
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Mac2 and these cells are most likely migrating into the CNS in response to CCL2 and CCL5 

expression [18-21]. We did not detect a robust T cell response and this was surprising given the 

expression levels of CXCL9 and CXCL10 transcripts. Whether this simply reflected that T cells 

had yet to migrate into the brains of infected mice at the time of sacrifice or if efficient 

translation of these transcripts is compromised is not known at this time. 

We have recently determined that in response to JHMV infection of the CNS of 

immunocompetent mice, there are inflammatory monocyte/macrophage subpopulations that 

differentially express CD115/CSF-1R and this highlights the highly inflammatory nature of these 

cells in models of neurodegeneration [37]. Expression of CD115-expressing macrophages and 

microglia have also been detected in other models of neuroinflammation demonstrating 

important roles for these cells in contributing to inflammatory responses[38-40]  More recently, 

microglia are recognized to be important in host defense in response to viral infection of the CNS 

[41-45]. Targeted depletion of microglia via CSF1R inhibition leads to increased mortality in 

mice infected with West Nile Virus (WNV) and is associated with diminished activation of 

antigen presenting cells (APCs) and limited reactivation of virus-specific T cells that leads to 

reduced viral clearance [42, 44]. Similar findings have been reported for other neurotropic 

viruses including Japanese encephalitis virus (JEV) [44] and Theiler’s murine encephalomyelitis 

virus (TMEV) [43, 45]. Moreover, microglia have also been shown to enhance host defense 

following CNS infection by the neurotropic JHM strain of mouse hepatitis virus (JHMV, a 

murine coronavirus) and this was related to inefficient T cell-mediated control of viral 

replication [41, 46]. Additionally, the absence of microglia also results in an increase in the 

severity of demyelination, accompanied by a decrease in remyelination [46, 47]. In response to 

SARS-CoV-2 CNS infection, we did detect microgliosis indicating these cells are responding to 
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infection and may be involved in host defense. Ablation of microglia via PLX5622 

administration did not affect clinical disease nor viral burden within the brain indicating these 

cells are dispensable in terms of controlling SARS-CoV-2 replication within the brain in the 

K18-hACE2 model. There was a marked reduction in expression of proinflammatory 

cytokines/chemokines including monocyte/macrophage chemoattractants CCL2 and CCL5 and 

this corresponded with an overall reduction in numbers of these cells in the brains of PLX5622-

treated mice. These findings support the notion that microglia do contribute to the 

neuroinflammatory response, in part, through influencing expression of chemokines/cytokines in 

response to SARS-CoV-2 infection of the CNS of K18-hACE2 mice.   

 Very early in the COVID-19 pandemic, it became apparent that an abundant number of 

patients exhibited a variety of neurologic conditions that ranged in severity. Although numerous 

neurological symptoms have been associated with COVID-19, the most common neurologic 

symptoms include anosmia/dysgeusia, delirium, encephalopathy, and stroke [48-50]. The 

overwhelming evidence indicates that SARS-CoV-2 is not readily detected within the CNS by 

either PCR and/or immunohistochemical staining [2, 51] suggesting that neurologic 

complications associated with COVID-19 patients may occur through alternative mechanisms, 

including the potential development of autoreactive antibodies specific for neural antigens [52]. 

COVID-19 patients have anti-SARS-CoV-2 IgG antibodies in the cerebral spinal fluid (CSF) that 

recognized target epitopes that differ from serum antibodies. Moreover, a portion of COVID-19 

patients exhibited CSF antibodies that targeted self-antigens, arguing for the possibility that 

neurologic disease may be associated with CNS autoimmunity [52]. Nonetheless, neurons and 

cells of the vasculature have been shown to be targets of infection [53-57]. Despite increasing 

evidence indicating extensive SARS-CoV-2 infection of the CNS does not occur, autopsy 
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findings indicate the presence of microglia nodules, astrocyte activation and CD8+ T cell 

infiltration in the brain, providing evidence for immune responses occurring within the CNS of 

infected patients [3, 58, 59]. Related to this, a recent study indicated microglia nodules 

interacting with inflammatory CD8+ T cells within distinct anatomical regions of the brains of 

COVID-19 patients and this correlated with alerted systemic inflammation [60].  It is 

incontrovertible that transgenic hACE2 models, particularly the K18-hACE2 model, have 

provided a better understanding of the pathogenesis of COVID-19 yet the one notable and 

consistent drawback of many of these models is the ability of virus to infect, efficiently replicate, 

and spread within the parenchyma, which contributes to increased mortality. These findings 

emphasize the importance of working with animal models in which SARS-CoV-2 entry into the 

CNS is more consistent with what has been observed in COVID-19 patients. 
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METHODS AND MATERIALS 

Mice and viral infection: All experiments were performed in accordance with animal protocols 

approved by the University of California, Irvine Institutional Animal Care and Use Committee. 

8-16 week-old heterozygous K18-hACE2 C57BL/6 [strain: B6.Cg-Tg(K18-ACE2)2Prlmn/J] 

mice were obtained from Jackson Laboratory. Animals were housed by sex in single use 

disposable plastic cages and provided ad-libitum water. SARS-CoV-2 isolate USA-WA1/2020 

was obtained from BEI. Mice were inoculated with between 104-105 PFU of SARS-CoV-2 in 

10µL of DMEM or sham inoculated. Inoculations were performed under deep anesthesia through 

an intraperitoneal injection of a mixture of ketamine and xylazine. Infected and uninfected mice 

were examined and weighed daily. Animals were euthanized early if they reached pre-

determined euthanasia criteria. 

 

iPSC-neuronal differentiation: iPSC line iCS83iCTR33n1 was previously derived, 

characterized [61] and maintained as described at 37oC, 5% CO2 - on hESC Matrigel® (Fisher 

Scientific cat#08774552) with daily feeding of mTeSR1TM (Stem Cell Technologies cat#85850) 

[62]. Neuronal differentiation was performed using the protocol as described [62] with a 

modification that the cells were frozen at the neural progenitor stage at day 8 in CryoStor CS10 

(Stem Cell Technologies #07931). Cells were thawed into LIA medium (ADF supplemented 

with 2mM Glutamax, 2% B27 without vitamin A, 0.2µM LDN 193189 and 1.5µM IWR1 

20ng/mL Activin A (Peprotech #120-14E)) containing 10µM Y-27632 dihydrochloride for the 

first day post-thaw for further neural differentiation and subsequent daily feeds with LIA without 

Y-27632 dihydrochloride. Differentiated neurons were plated at 1x106 cells per well in 6-well 
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plate format or at 8x104cells per chamberslide well for imaging. Cells were infected with either 

pseudovirus or SARS-CoV-2 at d46-50 after start of differentiation. 

  

SARS-CoV-2 infection of iPSC-derived neurons: SARS-CoV-2 isolate USA-WA1/2020 was 

obtained from BEI. Media was removed from cells and replaced with virus-containing media (or 

non-virus media for mock-infection wells) at 500µL per well of a 6-well plate or 200µL per 

chamberslide well for 1hr adsorption at 37ºC, 5% CO2, for infection of cells at MOI = 0.1. 

Culture plates and chamber slides were gently rocked every 15min to ensure even distribution of 

infection media. Following 1hr adsorption, non-virus containing media was added to all cells for 

final volume of 2mL per well of a 6-well plate or 700µL per chamberslide well and were allowed 

to incubate with virus for 24 or 48h and then fixed with 4% PFA for subsequent 

immunocytochemical staining. Cells in 6-well plates were allowed to incubate with virus for 24, 

48, or 72h; supernatants were then collected, and cells harvested using 700µL of cold TRIzol 

Reagent (Ambion, 15596018) for subsequent qPCR analysis. 

 

PLX5622 treatment: Rodent chow (AIN-76A) formulated with CSF1R inhibitor-PLX5622 at a 

dose of 1,200 ppm was provided by Plexxikon, Inc (Berkeley, CA). Mice were fed either 

PLX5622 chow or control chow 7 days prior to viral infection, and chow was continued until 

mice were sacrificed at defined time points post-infection.  

 

RNA extraction: All RNA from VSV experiments with iPSC neurons, astrocytes, and microglia 

was extracted via the RNeasy Mini Kit (Qiagen, 74106) using the “Purification of Total RNA 

from Animal Cells using Spin Technology” protocol. Homogenization was performed using 
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QIAshredder spin columns (Qiagen, 79656).  RNA from SARS-CoV-2 infected neurons was 

extracted via the RNeasy Mini Kit using the “Purification of Total RNA, Including Small RNAs, 

from Animal Cells” protocol. TRIzol was substituted for QIAzol, and Buffer RW1 was 

substituted for Buffer RWT. Homogenization was performed using QIAshredder spin columns. 

All RNA from mouse tissues was extracted via the RNeasy Mini Kit using the “Purification of 

Total RNA, Including Small RNAs, from Animal Tissues” protocol. TRIzol was substituted for 

QIAzol, and Buffer RW1 was substituted for Buffer RWT. Homogenization was performed 

using the Bead Ruptor 12 (Omni International) and 1.4 mm ceramic beads (Omni International, 

19-627). For brain tissue, the machine was set to 2 cycles at 2.25m/s for 15 seconds with a 1 

second pause between cycles. For lungs, the machine was set to 2 cycles at 2.4m/s for 20 seconds 

with a 1 second pause between cycles. 

 

cDNA synthesis: All cDNA was made by following the “First Strand cDNA Synthesis” standard 

protocol provided by New England Biolabs with their AMV Reverse Transcriptase (New 

England Biolabs, M0277L). Random hexamers (Invitrogen, N8080127) were used for the 

reactions. RNase inhibitors were not used in the cDNA synthesis. 

 

Gene expression analysis via quantitative PCR: All qPCRs were performed using the Bio-Rad 

iQ5 and iTaq™ Universal SYBR® Green Supermix (Bio-Rad, 1725120). The standard protocol 

by Bio-Rad for iTaq™ Universal SYBR® Green Supermix was used unless otherwise stated. 

Reactions were 10µL, and the machine was set to run for 1 cycle (95℃ for 3 minutes), followed 

by 40 cycles (95℃ for 10 seconds, then 55℃ for 30 seconds). The following primer sequences 

were used: 
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Gene Target Forward Primer Reverse Primer 

Mouse GAPDH AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT 

Human GAPDH CAGCCTCAAGATCATCAGCA TGTGGTCATGAGTCCTTCCA 

SARS-CoV-2 Spike TAGTGCGTGATCTCCCTCAG CCAGCTGTCCAACCTGAAGA 

 

For the brain cytokine and chemokine qPCR, Qiagen’s custom qPCR arrays were employed, 

following the protocol, “Real-Time PCR for RT2 Profiler PCR Arrays Formats A, C, D, E, F, G.” 

The plates were pre-aliquoted with primers for the following murine genes: Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH), beta actin, chemokine ligand 10 (CXCL10), chemokine 

ligand 9 (CXCL9), chemokine ligand 2 (CCL2), chemokine ligand 5 (CCL5), interferon gamma 

(IFN-g), interferon beta-1 (IFN-B1), tumor necrosis factor (TNF-a), interleukin 10 (IL10), 

chemokine ligand 1 (CXCL1), interleukin 28B (IFN-L3), chemokine ligand 19 (CCL19). 

Reactions were 25µL (1µL cDNA, 11.5 µL UltraPure Distilled Water (Invitrogen, 10977-015), 

12.5 µL iTaq™ Universal SYBR® Green Supermix). The machine was set to run for 1 cycle 

(95℃ for 10 minutes), followed by 40 cycles (95℃ for 15 seconds, then 60℃ for 1 minute). 

Ct values for each sample were normalized to an internal control (GAPDH), yielding the dCt 

values. dCt values of infected or PLX-treated samples were compared to appropriate control 

samples, as indicated, to produce ddCt values. The relative fold change between samples used in 

the ddCt calculation was calculated (2-ddCt). 
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qPCR statistical analysis: Statistical analysis was performed in Prism (GraphPad Software). 

The Brown-Forsythe and Welch’s ANOVA tests were used to compare the means between 

groups. Dunnett’s test to correct for multiple comparisons was performed when necessary. 

 

mRNA-Seq: Total RNA was isolated using the Qiagen RNeasy Kit and QIAshredders for cell 

lysis. One microgram of RNA with RNA integrity number values >9 was used for library 

preparation using the strand-specific Illumina TruSeq mRNA protocol. Libraries were sequenced 

on the NovaSeq 6000 platform using 100 cycles to obtain paired-end 100 reads at >30 million 

reads per sample. For RNA-seq analysis, fastq files were trimmed using a base quality score 

threshold of >20 and aligned to the hg38 genome with Hisat 2. Reads passing quality control 

were used for quantification using featureCounts and analyzed with the R package DESeq2 to 

identify DEGs. Genes passing an FDR of 10% were used for GO enrichment analysis using 

GOrilla (27) (http://cbl-gorilla.cs.technion.ac.il/). For the heatmaps, a list of genes from 

GO:0006955 immune response and GO:0006954 inflammatory response was used. From those 

lists, the genes with the top 100 most variable TPM were plotted using the R package pheatmap.  

For the 48h vs 24h IPA, the TPM of all genes in the 1_Infected_24h sample were subtracted 

from the TPM of all genes in the 2_Infected_48h sample. The list of genes were sorted by the 

difference and the top 400 and bottom 400 selected to use as input for IPA's core analysis.  

 

Histology and immunohistochemical staining: Mice were euthanized at defined time points 

post-infection and tissues harvested according to IACUC-approved guidelines. Tissues were 

collected and placed in either cold TRIzol for qPCR analysis or 4% PFA for fixation and 

subsequent histological analysis. Following fixation, the 24-48hr brains were either 
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cryoprotected in 30% sucrose, embedded in O.C.T. (Fisher HealthCare), and sliced via Cryostat 

in 10µm sagittal sections. Alternatively, tissues were dehydrated and paraffin-embedded and 

subsequently use for RNAscope or hematoxylin/eosin (H&E) in combination with luxol fast blue 

(LFB) to assess demyelination within the brains of experimental mice. For immunohistochemical 

staining of O.C.T.-embedded tissues, slides were rinsed with PBS to remove residual O.C.T., and 

antigen retrieval (incubation with 10mM sodium Citrate at 95ºC for 15min) was performed if 

required for specific antigens at which point samples were incubated with 5% normal goat serum 

and 0.1% Triton-X, followed by overnight incubation at 4 oC with primary antibodies. Several 

primary antibodies were used, including Iba1 (1:500 Wako), GFAP (1:1000 Abcam), Mac2/ 

Galactin-3 (1:500, CL8942AP Cedarlane), CD4 (1:200 Abcam), CD8 (1:200 Abcam), MHC I 

(1:200 Abcam), and MHC II (1:200 Abcam). On the second day, slides were treated with 

appropriate secondary antibodies (1:1000 goat anti-rat/rabbit Invitrogen, 1:1000 goat anti-

chicken, Abcam) following PBS rinsing. Slides were then mounted with DAPI Fluoromount-G 

(SouthernBiotech). High-resolution fluorescent images were obtained using a Leica TCS SPE-II 

confocal microscope and LAS-X software. For whole brain stitches, automated slide scanning 

was performed using a Zeiss AxioScan.Z1 equipped with a Colibri camera and Zen AxioScan 

2.3 software. Microglial morphology was determined using the filaments module in Bitplane 

Imaris 7.5, as described previously (Elmore, Lee, West, & Green, 2015). Cell quantities were 

determined using the spots module in Imaris. 

 

RNAscope in situ hybridization of SARS-CoV-2 spike RNA: RNA in situ hybridization was 

performed via RNAscope 2.5 HD Red Assay Kit (Advanced Cell Diagnostics, Cat: 322350) in 

accordance with manufacturer’s instructions. Fixed tissue sections were treated with the 
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manufacturer's Fresh Frozen Tissue Sample Preparation Protocol, fixed in chilled 4% PFA, 

dehydrated, and treated with H2O2 and Protease IV before probe hybridization. Paraffinized 

sections were deparaffinized and treated with H2O2 and Protease Plus prior to hybridization. 

Probes targeting SARS-CoV-2 spike (Cat: 848561), positive control Hs-PPIB (Cat: 313901), or 

negative control DapB (Cat: 310043) were hybridized followed by proprietary assay signal 

amplification and detection. Tissues were counterstained with Gill’s hematoxylin. An uninfected 

mouse was used as a negative control and stained in parallel. Tissues were visualized using an 

Olympus BX60 microscope and imaged with a Nikon (Model #) camera. 

 

Immunocytochemical staining for SARS-CoV-2: iPSC-derived neurons on glass-bottomed 4-

well chamberslides were gently washed with 1X PBS and fixed for 1hr with 4% 

paraformaldehyde for removal from BSL-3 facility. Wells were subsequently washed 3 times 

with 1X PBS, permeabilized for 15min at RT in 0.1% Triton-X in PBS and blocked for 2hrs in a 

2% BSA-5% NDS blocking solution. Cells were incubated overnight at 4ºC in blocking solution 

with primary antibodies anti-MAP2 (EnCor Biotech. Cat:NC0388389) and anti-SARS-CoV-2 

nucleocapsid (Sino Bio. Cat: 40143-R019). Cells were then washed with 1X PBS and incubated 

in blocking solution for 2hrs at RT with secondary antibodies, Alexa Fluor 594-conjugated goat 

anti-chicken and Alexa Fluor 488-conjugated goat anti-rabbit. After staining, cells were imaged 

for presence of SARS-CoV-2 nucleocapsid staining and quantified using the Revolve D75. 
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Figure 1 SARS-CoV-2 infects human iPSC-derived neurons. (A) hiPSC-derived neurons 
were infected with SARS-CoV-2 at an MOI of 0.1, immunostained with anti-MAP2 and anti-
SARS-CoV-2 N, and imaged at 0, 24, and 48 hours post-infection. (B) Quantification of SARS-
CoV-2 GFP fluorescence of mock-infected and SARS-CoV-2-infected hiPSC-derived neurons. 
(C) Perinuclear replication of SARS-CoV-2 in neuronal soma (arrowhead) but no viral axonal 
(arrows) transport at 24 hours post-infection. (D) Perinuclear presence of SARS-CoV-2 in soma 
(arrowhead) and axon (arrows) at 24 hours post-infection. (E) Heat map of genes expressed 24 
and 48h post-infection. (F) Top 12 canonical pathways showing progressive changes from 24 to 
48 h post-infection. 
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Figure 2 SARS-CoV-2 infection of lungs of K18-hACE2 mice. (A) Percent weight change of 
K18-hACE2 and WT mice infected with indicated dose of SARS-CoV-2. C57BL/6 wildtype 
(WT) mice (n=3) were infected with 1x104 PFU. K18-hACE2 mice were infected intranasally 
with SARS-CoV-2 at either 1x104 PFU (n=17), 5x104 PFU (n=4), or 1x105PFU (n=8). (B) 
Quantitative PCR with primers for Spike mRNA on uninfected and SARS-CoV-2-infected 
mouse lung tissue. dCt values are derived from the difference between the Ct values of Spike 
mRNA and a housekeeping gene, GAPDH. Lower dCt values indicate increased viral mRNA. 
(C) K18-hACE2 mouse lung tissue at day 7 p.i. with 5x104 PFU SARS-CoV-2 showing 
localized Spike mRNA expression as determined by RNAscope. Representative H&E images 
from lungs of SARS-CoV-2-infected mice (5x104 PFU) showing (D) airway edema, vascular 
congestion and intra-alveolar hemorrhage, (E) peri-bronchiolar lymphocytic cuffing, and (F) 
interstitial vascular congestion and lymphocytic infiltrates. (G) Quantitative PCR shows the fold 
changes of the indicated genes in two infected mouse lungs compared to uninfected mice. 
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Figure 3 CD8+ T cell infiltration into lungs of SARS-CoV-2-infected mice. H&E staining of 
lungs of SARS-CoV-2 infected mice at day 7 post-infection reveal inflammation (A and C) 
associated with CD8+ T cell infiltration (B and D) as determined by immunofluorescent staining. 
Lymph node-like structures were also detected containing CD8+ T cells (E and F). Panels A, C, 
and E 10X magnification; panels B, D, and F 20X magnification. 
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Figure 4 Widespread neuroinvasion by SARS-CoV-2 of K18 human-ACE2 mice. (A) 
Quantitative PCR with primers for Spike mRNA on uninfected and SARS-CoV-2-infected 
mouse brain tissue at day 7 p.i. dCt values are derived from the difference between the Ct values 
of Spike mRNA and the housekeeping gene, GAPDH. In situ hybridization for Spike viral 
mRNA in (B) SARS-CoV-2-infected and (C) sham-infected K18-hACE2 mice. Anatomical 
regions in which viral RNA is detected (indicated in red) are indicated: cortex (CTX), striatum 
(STR), pallidum (PAL), thalamus (TH), hypothalamus (HY), midbrain (MB), Pons (P), and 
medulla (MD), whereas areas that were relatively spared included the olfactory bulb (OB), white 
matter (WM) tracts and hippocampus (HC)   (D) Representative brain from SARS-CoV-2 
infected brain from panel B stained with LFB demonstrates lack of demyelination with (E) high-
power image of myelin tract showing no inflammation or demyelination.  
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Figure 5 Neurons are targets of infection within the brains of SARS-CoV-2 infected K18-
hACE2 mice. Brains of SARS-CoV-2 infected mice at day 7 p.i. were analyzed to assess cellular 
targets of infection through in situ hybridization using RNAscope in situ hybridization using 
Spike-specific probes. (A) Cells within the cortex with neuron morphology were primary targets 
of infection; (B) high-power image of cells boxed in panel A show viral RNA present within cell 
body as well as extending down dendrites extending from the cell body. (C) Viral RNA was also 
detected in olfactory bulbs at day 7 p.i. (D) high-power image cells boxed in panel C reveal 
neurons in the mitral (open arrow) and glomerular (closed arrow) are infected by virus. 
Representative H&E images from the brains of infected K18-hACE2 mice at day 7 p.i. depicting 
(E) perivascular cuffing, (F) subventricular inflammation, and (G) leptomeningitis. 
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Figure 6 SARS-CoV-2 infection of K18 human-ACE2 mice results in microgliosis and 
myeloid cell infiltration. Brains from either SARS-CoV-2 or sham-infected mice were removed 
at day 7 p.i. to evaluate immune cell infiltration. Microglia activation and monocyte infiltration 
were determined in sham-infected mice (A) and SARS-CoV2 infected mice (B) by staining for 
expression of Iba1 (red) and Mac2/galectin 3 (green), respectively. Infiltration of peripheral 
monocytes into the SARS-CoV-2 infected brain parenchyma occurs via the vasculature (C) as 
well as ventricular and leptomeningeal spaces (D) compared to uninfected control mice (E).    
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Figure 7 Microglia ablation does not impact control of viral replication in the CNS. (A) 
Weight loss of K18-hACE2 mice infected intranasally with 5x104 PFU of SARS-CoV-2 that 
were fed either control chow (n=4) of PLX5622-formulated chow (n=4). (B) Quantitative PCR 
in the brains and lungs of infected PLX-treated and non-PLX-treated mice shows no significant 
difference in the levels of Spike mRNA in either lung or brain tissue as a result of PLX5622 
treatment. (C) Quantification of Iba1-positive cells in the somatosensory cortex shows a 
significant (**p<0.01) depletion of microglia from PLX5622 treated mice compared to control 
mice. (D) qPCR analysis of brains of experimental mice indicated a reduction in expression of 
pro-inflammatory cytokines/chemokines in the brains of PLX5622-treated mice compared to 
control mice. (E) Quantification of Mac2-positive cells in the somatosensory cortex an overall 
trend in reduced numbers in PLX5622-treated mice compared to controls. Brains from SARS-
CoV-2-infected mice treated with either (F) control chow or (G) PLX5622 were stained with 
LFB to assess demyelination or the presence of viral RNA determined by RNAscope. 
Representative brain sections are from experimental mice at day 7 p.i. 
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ABSTRACT 

 Microglia are the primary resident myeloid cells of the brain responsible for maintaining 

homeostasis and protecting the central nervous system (CNS) from damage and infection. 

Monocytes and monocyte-derived macrophages arising from the periphery have also been 

implicated in CNS pathologies, however, distinguishing between different myeloid cell 

populations in the CNS has been difficult. Here, we set out to develop a reliable histological 

marker that can assess distinct myeloid cell heterogeneity and functional contributions, 

particularly in the context of disease and/or neuroinflammation. scRNAseq from brains of mice 

infected with the neurotropic JHM strain of the mouse hepatitis virus (JHMV), a mouse 

coronavirus, revealed that Lgals3 is highly upregulated in monocyte and macrophage 

populations, but not in microglia. Subsequent immunostaining for galectin-3 (encoded by 

Lgals3), also referred to as MAC2, highlighted the high expression levels of MAC2 protein in 

infiltrating myeloid cells in JHMV-infected and bone marrow (BM) chimeric mice, in stark 

contrast to microglia, which expressed little to no staining in these models. Expression of MAC2 

was found even 6–10 months following BM-derived cell infiltration into the CNS. We also 

demonstrate that MAC2 is not a specific label for plaque- associated microglia in the 5xFAD 

mouse model, but only appears in a distinct subset of these cells in the presence of JHMV 

infection or during aging. Our data suggest that MAC2 can serve as a reliable and long-lasting 

histological marker for monocyte/ macrophages in the brain, identifying an accessible approach 

to distinguishing resident microglia from infiltrating cells in the CNS under certain conditions. 
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INTRODUCTION  

 Myeloid cells of the innate immune system are comprised of two distinct populations: 

tissue-resident and monocyte-derived macrophages. In the central nervous system (CNS), the 

macrophage compartment consists of parenchymal macrophages, known as microglia, and non-

parenchymal macrophages, known as CNS (or border)-associated macrophages (CAMs or 

BAMs) (Kierdorf et al., 2019; Mrdjen et al., 2018). Microglia reside in the brain parenchyma 

spatially arranged in discrete non-overlapping territories, while BAMs reside within specialized 

CNS border interfaces that separate the CNS from the periphery, including the choroid plexus, 

meninges, and perivascular spaces. Recent studies indicate that microglia and non-parenchymal 

macrophages represent ontologically, phenotypically, and functionally distinct cell populations 

(Jordao et al., 2019; Masuda et al., 2019; Mrdjen et al., 2018; Munro et al., 2020; Shemer et al., 

2018; Utz et al., 2020; Van Hove et al., 2019); however, inflammation-induced phenotypic 

changes in these cells have made distinguishing and assessing different myeloid cell populations 

and their diverse functions during disease difficult. 

 In mice, studies have shown that microglia derive from erythromyeloid precursors in the 

yolk sac, entering the brain as primitive or pre-macrophages to colonize the CNS during 

embryonic development (Ginhoux et al., 2010; Kierdorf et al., 2013). Once the blood-brain 

barrier (BBB) is formed, myeloid cell infiltration into the CNS is restricted and microglial 

population maintenance relies on local self-proliferation without contributions from peripheral 

monocytes (Shemer et al., 2015). While studies have shown that specific BAM subsets (e.g. 

perivascular and leptomeningeal macrophages) also derive from the yolk sac (Gomez Perdiguero 

et al., 2015; Utz et al., 2020), it appears that choroid plexus and dural macrophage populations 

can be replenished by bone marrow (BM)-derived monocytes under steady-state conditions 
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(Goldmann et al., 2016; Van Hove et al., 2019). Under inflammatory or disease con- ditions 

(e.g., facial nerve axotomy, amyotrophic lateral sclerosis, and experimental autoimmune 

encephalomyelitis), studies have shown that peripheral-derived monocytes enter the brain, but do 

not contribute significantly to the microglial pool unless under defined experimental 

circumstances (e.g., irradiation, myeloablative chemotherapy, and BBB disruption) (Ajami et al., 

2007; Ajami et al., 2011; Cronk et al., 2018; Ginhoux et al., 2010; Hohsfield et al., 2020; Jordao 

et al., 2019; Lund et al., 2018; Mildner et al., 2007; Reed-Geaghan et al., 2020). 

 Despite their distinct origins and functions, assessing the individual contributions of 

infiltrated myeloid cells and activated microglia remains one of the major challenges in 

neuroimmunology, particularly within the context of neuroinflammatory diseases (Herz et al., 

2017; Honarpisheh et al., 2020; Prinz & Priller, 2014). Monocytes and microglia share 

substantial transcriptional and phenotypic overlap. Several of the genes and proteins used to 

separate these two populations are not exclusively expressed but instead only relatively enriched 

in one population (e.g., CD45, CX3CR1, and CCR2) (Haage et al., 2019; Honarpisheh et al., 

2020; Ransohoff & Cardona, 2010; Shemer et al., 2015). Microglial-specific genes and proteins 

have been identified; however, microglia downregulate their homeostatic signature (e.g., P2ry12, 

Tmem119, Sall1, and Siglech) and upregulate monocyte/macrophage-associated (e.g., Apoe, 

Itgax, and Lyz2) markers during disease (Bennett et al., 2016; Butovsky et al., 2014; Buttgereit et 

al., 2016; Keren-Shaul et al., 2017; Konishi et al., 2017). Studies have also identified genes and 

proteins that are highly expressed in BM-derived myeloid cells, including brain engrafted 

macrophages (e.g., Ms4a7, Clec12a, Ccr2, Apoe, CD38, Mrc1, and Cd11a), but many of these 

genes are also found in other CNS myeloid subsets or fail to label cells during 

immunohistochemical investigations on fixed brain sections (Bennett et al., 2018; Mrdjen et al., 
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2018; Shemer et al., 2018; Shukla et al., 2019). As such, there is no histological marker that can 

reliably identify peripheral myeloid cell infiltrates versus activated microglia in the CNS to date. 

 Researchers currently utilize a number of experimental approaches to identify peripheral 

myeloid cells in the CNS. However, many of these paradigms pose concerning caveats. The 

generation of GFP BM chimeras provides labeling of BM-derived cells, but this approach 

involves irradiation, which can induce BBB damage and non- homeostatic peripheral 

contributions to the microglial niche (Ajami et al., 2007; Mildner et al., 2007). Parabiosis avoids 

these irradiation-induced effects but can involve complicated surgery and result in host-graft 

rejection. Despite the usefulness of mice genetically labeled for monocyte markers (e.g., Ccr2RFP 

mice), studies have shown that these cells may downregulate CCR2 as they mature/differentiate 

and enter the brain (Gschwandtner et al., 2019; Saederup et al., 2010). Furthermore, these mice 

are haploinsufficient for CCR2, a critical factor for monocyte migration and entry into the CNS 

(Chu et al., 2014). Fate mapping techniques have allowed for unprecedented exploration and 

manipulation of monocytes, but again these techniques are not without their limitations (Chen, 

Sun, et al., 2020; Liu et al., 2019). The use of lineage tracing from BM-expressed drivers 

involves the use of tamoxifen, which has recently been identified as a neutral agonist in 

macrophage lineage tracing studies. A recent study has shown that tamoxifen treatment of 

pregnant mice induces a significant expansion of the embryonic macrophage population (Rojo et 

al., 2018). 

 Given the lack of reliable markers that can distinguish between monocyte-derived cells 

and activated microglia, we set out to develop a new histological tool for peripheral myeloid cell 

studies in the mouse CNS. To accomplish this, we employed infection of C57BL/6 mice with the 

neuroadapted JHM strain of mouse hepatitis virus (JHMV), a mouse coronavirus and a robust 
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mouse model for monocyte infiltration in the CNS. Studies indicate that JHMV-infected mice 

exhibit substantial infiltration by monocytes along with other peripheral immune cells (Held et 

al., 2004; Savarin et al., 2010). We recently employed single-cell RNA sequencing (scRNAseq) 

on flow-sorted CD45+ cells infiltrating into the CNS of JHMV-infected mice to better 

understand the immunological landscape at defined times following infection with a neurotropic 

virus (Syage et al., 2020). Using this approach, we identified Lgals3 as a highly enriched gene 

for monocytes. We then validated the expression of this marker at the protein level via galectin-

3/MAC2 staining in BM-derived myeloid cells, and its utility in distinguishing between 

monocyte and microglia populations in response to JHMV infection as well as in young 

transgenic mouse models of Alzheimer's disease (AD). This approach not only provides a 

reliable marker for peripheral-derived cells, but also eliminates the necessity of complex 

transgenic mouse lines to discern myeloid cell populations, broadening the study of myeloid cell 

spatial and phenotypic profiles during disease and neuroinflammation. 
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MATERIALS AND METHODS  

Compounds. Pexidartinib (PLX3397) was provided by Plexxikon Inc. and formulated in AIN-

76A standard chow at a dose of 600 ppm by Research Diets Inc. 

  

Mice. All mice were obtained from The Jackson Laboratory. For transplant studies, bone marrow 

cells were isolated from CAG-EGFP mice (Stock No. 006567). Male and female 5xFAD mice 

were obtained from MMRRC-JAX (Stock No. 34848) and have been previously described in 

detail (Oakley et al., 2006). For 5xFAD genotyping, the primer sequences used were PS1 

Forward 50 -AAT AGA GAA CGG CAG GAG CA-30 and PS1 Reverse 50 -GCC ATG AGG 

GCA CTA ATC AT-30. All other mice were male C57BL/6 (000664) mice. Animals were 

housed with open access to food and water under 12 h/12 h light-dark cycles. 

 

Animal treatments. All rodent experiments were performed in accordance with animal 

protocols approved by the Institutional Animal Care and Use Committee at the University of 

California, Irvine (UCI). JHMV infection: Six-week-old C57BL/6 mice (males and females) and 

four-month-old 5xFAD mice (males and females) were infected intracranially (i.c.) with 200–

250 PFU of JHMV in 30 μL of sterile Hanks balanced sterile solution (HBSS); control mice 

received an i.c. injection of HBSS. JHMV-infected C57BL/6 mice were sacrificed at 7, 14, and 

21 days post-infection (d.p.i.) and brains and spinal cords isolated to assess viral titers and 

perform immunohistochemical staining to evaluate monocyte infiltration. JHMV-infected 

5xFAD mice were sacrificed at 10 d.p.i. and brains removed to determine viral titers, evaluate β-

amyloid (Aβ) burden, and perform immunohistochemical staining to assess monocyte 

infiltration. scRNAseq was conducted on male animals. Microglial depletion: Mice were 
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administered ad libitum with PLX3397 at a dosage of 600 ppm (to eliminate microglia) or 

vehicle (control) for 14d. Bone marrow transplant: Tissue from a previous study by Hohsfield et. 

al were employed for analyses performed in the present report (Hohsfield et al., 2020). In brief, 

C57BL/6 mice were anesthetized with isoflurane and then irradiated with 1000 cGy (whole 

body) and reconstituted via retroorbital injection with 2 x 106 whole BM cells from CAG-EGFP 

mice. Blood was measured at 4, 8, and/or 12 weeks post transplantation to track granulocyte 

chimerism. At time of sacrifice, mice were euthanized, and BM was harvested and analyzed by 

flow cytometry for HSC chimerism. This established an average percent chimerism of >95% in 

whole body irradiated mice as previously reported (Hohsfield et al., 2020). Tissue collection: 

Following treatments, adult mice were sacrificed via carbon dioxide inhalation and perfused 

transcardially with 1X PBS. Brains were extracted and dissected down the midline, with one half 

flash-frozen for subsequent RNA and protein analyses, and the other half drop-fixed in 4% 

paraformaldehyde. Fixed brains were cryopreserved in PBS + 0.05% 

sodium azide + 30% sucrose, frozen, and sectioned at 40 μm on a Leica SM2000 R sliding 

microtome for subsequent immunohistochemical analyses. For brains and spinal cords from 

JHMV-infected mice, half brains dissected down the midline and the length of spinal cord 

extending from thoracic vertebrate 6–10 was cryoprotected in 30% sucrose, cut into 1-mm 

transverse blocks and processed to preserve the craniocaudal orientation and subsequently 

embedded in O.C.T. (VWR, Radnor, PA, USA). For spinal cords, 8 μm-thick coronal sections 

were cut and sections were stained following standard immunofluorescence protocols; for brains, 

8 μm sagittal sections were cut (Blanc et al., 2015; Dickey et al., 2016; Marro et al., 2016). 
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Histology and confocal microscopy. Fluorescent immunolabeling followed a standard indirect 

technique as described previously (Elmore et al., 2014). Brain sections were stained with 

antibodies against the following defined antigens: ionized calcium binding adaptor molecule 1 

(IBA1; 1:1000; 019-19,741, Wako and ab5076, Abcam) and MAC2/Galectin-3 (1:500; 

CL8942AP Cedarlane). For DAPI staining, mounted brain sections were cover- slipped using 

Fluoromount-G with DAPI (00-4959-52, Invitrogen). Amylo-Glo (TR-300-AG; Biosensis) 

staining was performed according to the manufacturer's instructions. High resolution fluorescent 

images were obtained using a Leica TCS SPE-II confocal microscope and LAS-X software. For 

confocal imaging, one field of view (FOV) per brain region was captured per mouse unless 

otherwise indicated. For whole brain stitches, automated slide scanning was performed using a 

Zeiss AxioScan.Z1 equipped with a Colibri camera and Zen AxioScan 2.3 software. Microglial 

morphology was determined using the Filaments module in Bitplane Imaris 7.5, as described 

previously (Elmore et al., 2015). Cell quantities were determined using the Spots module in 

Imaris. MAC1+ IBA1+ staining was quantified by using a standardized algorithm in the Surfaces 

module in Imaris. Total IBA1+ and MAC2+ IBA1+ surface area in the field of view was 

categorized as plaque-associated or non-plaque-associated based on proximity to plaques 

(plaque-associated ≤ 5.8 μm). Percentage of MAC2+ IBA1+ coverage was calculated by 

dividing MAC2+ IBA1+/total IBA1+ surface area. 

 

Data analysis and statistics. Statistical analysis was performed with Prism Graph Pad (v.8.0.1). 

To compare two groups, the unpaired Student's t-test was used. To com- pare multiple groups, a 

one-way ANOVA with Tukey's posthoc test was performed. For all analyses, statistical 

significance was accepted at p < .05. All bar graphs are represented as means ± SEM and 
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significance expressed as follows: *p < .05, **p < .01, ***p < .001. n is given as the number of 

mice within each group, unless otherwise indicated. 
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RESULTS 

Lgals3/MAC2 distinguishes infiltrating cells from microglia in the adult CNS 

 We and others have previously identified distinct transcriptional and phenotypic profiles 

of brain-engrafted peripherally derived myeloid cells from resident microglia in the adult mouse 

brain; however, these findings have yet to translate into reliable histological markers that 

distinguish peripheral infiltrates from their microglial counterparts in the CNS (Bennett et al., 

2018; Cronk et al., 2018; Hohsfield et al., 2020; Anat Shemer et al., 2018). In this study, we 

explored a previously described scRNAseq data set to identify transcripts that distinguish 

between resi- dent microglia and infiltrating myeloid cells (Syage et al., 2020). scRNAseq data 

was obtained from the JHMV mouse model which recapitulates many characteristics of human 

diseases associated with encephalomyelitis and demyelination (Bergmann et al., 2006; Lampert 

et al., 1973; Lane & Buchmeier, 1997; Savarin et al., 2010; Weiner, 1973). In brief, intracranial 

inoculation of susceptible C57BL/6 mice with the neuroadapted JHMV, a member of the 

Coronaviridae family, results in an acute encephalomyelitis characterized by wide-spread viral 

replication in astrocytes, microglia, and oligodendroglia with relative sparing of neurons 

(Bergmann et al., 2006; Lane & Hosking, 2010). In response to JHMV infection, 

proinflammatory cytokines and chemokines are expressed by activated microglia and astrocytes, 

resulting in an orchestrated inflammatory response consisting of neutrophils, mono- 

cytes/macrophages, and activated virus-specific CD4+ and CD8+ T cells (Bergmann et al., 2006; 

Hosking & Lane, 2010; Lane & Hosking, 2010). 

 We recently performed a detailed analysis of immune cell infiltration into the CNS of 

JHMV-infected mice through scRNAseq, which highlighted the heterogeneity of the immune 

response following infection with a neurotropic virus, in addition to confirming that monocytes 
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and neutrophils are the prominent cells entering the CNS (Syage et al., 2020). Here, we 

employed the scRNAseq data set to identify differentially expressed genes between 

monocyte/macrophage cells compared to microglia. Lgals3 transcripts were enriched in 

infiltrating monocytes and macrophages, and lowly expressed in microglia (specifically in MG3 

and Cyc. MG clusters) even under JHMV/inflammatory conditions (Figure 1a–d). Lgals3 

encodes galectin-3 (also known as MAC2), which is a member of the lectin family involved in 

monocyte/macrophage chemo- attraction and activation (MacKinnon et al., 2008). Since low 

levels of Lgals3 transcripts were detected in some microglia clusters, we next evaluated whether 

galectin-3/MAC2 expression was present in both monocyte/macrophage and distinct microglial 

populations. To assess this, we subsequently infected a separate cohort of C57BL/6 mice with 

JHMV and evaluated the ability of galectin-3/MAC2 to distinguish distinct myeloid cell 

populations. Histological analyses for MAC2 in non-infected brain sections revealed no MAC2 

staining in IBA1+ cells, except in areas associated with ventricles and the choroid plexus 

(Figure 1e and f). Analysis of JHMV-infected brain and spinal cord sections showed a clear 

population of IBA1+/MAC2+ cells that were not present in uninfected animals. IBA1+/MAC2+ 

cells appear spatially and morphologically distinct from IBA1+/MAC2- cells, which resemble 

microglia and reside in parenchymal areas (Figure 1e, f, and i). In the brain, IBA1+/MAC2+ 

cells accumulated in the brainstem (medulla, pons, midbrain, thalamus, and hypothalamus), 

cerebellum (near the fourth ventricle), and in white matter tracts (corpus callosum), whereas little 

to no deposition was observed in the cerebrum at any timepoint (hippocampus, cortex, and 

striatum) with the exception of sites near the lateral ventricle and/or white matter tracts (Figure 

1e, f, and h). Many areas of high MAC2+ cell accumulation appear to be in or near white matter 

areas (Figure 1f). IBA1+/MAC2+ cells appear less ramified with retracted/thickened processes 
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and enlarged cell somas compared to IBA1+/MAC2- cells (Figure 1f). IBA1+/MAC2+ cell 

infiltration in the brain appears to peak around 14 d.p.i (Figure 1e, g, and h); however, the 

brainstem still shows prominent accumulation at 21 d.p.i. In the spinal cord, IBA1+/MAC2+ cell 

infiltration peaked at 14 d.p.i. and declined by 21 d.p.i. with cells enriched in white matter tracts 

within the ventral funiculus (Figure 1i and j). 

 

MAC2 is a specific and long-lasting marker for bone marrow-derived infiltrating cells 

 Beyond acute CNS infiltration, current monocyte markers make it difficult to distinguish 

between peripheral and resident myeloid cells. CCR2 and CD14 are downregulated following 

monocyte differentiation into macrophages (Fantuzzi et al., 1999; Steinbach & Thiele, 1994; 

Wong et al., 1997) and studies using CCR2RFP knock-in mice report that CCR2RFP+ cells are 

not detected in the CNS, even under inflammatory conditions (Saederup et al., 2010), meaning 

that these markers fail to label monocyte-derived cells past a few days fol- lowing engraftment in 

the CNS. Given these difficulties, we next sought to examine whether MAC2 could serve as (1) a 

marker for BM-derived cells and (2) a long-lasting marker for these cells once engrafted in the 

brain. 

 To accomplish this, we utilized BM GFP chimeric mice to assess the ability of this 

monocyte/macrophage marker candidate to label infiltrating BM-derived cells. CAG-GFP donor 

BM was administered (via retro-orbital injection) to whole body (WB, with >95% chimerism) 

irradiated mice and allowed to recover for ~10 months, resulting in long-term GFP chimeric 

mice. In this model, GFP+ expression indicates that cells derive from the BM. Following 

recovery, we explored co-localization of MAC2 expression in GFP+ cells in the adult mouse 

brains of long-term GFP BM chimeric mice and long-term GFP BM chimeric mice that 
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underwent colony-stimulating factor 1 receptor inhibitor (CSF1Ri)-induced myeloid cell 

depletion and repopulation (~6 months following CSF1Ri treatment and CNS engraftment) 

(Figure 2a). In a previous study, we demonstrated that irradiation/BM transplant followed by 

CSF1Ri treatment results in substantial replacement of the microglial compartment with BM-

derived monocytes (Hohsfield et al., 2020), providing a model to evaluate long-term and brain-

wide BM-derived monocyte/macrophage engraftment. 

 Ten-month WB irradiated mice exhibited ~20% infiltration of GFP+ cells, with 

prominent deposition observed in areas near the lateral ventri- cle/subventricular zone (SVZ), 

medial habenula (MHb), internal capsule (IC), and meninges (Figure 2a and b). In accordance 

with our prior data, we observed that these infiltrating GFP+ cells express little to no levels 

of P2RY12 and TMEM119, two canonical microglial markers (data not shown). Ten-month WB 

irradiated mice treated with CSF1Ri exhibited 79–96% (mean = 86%) engraftment of GFP+ 

cells, seen throughout the brain parenchyma (Figure 2a, d, and h–j). In aged-matched controls, 

no GFP+ cell deposition is visible (Figure 2b, and h–j). Notably, we found that MAC2+ staining 

was still apparent in GFP+/IBA1+ cells, even 6 and 10 months after CNS infiltration was 

stimulated, while no MAC2 expression was seen in control animals or in GFP-/IBA1+ cells 

(Figure 2b–g, and h–j). In 10 mo WB irradiated mice, an average of 89– 96% of GFP+ cells 

express MAC2 near the lateral ventricle/SVZ, MHb, and IC (Figure 2k–m). In 10 mo WB 

irradiated + CSF1Ri treated mice, an average of 85–93% of GFP+ cells express of MAC2 near 

the lateral ventricle/SVZ, MHb, and IC (Figure 2k–m). It should be noted that there are 

differential levels of MAC2+ staining in GFP+ cells in mice, which likely reflects the more 

recent infiltration of BM-derived cells into the parenchyma, indicating that MAC2 expression 

may gradually decrease over time as cells become more CNS parenchymal macrophage- or 
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microglia- like to fill the tissue niche. Some MAC2 expression is seen in the nuclei of resident 

microglia, but clearly fills the cell body and processes of GFP +/IBA+ cells. Given the high level 

of co-expression of MAC2 in GFP BM-derived myeloid cells, these results indicate that MAC2 

can serve as a histological marker of BM-derived infiltrating cells and utilized as a potential 

long-lasting marker to distinguish between peripherally derived monocytes/macrophages and 

resident microglia. 

 

MAC2 is not a ubiquitous marker for plaque- associated microglia during the early stages 

of disease in 5xFAD mice 

 While we identified MAC2 as a marker for peripheral infiltrates, Lgals3 has also been 

reported in specific myeloid cell populations under certain conditions. For example, Lgals3 was 

identified as an upregulated gene in amyloid-β (Aβ) plaque-associated microglia, also known as 

disease-associated microglia (DAM) or microglial neurodegenerative (MGnD) phenotype 

(Butovsky & Weiner, 2018; Krasemann et al., 2017), and in isolated amyloid plaque-containing 

microglia (Grubman et al., 2021). Moreover, galectin-3/MAC2 staining has been found in 

microglia in close contact with Aβ plaques in both human and mice (Boza-Serrano et al., 2019). 

However, it is often difficult to distinguish between monocytes/macrophages and activated 

microglia, as they share many morphological and gene expression similarities (Bennett et al., 

2016; Butovsky et al., 2014; Buttgereit et al., 2016; Keren-Shaul et al., 2017; Konishi et al., 

2017). To directly test Lgals3/ Galectin-3 expression in the AD brain, we stained for MAC2 in 

5xFAD mice, and then used JHMV infection to trigger peripheral infiltration, evaluating whether 

MAC2 expression is specific to plaque-associated microglia. 
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 5xFAD mice, which express five human APP and PSEN1 transgenes with familial 

Alzheimer's disease mutations, display extensive extracellular plaque deposition and 

microgliosis (Oakley et al., 2006). In these mice, amyloid plaques begin to form around 3 

months of age and exhibit significant plaque deposition and microglial activation in the cerebral 

cortex and brain stem, including the thalamus, midbrain, and hindbrain, by 4 months of age 

(Figure 3a). Here, we i.c. infected 4-month-old 5xFAD mice with JHMV to stimulate monocyte 

infiltration into the CNS. Brain sections of uninfected and JHMV-infected mice were stained for 

amyloid plaques (Amylo-Glo), myeloid cells (IBA1), and MAC2. Evaluation of whole brain 

sagittal sections showed profound MAC2 staining in JHMV-infected 5xFAD (Figure 3b), but 

not uninfected mice (Figure 3a). Similar to WT JHMV-infected mice, MAC2+ cell deposition is 

apparent in areas near ventricles (in the cerebellum near the fourth ventricle, in tissue near the 

lateral ventricle) and white matter tracts (the corpus callosum, middle longitudinal fasciculus), 

whereas little to no MAC2 staining is present in 5xFAD controls (Figure 3a–e). MAC2+ cells 

are seen in the choroid plexus of 5xFAD controls, but do not infiltrate into the parenchyma 

(Figure 3c and e). High resolution images show little to no MAC2+ staining in plaque-

associated microglia (1.6% of MAC2 staining in plaque-associated IBA1+ cells) in uninfected 

5xFAD mice (Figure 3f–g), and an average of 16.4% of MAC2 staining in IBA1+ cells 

surrounding amyloid plaques in JHMV-infected 5xFAD mice (Figure 3h–i). It also appears that 

not all plaque-associated microglia are MAC2+ nor is there an abundance of MAC2+ IBA1+ in 

plaque-associated regions. MAC2+ staining is also present in non-plaque-associated regions in 

IBA1+ cells (8.7% MAC2+ IBA1+ staining) in JHMV-infected mice (Figure 3d, and h–i). These 

findings provide evidence that MAC2 is not a specific marker for plaque-associated microglia 
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and is not expressed by microglia in the young non-infected 5xFAD mouse model, indicating 

that Lgals3/MAC2 expression may reflect peripheral infiltrates honing to plaques. 

 

The effects of aging on MAC2 staining in WT and 5xFAD mice 

 Transcriptional profile analysis has revealed an upregulation of Lgals3 in microglia 

isolated from mouse models of neurodegenerative disease, including Alzheimer's disease and 

amyotrophic lateral sclerosis as well as aging, and identified Lgals3 as a hub gene for primed 

microglia (Holtman et al., 2015). Safaiyan et al. recently identified white matter-associated 

microglia (WAM), which accumulate in white matter tracts during aging. Lgals3 was one of 39 

transcripts of the WAM signature that was identified when comparing aged white matter 

compared to young white matter or aged gray matter myeloid cells; and the authors report 

expression of galectin-3 in IBA1+ cells in old but not young white matter (Safaiyan et al., 2021). 

 To address whether MAC2 staining also increases with aging under steady-state and 

diseased conditions, we next stained brain sections from 4, 8, 12, and 18 mo WT and 5xFAD 

mice with MAC2, IBA1, and Amylo-Glo. Again, we observe that MAC2+ IBA1+ cells 

and staining is most apparent in the choroid plexus of WT and 5xFAD mice, regardless of age 

(Figure 4a and b). In line with previous studies, our data shows an age-dependent increase in 

MAC2+ IBA1+ cell accumulation in 5xFAD mice in the hippocampus, cortex, and in white 

matter areas (e.g. fimbria, corpus callosum) within close proximity to the lateral ventricle (Figure 

4b, c, and e). In gray matter regions, the majority of MAC2+ cells are IBA1+ plaque-associated 

microglia (Figure 4b and c). However, there appears to be a lag in the appearance of MAC2 

expression and microglial/DAM activation around plaques. For example, prominent MAC2 

expression in plaque- associated IBA1+ cells appears at 18 mo of age in the cortex despite the 
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accumulation of these plaque-associated microglia at 4 mo of age (Figure 4c). Furthermore, the 

majority of IBA1+ plaque-associated cells do not express MAC2 (<20% of IBA1+ cells are 

MAC2+; Figure 4e), meaning MAC2 does not account for a significant proportion of plaque-

associated cells. MAC2+ IBA1+ cell deposition does not occur in gray matter areas in the aged 

WT mice (Figure 4a, d, and f); however, interestingly we do observe MAC2+ IBA1+ cells 

present in white matter areas at 18 mo of age (Figure 4d). This is also true for 5xFAD mice 

(Figure 4c). Thus, it appears that MAC2 expression is not a specific response to plaques. Given 

the proximity of these brain regions to the lateral ventricles and the lack of MAC2 expression in 

the majority of plaque-associated microglia, we postulate two scenarios: (1) a specific 

subpopulation of activated microglia (subset of DAM and/or WAM) switch on Lgals3 and 

galectin-3/MAC2 expression over time or (2) that MAC2+ cells derive from a different cell 

source, such as from the periphery. Since microglia and macrophages undergo rapid 

morphological and transcriptional transformations upon activation, reflective of the highly 

plastic nature of myeloid cells, defining MAC2 expression as an indicator of cell activation or 

peripheral infiltration remains difficult. However, given the findings in this study, specifically 

the spatial and temporal expression of MAC2+ IBA1+ cells in areas that are closely associated 

with peripheral immune cell infiltration in CNS disorders, most prominently in white matter 

areas in multiple sclerosis, we hypothesize that MAC2 expression labels a subset of peripheral 

immune cells in the young adult brain that can infiltrate and engraft the brain. 
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DISCUSSION  

 Microglia and BM-derived monocytes are implicated in a number of neurological 

disorders (Herz et al., 2017). In AD, several genome-wide association studies have identified 

variants associated with myeloid cells that increase disease risk, highlighting the importance of 

myeloid cells and the growing need to decipher their phenotype and function during dis- ease 

(Bradshaw et al., 2013; Guerreiro et al., 2013; Jonsson et al., 2013; Lambert et al., 2013). 

However, myeloid cells are highly dynamic cells, which can be influenced at both the 

transcriptional and protein level by specific diseases during disease induction and progression, 

thus complicating the use of reliable and stable cell-specific markers and posing challenges to the 

functional exploration and contributions of these distinct cells. For instance, the presence of 

peripheral-derived myeloid cells around amyloid plaques and their contribution in AD pathology 

has been a long-standing question in the field with contrasting results (El Khoury et al., 2007; 

Hawkes & McLaurin, 2009; Jay et al., 2015; Reed-Geaghan et al., 2020; Simard et al., 2006). 

 Under steady state conditions, microglia and monocyte/ macrophages populations express 

several overlapping surface markers, including Cd11b, F4/80, CD115 (CSF1R), and IBA1 

(Gautier et al., 2012; Prinz et al., 2011). Recent gene expression studies have identified sur- face 

markers and transcription factors unique to resident microglia (e.g., P2RY12, TMEM119, 

SIGLEC-H, and Sall1), but several of these markers lose their distinct homeostatic expression 

levels during disease/ cell activation (Bennett et al., 2016; Butovsky et al., 2014; Buttgereit et al., 

2016; Chen & Colonna, 2021; Keren-Shaul et al., 2017; Konishi et al., 2017). Despite the utility 

of previous approaches (e.g., BM chimeras, parabiosis, and mouse models of fluorescent protein 

expression or tamoxifen-inducible Cre-recombinase under monocyte/microglia pro- moters) in 

providing myeloid cell-specific labeling/targeting and unprecedented opportunities to study 



244 
 

microglia and monocytes (Ajami et al., 2007; Jung et al., 2000; Mildner et al., 2007; Wang et al., 

2016), the field has lacked a commercially available histological marker for monocyte-derived 

populations in the CNS. 

 In this study, our main goal was to identify a marker that can discern between murine 

microglial and monocyte-derived cell populations during inflammation and disease in the CNS. 

Given the plasticity of myeloid cells, we recognize that the identification of cell lineage based on 

a single marker is not ideal (Bennett et al., 2016; Butovsky et al., 2014); however, previous 

studies have identified unique single genes and markers for microglia, such as P2ry12 and 

Tmem119, that have aided investigations and added to the repertoire of tools utilized by CNS 

myeloid cell researchers (Bennett et al., 2016; Butovsky et al., 2014). These markers have been 

indispensable to identifying endogenous and homeostatic microglia in the CNS. Here, we show 

that Lgals3 is highly expressed in monocyte/macrophages in the healthy and JHMV-infected 

brain, and that galectin-3/MAC2 can be used as a histological marker to distinguish peripherally 

derived myeloid cells from microglia under both steady state and neuro- inflammatory 

conditions. Galectin-3/MAC2 is a β-galactoside-binding lectin that is highly expressed in and 

secreted by monocytes/macro- phages; it is associated with many macrophage functions, 

including cell adhesion, migration, proliferation, and apoptosis (MacKinnon et al., 2008). 

However, galectin-3 expression has also been reported in other cell populations, including 

fibroblasts, osteoblasts, endothelial cells, neuronal cells, and immune cells (neutrophils, 

eosinophils, baso- phils, mast cells) (Thomas & Pasquini, 2018). Here, we show that Lgals3 is 

not highly expressed in other Cd11b+ cell populations via scRNAseq, including T cells, B cells, 

NK cells, neutrophils, and microglia, but is highly expressed in several monocyte and macro- 

phage cell clusters. Although we do not observe significant MAC2+ staining in non-IBA1+ cells 
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in the CNS, careful consideration here is also warranted and IBA1 (or other myeloid cell 

markers) should be employed in combination with MAC2 to distinguish these myeloid 

populations. 

 In line with our study, recent work by Ochocka et al. using scRNAseq and flow 

cytometry of CD11b+ myeloid cells in naïve and glioma-bearing mice showed that Lgals3 and 

galectin-3 are highly expressed by infiltrating monocyte/macrophages at RNA and protein levels, 

respectively (Ochocka et al., 2021). These authors propose the use of TMEM119 and galectin-3 

for efficient and distinguishable separation of microglia and monocyte/macrophages in glioma 

models and highlighted their ability to achieve distinct spatial distribution of these cells within 

tumor tissue (Ochocka et al., 2021). Moreover, recent studies in mouse models of diabetes and 

spinal cord injury have identified unique populations of infiltrating and phagocytic macrophages, 

distinct from resident microglia, that express Lgals3/galectin-3/MAC2. In diabetes, galactin-3 

expressing macrophages infiltrate and aggregate near injury sites, implicating these cells in the 

response to cerebrovascular insults (Mehina et al., 2021). In spinal cord injury, injury- activated 

macrophages maintain a transcriptionally distinct identify to activated microglia, expressing 

higher levels of Lgals3, Apoe, and Cxcr4, among other genes (Wahane et al., 2021). In the 

present study, we also observed distinct spatial distribution of MAC2+ cells in the JHMV-

infected brain; cells were sequestered in the brain stem, white matter areas, and regions 

surrounding the ventricles. Further study is needed to evaluate the distinct contributions of 

MAC2+ myeloid cells and MAC2- myeloid cells in pathogenesis, but given the role of BM- 

derived myeloid cells in demyelination (Yamasaki et al., 2014), it is not surprising to find their 

selective recruitment in these areas. In GFP BM chimeras, MAC2+ cells were observed in the 

choroid plexus and perivascular spaces in whole body-irradiated mice, respectively, consistent 
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with their partial cell turnover from BM sources (Goldmann et al., 2016; Van Hove et al., 2019). 

Identifying MAC2 as a distinct histological marker for monocytes provides investigators with the 

ability to explore the spatial distribution and dynamics of these peripheral cells without the side 

effects of irradiation or other experimental caveats (e.g., tamoxifen). 

 In mice, monocytes express CD11b and CD45, and are divided into two main 

subpopulations: classical/inflammatory monocytes (Ly6ChiCCR2 + CX3CR1lo) and non-

classical/patrolling monocytes (Ly6CloCCR2lo CX3CR1hi) (Geissmann et al., 2003; Geissmann 

et al., 2010). Of interest, studies have shown that Lgals3 is enriched in a population of Ly6C+ 

monocytes located in the BM and blood (Mildner et al., 2017). Although transcriptional profile 

analyses of microglia and monocytes have generated several proposed monocyte- specific 

markers based off of an identified monocyte signature, including Apoe, Ccr2, Ms4a7, and 

Clec12a (Bennett et al., 2018; Cronk et al., 2018; Hohsfield et al., 2020; Lund et al., 2018; Anat 

Shemer et al., 2018) these markers have presented a number of limitations: upregulation during 

disease, downregulation upon macrophage differentiation, or lack of success in staining fixed 

adult brain tissue. For example, though Cd11a (Itgal) is expressed on all peripheral circulating 

immune cells and not microglia, it could only be detected on infiltrating cells in fixed brain 

sections using a tedious tyramide amplification strategy, limiting its practical use (Shukla et al., 

2019). In addition, Bennett et al. identified MS4A7 as a unique marker for HSC-derived cells, 

but MS4A7 staining was only shown in blood, fetal brain, and primary human microglia, and 

RNA in situ hybridization was required to show staining in postmortem AD brain samples 

(Bennett et al., 2018). CD44 was a marker identified for distinguishing CNS infiltrating from 

CNS resident cells by Korin et al., however, later found by Mrdjen et al. to be upregulated in 

microglia during disease or aging (Korin et al., 2017; Mrdjen et al., 2018). Given that monocytes 
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and macrophages exist as heterogenous populations with varying expression profiles (reflecting 

functional diversity, differential origins, differentiation status, tissue of residence) and dynamic 

adaption of their transcription regulatory networks to changing environments (Gosselin et al., 

2014; Lavin et al., 2014), it has been challenging for researchers to develop a marker for 

monocyte-derived cells that remains intact following differentiation and tissue engraftment. 

Here, we show that MAC2 staining is retained in BM-derived cells 6–10 months following CNS 

recruitment in the brain, indicating that MAC2 may be a marker that is conserved across several 

monocyte and macrophages subpopulations, or at least the subsets recruited to the CNS/sites of 

inflammation. 

 Transcriptional profile analysis of isolated microglia from mouse models of AD, 

amyotrophic lateral sclerosis, and aging identified Lgals3 as a central hub gene in primed 

microglia, along with Apoe, Axl, Clec7a, and Itgax (Holtman et al., 2015). Further 

comprehensive scRNAseq analysis of microglia in neurodegenerative diseases discovered a 

unique microglial subset, termed disease-associated microglia (DAM) or microglial 

neurodegenerative phenotype (MGnD) microglia. These cells exhibit a downregulation in 

homeostatic microglia genes (e.g., P2ry12 and Tmem119) and upregulation in genes involved in 

phagocytic, lysosomal, and lipid metabolism pathways (e.g., Apoe, Axl, Clec7a, Cst7, Itgax, and 

Lilrb4) (Keren-Shaul et al., 2017), including Lgals3 (Butovsky & Weiner, 2018; Krasemann et 

al., 2017), which is upregulated during later stages of neurodegeneration (Chen & Colonna, 

2021). However, a recent study has shown that enzymatic dissociation methods can induce 

aberrant gene expression signatures in microglia (Marsh et al., 2020), indicating that some 

scRNAseq findings may be confounded and an artifact of isolation methods, analysis, or 

sequencing platform. A recent investigation utilizing scRNAseq, snRNAseq and scATACseq 
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identified distinct microglia subpopulations in 3xTgAD and 5xFAD mice, including a DAM 

cluster containing Cst7, but lacking Lgals3; instead, Lgals3 was found in a small cluster 

containing Cd14 and Itgal (Balderrama-Gutierrez et al., 2021). Galectin-3 was also shown to be 

significantly elevated in human AD patients, exhibit preferential expression in microglia in 

contact with plaques, and serve as a ligand for TREM2 (Boza-Serrano et al., 2019). In contrast, 

Sobue et al. showed that gene expression levels of LGALS3, AIF1, and CD68, were unchanged 

in human AD precuneus samples (Sobue et al., 2021). In line with this, using bulk-tissue 

RNAseq analysis, our lab has shown that while Lgals3 is upregulated in 5xFAD mice in the 

hippocampus and thalamus compared to wild types, expression levels do not change following 

sustained microglial depletion, unlike several homeostatic (e.g., Csf1r, Cx4cr1, Hexb, and 

Siglech) and DAM genes (e.g., Clec7a, Cst7, and Itgax) which are significantly downregulated 

by microglial depletion (Spangenberg et al., 2019). These data provide evidence that elevated 

Lgals3 in 5xFAD brains may not be specific to microglia. Consistent with spatial transcriptomics 

and in situ sequencing data in APPNL-G-F mice, Lgals3 was not identified in plaque-induced genes 

(PIGs), consisting of 57 genes that overlap with several DAM genes (Chen, Lu, et al., 2020). The 

current study shows that MAC2 staining is not present in plaque-associated microglia in the 

young 5xFAD mice, and only appears in plaque-associated IBA1+ 

cells during JHMV infection or in aged animals (albeit at modest numbers). A recent study—

showing clonal hematopoiesis of indeterminate potential (CHIP) is associated with protection 

against AD—detected mutated marrow-derived cells in the brains of patients which appear 

indistinguishable from microglia (Bouzid et al., 2021), highlighting the potential role for 

peripheral infiltrates in replacing defective microglia during aging or disease. Thus, the presence 

of MAC2+ cells in disease and experimental models should be considered a potential sign of 
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peripheral infiltrates, and subsequently followed up with BM chimeric models, parabiosis, or 

BM lineage tracing transgenics. It is possible that microglia may upregulate Lgals3 under certain 

conditions, including infection or inflammatory stimulus, or that upregulated mRNA does not 

effectively translate to protein expression. Likewise, we can- not discount the possibility that 

microglia in other conditions (stroke, injury, and chronic neurodegenerative disease) may also 

upregulate Lgals3, or that these MAC2+ cells may derive from BM sources. Other explanations 

for the disparity between Lgals3 transcript levels and 

MAC2 staining in plaque-associated microglia could be a result of: (1) microglia and infiltrating 

peripheral myeloid cells expressing different isoforms of Lgals3/galectin-3, in which one isoform 

is detectible by the MAC2 antibody while the other is not, or (2) different secretion and/or 

cellular retention rates of Lgals3/galectin-3 within these two myeloid cell populations. Moreover, 

Lgals3 may also be expressed by discrete microglial populations in the brain–for example, in 

specialized axon tract-associated microglia (ATM) or P7/early postnatal microglia (termed 

proliferative region-associated microglia (PAM), which appear as amoeboid cells that transiently 

reside in axon tracts of the corpus callosum and cerebellum (Hammond et al., 2019; Li et al., 

2019), as well as in white matter-associated microglia (WAM), found specifically in white 

matter areas that increase with aging (Safaiyan et al., 2021). Furthermore, surviving microglia 

following CSF1Ri-induced depletion have been described as MAC2+ (Zhan et al., 2020). Given 

these findings and the data from this current study, we would implore 

researchers to consider Lgals3/MAC2 expression as a potential indicator of peripheral origins, 

but encourage further validation with other important tools, such as fate-mapping techniques. For 

example, lineage tracing from Ms4a3 or Cxcr4 could be utilized, as it has recently been shown as 

a specific gene expressed by BM-derived granulocyte- monocyte progenitors (GMPs) or HSC-
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derived monocytes, respectively, to efficiently trace monocyte-derived cells (Liu et al., 2019; 

Werner et al., 2020). Other markers include Cd49d, also expressed by T cells and DCs, and 

Cd49e, which were identified in peripheral monocyte populations, but not in CNS resident 

myeloid cell populations utilizing CyTOF (Bahareh Ajami et al., 2018). 

 In sum, we identify galectin-3/MAC2 as a potential monocyte marker that can be utilized 

in inflamed CNS tissue. Unlike other markers, BM-derived myeloid cells retain MAC2 

expression even as they leave perivascular areas and occupy the parenchymal niche for 

prolonged periods of time. The ability to discern peripherally derived cells from resident 

microglia is critical to exploring their distinct roles in health and disease. Growing attention has 

been placed on understanding CNS myeloid cells and the environmental cues that sculpt their 

transcriptional and phenotypic profiles, particularly during disease. Detailed knowledge of these 

distinct myeloid cell populations and our ability to distinguish microglia and monocytes will 

prove essential in targeting these cells for improved therapeutic strategies. 
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Figure 1 Lgals3/MAC2 distinguishes infiltrating cells from microglia in the adult CNS. (a) 
Schematic of experimental design of intracranial (i.c.) infection of five to six-week-old C57BL/6 
wild type (WT) mice with 250 PFU of the neurotropic JHM-J2.2v-1 strain of mouse hepatitis 
virus (JHMV). Brains and spinal cords were collected at 7, 14, 21 days post infection (d.p.i.). (b) 
UMAP plot displays aggregate data of CD45+ cells and shows scaled expression of transcripts 
encoding Lgals3 in monocyte/macrophage (Monocytes/Macs) clusters (Syage et al., 2020). (c) 
Temporal analysis of expression of transcripts encoding Lgals3. Transcript levels were elevated 
at defined timepoints during JHMV infection. Data is presented as normalized expression values, 
and random noise was added to show data point distribution. Box plots show interquartile range 
and median value (bold horizontal bar). Red dots indicate the average expression value per 
sample. Wilcoxon's test was used for statistical analysis. (d) Violin plot shows gene expression 
of Lgals3 in all CD45+ cells on the single-cell level and that Lgals3 is upregulated in monocytes 
and macrophage clusters. (e) Representative whole sagittal brain sections of MAC2 (green) and 
IBA1 (red) staining in WT non-infected and JHMV- infected mice at 7, 14, and 21 d.p.i. (f) High 
resolution 20x confocal images of MAC2+ (green) and IBA1+ (red) cells in the white matter 
tracts of WT non-infected and JHMV-infected at 14 d.p.i. (g) Quantification of MAC + IBA1+ 
cells per field of view (FOV) in white matter tracts of brains in WT control and JHMV-infected 
mice. (h) Table of the relative MAC2+ cell distribution in distinct brain regions. - indicates no 
accumulation. + indicates low accumulation. ++ indicates moderate accumulation. +++ indicates 
extensive accumulation. (i) Representative confocal images of MAC2+ (green) and IBA1+ (red) 
cells in the spinal cords of WT control and JHMV-infected mice at various timepoints post 
infection. (j) Quantification of (i). Mouse, syringe and virus illustrations were obtained from 
Servier Medical Art at smart.servier.com. IBA1, ionized calcium adapter molecule 1; CB, 
cerebellum; cc, corpus callosum; CTX, cortex; Fim, fimbria; HC, hippocampus; HY, 
hypothalamus; LV, lateral ventricle; MB, midbrain; MD, medulla; OB, olfactory bulb; P, pons; 
PAL, pallidum; STR, striatum; TH, thalamus; V4, fourth ventricle. Data are represented as mean 
± SEM (n = 3–4 mice/timepoint). * p < .05, *** p < .001, **** p < .0001, compared to control 
unless otherwise indicated. Scale bar in (f) ~100 μm; in (i) inserts ~160 μm 
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Figure 2 MAC2 is a specific and long-lasting marker for bone marrow-derived infiltrating 
cells. (a) Schematic of experimental design for the generation of long-term green fluorescent 
protein (GFP) bone marrow (BM) chimeras. Treatment of BM chimeras with colony-stimulating 
factor 1 receptor (CSF1R) inhibitor results in extensive parenchymal engraftment of BM-derived 
peripheral myeloid cells in the brain (Hohsfield et al., 2020). Four-month-old wild type (WT) 
mice underwent whole body (WB) irradiation (1000 cGy) and BM transplant via retro-orbital 
injection of 2 x 106 BM cells from age- and sex- matched CAG-GFP mice. Following a 3.5 mo 
recovery, mice were treated with CSF1R inhibitor PLX3397 (600 ppm) for 14d, and then placed 
on control diet for 6 mo. (b–g) Representative images of whole coronal brain sections (b–d) and 
high resolution 20x confocal (e–g) images of GFP+ (green), MAC2+ (red) and IBA1+ (red) cells 
in control (b, e), ~10 mo WB chimeras (c, f), and ~ 10 mo WB chimeric mice treated with a 
CSF1R inhibitor (d, g). White boxes in (b) indicate brain regions of interest shown in (e–g). 
Images show that MAC2+ cells co-localize with GFP BM-derived cells in the brain parenchyma. 
(h–j) Quantification of the number of GFP+ cells per field of view (FOV) in the subventricular 
zone (SVZ) (h), medial habenula (MHb) (i), and internal capsule (IC) (j) in control, ~10 mo WB 
chimeras, and ~ 10 mo WB chimeric mice treated with a CSF1R inhibitor. (k–m) Percentage of 
GFP+ cells that express MAC or MAC2+ cells that express GFP in the subventricular zone 
(SVZ) (k), medial habenula (MHb) (l), and internal capsule (IC) (m) in control, ~10 mo WB 
chimeras, and ~10 mo WB chimeric mice treated with a CSF1R inhibitor. Data are represented 
as mean ± SEM (n = 5–9). ** p < .01, *** 
p < .001, compared to control. Scale bar ~60 μm 
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Figure 3 MAC2 is not a ubiquitous marker for plaque-associated microglia during the 
early stages of disease in 5xFAD mice. Four-month- old 5xFAD mice were infected 
intracranially with 200 PFU of JHMV strain and brains evaluated at 10–25 d.p.i. (a–d) 
Representative whole sagittal brain section (a–b) and 20x confocal (c–d) images of Amylo-Glo 
(amyloid, blue), MAC2 (green), and IBA1 (red) staining in control (a, c) and JHMV-infected (b, 
d) 5xFAD mice. (e) Quantification of the number of MAC2+ IBA1+ cells per field of view 
(FOV) in the cerebellum (CB), cortex (CTX), hippocampus (HC), and lateral ventricle (LV). (f, 
h) Representative high resolution 100x confocal images of Amylo-Glo + plaques (amyloid, 
blue), MAC2+ (green) cells, and IBA1+ (red) cells in plaque-associated and non-plaque-
associated areas in the brains of control (f) and JHMV- infected (h) 5xFAD mice. Images show 
that MAC2+ cells do not label plaque-associated microglia in non-infected 5xFAD mice. (g,i) 
Quantification of % MAC2+ IBA1+ staining in IBA1+ cells and in plaque-associated (g) and 
non-plaque-associated (i) areas of the cortex and hippocampus. Multiple field of views in these 
brain regions were quantified across three animals from each group. Data are represented as 
mean ± SEM (n = 8–9). * p < .05. Scale bar in (c) ~60 μm; in (e) ~10 μm 
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Figure 4 The effects of aging on MAC2 staining in WT and 5xFAD mice. Brains of wild type 
(WT) and 5xFAD mice at 4, 8, 12, and 18 months (mo) of age were evaluated for MAC2 
staining in plaque-associated microglia. (a–b) Representative images of MAC2 (green), IBA1 
(red, myeloid cells), and Amylo-Glo (blue, amyloid plaques) staining in brain sections of WT (a) 
and 5xFAD (b) mice. (c–d) Representative 20x confocal images of MAC2, IBA1, and Amylo-
Glo staining in the cortex (CTX), hippocampus (HC), and lateral ventricle (LV)/fimbria (Fim) of 
WT (d) and 5xFAD (c) mice shows the age-dependent increase in MAC2 staining in 5xFAD 
mice. (e–f) Quantification of plaque-associated MAC2+ IBA1+ staining and MAC2+ IBA1+ 
cells in 5xFAD and WT mice, respectively. Female (pink) and male (blue) mice are indicated by 
color scheme. Data are represented as mean ± SEM (n = 3–5). ** p < .01, *** p < .001, 
compared to 4 mo. Scale bar in (c) ~60 μm 
 




