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ABSTRACT OF THE DISSERTATION

CXCR2 signaling regulates neuroinflammation in models of viral and autoimmune-induced
neurodegenerative disease

By
Brett Steven Marro
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2015

Professor Thomas Edward Lane, Chair

Chemokines and their cognant receptors have been identified as an essential
immune component in attracting activated immune cells into the central nervous system
(CNS) following experimental infection with the neurotropic JHM strain of mouse hepatitis
(JHMV) as well as within the experimental autoimmune encephalomyelitis (EAE) model of
Multiple Sclerosis (MS). The primary focus of this dissertation is to investigate how ELR-
chemokine signaling within the CNS regulates neuroinflammation and neurologic disease.
To this end, we have generated a doxycycline (Dox) inducible CXCL1 overexpressing mouse
line to assess how overproduction of this chemokine from astrocytes impacts host-defense
responses and the demyelinated disease that results following JHMV infection.
Overexpression of CXCL1 enhanced the accumulation of CXCR2-expressing neutrophils in
the CNS without impacting BBB permeability or the infiltration of inflammatory leukocytes.
Neutrophils were found to accumulate within the parenchyma during the persistent phase

of disease and this was associated with severe white matter demyelination. These data
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suggest that chronic CXCL1 expression from the CNS can amplify JHMV-induced neurologic
disease that is neutrophil dependent.

We next investigated if loss of CXCR2 signaling in oligodendroglia lineage cells
results in altered immunopathogenesis within the JHMV and EAE models of demyelination.
Using a tamoxifen-inducible Cre-ERT transgenic mouse system, we induced ablation of
Cxcr2 in oligodendrocytes and subsequently infected mice with JHMV or immunized with a
peptide derived from myelin oligodendrocyte glycoprotein (MOG) to induce EAE disease.
Interestingly, EAE-induced Cxcr2 /fl mice treated with tamoxifen displayed dampened
disease severity and this was associated with reduced expression of inflammatory
cytokines and chemokines in the CNS, as well as a significant reduction in the infiltration of
neutrophils, macrophages and I[FN-y-secreting CD4+ T cells. These data implicates CXCR2-
signaling in oligodendrocytes as an amplifier of neuroinflammation and demyelination
within the context of the autoimmune EAE model of demyelination. Conversely, tamoxifen-
treated Cxcr2 /1 mice infected with JHMV resulted in a similar host-defense response as
well as disease progression compared to control animals, suggesting that CXCR2 signaling
in oligodendrocytes within the context of JHMV infection of the CNS does not have a

prominent role in promoting chronic JHMV-induced demyelinating disease.
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CHAPTER ONE

Utilizing mouse hepatitis virus and experimental autoimmune
encephalomyelitis as surrogate mouse models to study

neuroinflammation and immune-mediated demyelination



1.1 Introduction to Mouse Hepatitis Virus (MHV)

The Coronaviridae family is composed of large (26-32kb) enveloped single-stranded
RNA viruses in the Order Nidovirales [1] that are classified into three groups based on
shared sequencing homologies and serologic cross-reactivity [1,2]. Their naming dates to
the 1960s when Tyrrell and McIntosh isolated infectious bronchitis virus (IBV)-like virions
from the upper respiratory tracts of patients with common colds [3]. When electron
micrographs of avian IBV and the newly isolated human strains were compared, the “club-
or pear-shaped” projections on their viral coats showed strikingly similar characteristics.
In 1968, Tyrrell, McIntosh and six other scientists grouped these viruses together and
proposed the coronavirus family name based on the Latin root “corona” for their crown-
like appearance [4].

Mouse Hepatitis Virus (MHV) is the prototype Group II coronavirus and arguably
the most extensively studied of the three groups. Like other coronaviruses, MHV utilizes a
unique transcription strategy to produce mature virions. Following viral uncoating and
transport of the viral genome to the endoplasmic reticulum (ER) of infected cells, proteins
comprising the replicase-transcriptase machinery are generated through direct translation
of MHV genomic RNA. This includes open-reading frame 1a (ORF1a) that generates the
large polyprotein, ppla and ORF1b that generates pplab following a ribosomal frame shift
during translation of ORF1a [5]. Through proteolytic auto-processing by virus-encoded
proteinases, 11 non-structural proteins (nsp1-nsp11) are generated from ppla while
nsp12 to nsp16 are found within pp1b [5]. Nsps and host cell proteins jointly accumulate
at perinuclear foci located on cellular membranes leading to the formation

replication/transcription complexes (RTCs) [6,7]. To generate mRNAs encoding for the



structural components, discontinuous negative strand synthesis occurs at the 3’ end of the
genome to generate negative sense RNAs of variable length. RTCs engage these RNAs and
direct plus-strand synthesis while releasing the minus-strand templates upon completion.
This results in a nested set of sub-genomic mRNAs that encode for the proteins that confer
the structure of a mature MHV virus [5].

MHYV includes a variety of strains that can induce wide-ranging pathologies
dependent on the age and strain of the mouse as well as the route of infection.
Enterotropic MHV strains such as MHV-Y can cause severe enteritis and are highly
contagious, leading to devastating natural outbreaks of housed mouse laboratory colonies
[8]. The hepatotropic MHV-2 strain results in fulminant hepatitis following intraperitoneal
(i.p.) injection, but is weakly neurotropic, causing only mild acute meningitis following
intracranial (i.c.) inoculation [9]. In contrast, i.c. infection of susceptible mice with the dual
neurotropic and hepatotropic A59 strain results in infection of neurons and glial cells
within the CNS, leading to mild encephalomyelitis and limited demyelination, while i.p.

inoculation results in hepatitis [10,11].



1.2 DM-MHYV and necroptotic signaling in T cells

DM-MHYV, a plaque-purified isolate derived from suckling mouse brains, is a
moderately neurovirulent MHV variant [12]. Moreover, when i.p. injected into susceptible
mice, this strain can be an effective tool for interrogating mechanisms associated with host-
defense to viral infections within the periphery, as a robust CD4+ and CD8+ antiviral T cell
response is generated. In collaboration with Dr. Craig Walsh (University of California,
Irvine), we have recently utilized an in vivo DM-MHV infection model for studying
necroptotic signaling within effector T cells [13]. Necroptosis is a programmed cell death
pathway that occurs when pro-apoptotic caspases are inhibited [14]. Indeed, mice lacking
pro-apoptotic caspase-8 or expressing a dominantly interfering form of FADD (FADDdd), a
key protein involved in activating the caspase-dependent apoptotic pathway, displayed
blunted T cell responses and a disruption of overall T cell homeostasis [15-17]. This is
likely attributed to the activation of the alternative necroptotic death pathway, mediated by
RIP1 and RIP3 kinases, as a fail-safe mechanism to induce cell death [18,19]. Within this
study [13], RAG1-deficient mice that received FADDdd T cells following adoptive transfer
are unable to properly mount an immune response to DM-MHV due to a defective anti-viral
response by T cells. However, mice that received FADDdd T cells that also had Ripk3
genetically deleted resulted in a restoration of T cell function and clearance of virus,
highlighting the importance of RIPK3 in necroptosis. Detailed results from this study are

presented in Chapter 2.



1.3 JHMV-Induced Acute Encephalomyelitis

The neuroattenuated J2.2v-1 variant of the John Howard Mueller (JHM) strain of
mouse hepatitis virus (JHMV), a well-characterized laboratory strain derived from a mAb
escape mutant from the highly lethal JHM-DL virus, can cause severe encephalomyelitis and
demyelination in adult mice [20,21]. Infection of susceptible mice with JHMV have proven
to be effective mouse models for i) viral-induced encephalomyelitis, ii) defining molecular
mechanisms governing neuroinflammation, iii) characterizing mechanisms associated with
viral-induced immune-mediated demyelination, and iv) developing novel approaches to
promote remyelination within the context of persistent viral infection of the CNS.

Following a sublethal i.c infection with JHMV, virus infects and replicates within
ependymal cells lining the lateral ventricles [22]. Within 24-hours, JHMV rapidly spreads
and penetrates further into the parenchyma where astrocytes, oligodendrocytes, and
microglia are targets of infection [20,22]. Virus also disseminates to the spinal cord through
cerebrospinal fluid targeting ependymal cells prior to spreading to glial cells of the white
matter tracts [22]. Viral titers within the brain peak between days 5-7 post-infection (p.i.)
and decline below levels of detection by plaque assay (~100 PFU/g tissue) between 10-14
days post-infection (p.i.) [23]. However, sterilizing immunity is incomplete since viral
antigen and RNA is capable of persisting within the CNS [24], and this is associated with
chronic neuroinflammation leading to an immune-mediated demyelinating disease with
clinical and histologic similarities to the human demyelinating disease multiple sclerosis
(MS).

An innate antiviral response is triggered following JHMV infection, characterized by

increased expression of pro-inflammatory cytokines and chemokines along with matrix-



metalloproteinases (MMPs) [25,26]. A cytokine milieu consisting of [L-1«, IL-1, IL-6, IL-
12 and TNF-a is detected within CNS during the first 48 hours following JHMV infection
[27,28]. Type I IFN-a and IFN-f3 are also detected early in response to JHMV infection
suggesting an important role in host defense. Elegant studies by Bergmann and colleagues
[29] showed an increase in viral spread and mortality in JHMV infected IfnaR -/- mice,
while exogenous treatment of mice with either type [ interferon limits viral replication and
dissemination [30,31]. In addition to directly inhibiting viral replication, type I interferons
are believed to enhance antigen presentation via increased MHC class I expression, helping
link innate and adaptive immune responses [32].

Cellular components of the innate immune response consist of neutrophils, natural
killer (NK) cells and monocyte/macrophages that rapidly migrate to the CNS in response to
JHMV infection. Although these cells were initially not considered important in host
defense, this opinion has been revised based upon recent studies that have more carefully
examined their functional contributions. Both neutrophils and monocyte/macrophages are
now thought to contribute to the permeabilization of the blood-brain-barrier (BBB)
through secretion of MMPs, and this is critical for allowing access of virus-specific T cells
into the CNS [33-37]. With regards to NK cells, Trifilo et al. [38] provide a proof-of-principle
that NK cells can contribute to control of viral replication following infection of
immunodeficient mice with a recombinant JHMV engineered to express the chemokine
CXCL10. However, a more relevant study evaluating the functional contributions of NK
cells in host defense in response to JHMV infection was provided by Zuo et al., [39] in which

IL-15-deficient mice that lack NK cells were shown to control JHMV replication within the



CNS as efficiently as wildtype mice and effectively argue that NK cells are dispensable with
regards to effectively controlling JHMV replication during acute disease.

JHMV specific CD4+ and CD8+ T cells expand to viral antigens presented within
draining cervical lymph nodes [40] and traffic into the CNS through a permeable BBB in
response to chemotactic signals including the chemokines CXCL9, CXCL10 and CCL5 [40-
45]. Evidence for this is supported by chemokine neutralization studies where
administration of anti-CXCL10 or anti-CCL5 blocking antibodies during acute JHM infection
abrogates early CD4+ and CD8+ T cell infiltration to the CNS [41-44]. Administration of
blocking antibodies specific for CXCL10 to JHMV-infected mice during acute disease
impaired CD4+ and CD8+ T cell access to the CNS and inability to control viral replication
[42]. Similarly, JHMV infection of CXCL10-deficient mice limited entry of CD4+ and CD8+ T
cells into the CNS [46]. In contrast, treatment with anti-CXCL10 antisera in mice
persistently infected with virus in which demyelination is established selectively inhibited
virus-specific CD4+ T cells, but not virus-specific CD8+ T cell trafficking into the CNS
resulting in a dramatic improvement in motor skills [47,48]. Additionally, blocking CXCR3,
the receptor for CXCL10, also negatively impacts CD4+ T cell recruitment to the CNS while
trafficking of CD8+ T cells is not significantly impacted [41]. Follow up studies further
support the role of CXCL10 in promoting T cell migration following JHMV infection but not
in enhancing T cell antiviral effector functions [49]. These findings argue for differential
roles for CXCL10 in mediating trafficking of CXCR3-bearing T cells into the CNS in response
to JHMV infection and this is dictated, in part, by the stage of disease (i.e., acute versus
chronic). One potential explanation to these findings may lie in different trafficking

patterns of T cells during chronic disease as well as evidence indicating that virus-specific



CD8+ T cells are retained within the CNS during persistence [50]. Importantly, other
chemokines may promote the chemotaxis of T cells, macrophages, as well as other
inflammatory cells following JHMV infection. Indeed, adoptive transfer studies indicate that
CCR5-deficient CD4+ T cells (i.e., those that do not respond to the chemokine CCL5),
transferred into JHMV-infected Rag1 -/- mice display muted ability to traffic to the CNS
[51]. However, adoptive transfer of Ccr5 -/- CD8+ T cells can infiltrate into the CNS in
infected RAG1-deficient mice, demonstrating that differential signaling cues control CD4+
and CD8+ T cell migration during acute JHMV infection [52]. Genetic ablation of Ccr2, but
not its signaling ligand CCL2, results in increased mortality associated with impaired ability
to control JHMV replication within the brain and this correlated with limited infiltration of
virus-specific T cells into the CNS [53]. CCR2 has been shown to critical in regulating BBB
permeability by signaling through the receptor expressed on endothelial cells in other
neuroinflammatory disease models suggesting that CCR2 signaling influences leukocyte
access to the CNS by controlling BBB integrity in response to JHMV infection [54].
However, both CCL2 and CCR2 promote macrophage accumulation within the CNS of
infected mice [53]. Follow up studies confirmed the importance of CCL2 in mediating
monocyte/macrophage recruitment to the CNS of JHMV-infected mice [35,55].

Antiviral effector mechanisms associated with viral clearance within the CNS
include the elevated expression of MHC class [ and MHC class II on antigen presenting cells
(APCs) following secretion of IFN-y by both CD4+ and CD8+ T cells as well as perforin-
mediated cytolysis of astrocytes and microglia by virus-specific CD8+ T cells [23,56,57].
Upon JHMV infection of the CNS, CD4+ T cells promote CD8+ T cell expansion within the

periphery and aid in enhancing antiviral effector functions [58]. Depletion of CD4+ T cells



diminishes CD8+ T cell-mediated control of viral replication within the CNS that is
associated with reduced expression of IFN-y and granzyme B and elevated CD8+ T cell
apoptosis [58]. These results support and extend earlier studies [12,59] that CD4+ T cells
play a central role in both enhancing peripheral activation of CD8+ T cells and prolonging
their antiviral function within the CNS and further suggest that IL-21 may be a critical
factor in mediating these effects [58]. Infected oligodendrocytes appear to be resistant to
the cytolytic effector functions of CD8+ T cells, but rather control JHMV replication through
IFN-y signaling generated from virus-specific T cells [56,57,60,61]. The potent anti-viral
response reduces viral replication to below detectable levels (as defined by plaque assay)
between days 10-14 p.i., but sterile immunity does not occur; viral RNA and antigens
persist and are sequestered primarily within white matter tracts, and this is accompanied
by the presence of activated glial cells and retention of virus-specific CD4+ and CD8+ T cells
[23,24,62]. Neutralizing JHMV-specific antibody is detected during chronic disease and is
critical in preventing viral recrudescence [63-65].

More recently, Perlman and colleagues have provided important insight into the
functional role of regulatory T cells (Tregs) during acute JHMV-induced CNS disease
[66,67]. Tregs are detected within the CNS at the same time as effector CD4+ T cells
indicating the emergence and accumulation of both populations of cells is on a similar
timeline following viral infection. Further, virus-specific Tregs express both IFN-y and IL-
10 suggesting immune regulatory capacities mediated through cytokines secreted
following antigen stimulation. Indeed, virus-specific Tregs dampen proliferation of virus-
specific effector CD4+ T cells and depletion of Tregs increases mortality [66,67]. These

data suggest that within the context of acute JHMV-induced neurologic disease, Tregs limit



immunopathological CNS disease without negatively impacting viral clearance [66]. The
early immunological events within the CNS following infection with JHMV are highlighted

in Figure 1.1.
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Figure 1.1 Pathogenesis of the JHM-strain of mouse hepatitis virus. Intracranial
inoculation of C57BL/6 mice with the JHMV variant of mouse hepatitis virus (MHV) results
in viral replication within astrocytes and oligodendrocytes. In response to viral replication
within the CNS, several chemokines (e.g., CCL2, CXCL1 and CXCL2) are produced by
reactive glia that act to recruit neutrophils and macrophages to the CNS. Here, these cells
can degrade components of the blood-brain-barrier through the release of matrix
metalloproteinases (MMP), including MMP9. Permeabilization of the blood-brain-barrier
(BBB) facilitates the entry of virus-specific T cells into the parenchyma via a CXCL10
gradient where they act to clear infected cells through perforin-mediated cytolysis as well
as IFN-y secretion. However, sterile immunity is not achieved as viral RNA persists within
oligodendroglia, resulting in an immune-mediated demyelinating disease that is
characterized by myelin loss and oligodendrocyte dysregulation.
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1.4 Neutrophils, BBB breakdown and CXCR2 Signaling During Acute JHMV-Induced
Disease

Polymorphonuclear (PMN) neutrophils can infiltrate into the CNS within 24-hours
p.i. following i.c. inoculation with JHMV where are thought to carry out critical effector
functions in host defense including the release of matrix metalloproteinase-9 (MMP9) from
stored granules [37,68]. Their rapid migration to the luminal side of the perivascular space
correlates with degradation of the basal lamina and extracellular matrix of the blood-brain-
barrier (BBB), thus enhancing inflammation by facilitating the extravasation of monocytes
and leukocytes into the parenchyma [34,36,69-71]. The importance of neutrophils in host-
defense following JHMV infection was initially highlighted by Stohlman and colleagues [37]
demonstrating that there is an increase in viral burden and mortality of neutropenic mice
infected with the DM-MHYV lethal variant of JHMV. This correlated with a lack of detectable
MMP9 within CNS extracts and only minor disruption of the BBB, indicating a protective
role for neutrophils during the early stages of DM-MHYV infection [37].

The ELR-positive chemokines CXCL1 and CXCL2 in mice (the ortholog being CXCL8
in humans), delineated by a glutamic acid-leucine-arginine (ELR) amino acid sequence
preceding a group of conserved cysteine residues (CXC) at the amino termini of the
molecules, are potent chemoattractants for neutrophils which express the cognate
chemokine receptor CXCR2. Indeed, CXCL1 overexpression from oligodendrocytes within
the CNS of naive transgenic mice results in rapid neutrophil accumulation into the
perivascular, meningeal and parenchymal areas of the brain [72]. CXCL1 and CXCL2 are up-
regulated early within the brain and spinal cord of JHMV-infected mice with CXCL1 protein

expression appearing to co-localize with reactive astrocytes [34,71]. Similar to the results

12



of neutropenic mice infected with the DM-MHYV variant, blocking neutrophil recruitment to
the CNS through antibody mediated neutralization of the ligand domain of CXCR2 during
sublethal JHMV-infection leads to a significant increase in mortality and the inability to
control virus replication [34]. This is associated with over a 50% reduction in leukocytes
infiltrating into the CNS that correlated with an intact BBB and demonstrates a critical role
of ELR-positive chemokines in shaping the adaptive immune response to JHMV [34].
Curiously, host-defense to JHMV infection in CXCR2-deficient mice contradicts the
CXCR2 neutralization studies as CXCR2-deficient mice infected with JHMV have no deficits
in survival, viral clearance or BBB degradation [34]. Although reduced in numbers,
neutrophils were still detected within the CNS of JHMV infected CxcrZ2 -/- mice indicating
that their migration may be the result of induction of compensatory receptors that may
promote their chemotaxis, such as CXCR1 [34,73]. Furthermore, recent evidence has shown
that MMP secretion from neutrophils is not essential for promoting inflammation since
JHMV-infected Mmp9 -/- mice show similar BBB permeability and subsequent leukocyte
infiltration compared to infected Mmp9 +/+ controls, indicating that MMP9 is dispensable
for BBB disruption and compensatory mechanisms to promote BBB permeability exist,
such as enhanced MMP-3 secretion from resident glia [74]. In addition to MMP9 secretion
by neutrophils, it is also feasible that these cells can also influence MMP production by
resident cells of the CNS. Finally, Bergmann and colleagues [35] have shown that by
impairing monocyte recruitment to the CNS through genetic ablation of CCRZ there is the
retention of leukocytes within the perivascular space of the CNS, corresponding to a

reduction in neuroinflammation. This occurs regardless of neutrophil activity at the BBB,
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and further illustrates the complexity of early events leading to breakdown of the BBB
following JHMV infection [35].

Neutrophil effector activity has also been shown to have critical roles in other CNS-
based viral infections. Depletion of PMNs following infection of susceptible mice with West
Nile Virus (WNV) leads to higher viremia and reduced survival arguing for a protective role
for these cells [75]. Indeed, Bai et al. [75] demonstrated that infection of CXCR2-deficient
mice with WNV results in higher viremia at D5 p.i. However, one caveat to this study is that
neutrophils may be a viral reservoir for WNV, and the lack of neutrophil accumulation
within the brains of CxcrZ - /- results in lower viremia at early time points post-inoculation
with WNV. Nonetheless, neutrophils were shown to be important in host-defense to WNV.
Conversely, McGavern and colleagues [76] showed a detrimental effect of neutrophil
activity following infection with the mouse adapted Armstrong strain of lymphocytic
choriomeningitis virus (LCMV), where it was demonstrated that cytotoxic CD8+ T cells
promote neutrophil accumulation at the BBB, leading to a loss of vascular integrity that
results in fatal encephalitis. Moreover, silencing of CXCR2 through antibody blockade or
genetic ablation has been shown to dampen inflammation and tissue injury in models in
which neutrophil infiltration correlates with disease initiation such as inflammatory
mediated injury to the lung [77-79] and during experimental bacterial infections within the
brain [80].

Emerging evidence also suggests that CXCR2 bearing neutrophils are necessary to
promote CNS-based autoimmune disorders in mice [81,82]. Willenborg and colleagues [83]
first demonstrated that antibody depletion of PMNs could dampen clinical severity of early

effector phases of experimental autoimmune encephalomyelitis (EAE) following
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immunization with defined encephalitogenic myelin peptides. Neutrophils are rapidly
mobilized from the bone marrow within 48 hours following MOGss.s5 immunization, and
granulocyte-colony stimulating factor (G-CSF) and CXCL1 appear to be critical in this
process [84]. Furthermore, CXCL1 and CXCL2 are up-regulated within the CNS during
chronic EAE disease and genetic ablation or antibody blockade of CXCR2 within mice
resulted in the failure to develop EAE, while adoptive transfer of CXCR2 expressing PMNs
into Cxcr2 -/- mice reestablished EAE disease, although with slightly less severity [81,82].
The functions of neutrophils following EAE immunization appear to be within the
preclinical phase of the disease as they likely contribute to both BBB breakdown as well
and maturating local APC’s within the perivascular space spinal cord[85]. Finally, using a
cuprizone-induced demyelinating disease model, Liu et al. [86] discovered that neutrophils
are necessary to induce demyelination following cuprizone treatment, but CXCR2-deficient
mice were resistant to demyelination even though these cells accumulated within the CNS,
implicating abherrant effector functions in CxcrZ -/- neutrophils. Together, these findings
highlight a role of ELR+ chemokines in initiating and amplifying inflammation within the
CNS in response to infection with a neurotropic virus and sensitization to encephalitogenic
myelin peptides by enhancing migration, accumulation and effector functions of
neutrophils.

To expand our understanding of how ELR-positive chemokines influence host
defense and disease progression following JHMV infection of the CNS, we have generated
transgenic mice that utilize the tetracycline-controlled transcriptional activation system to
induce ELR-positive chemokine expression from the CNS (Figure 1.2) [87-89]. Within this

binary transgenic system, expression of CXCL1 from astrocytes is dependent on the activity
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of the doxycycline-inducible reverse tetracycline transactivator protein (rtTA). This
transactivator is a fusion protein containing a mutated Tet repressor DNA binding protein
(TetR) from the Tc resistance operon of E. coli transposon Tn10 that is fused to the
transactivating domain of VP16 from Herpes simplex virus. It can recognize the
tetracycline-responsive promoter element (TRE) that is comprised of a Tet operator (tetO)
linked to a minimal cytomegalovirus (CMV) immediate early promoter [90]. In a “tet-on”
system, the rtTA fusion protein is capable of binding to tetO only if bound and activated by
a tetracycline. A more optimized version of the rtTA protein, named rtTA2s-M2, was
recently developed to increase the sensitivity of binding doxycycline (Dox), leading to
improved binding to the TRE element [91]. The successful generation of the Dox-inducible
CXCL1 overexpressing mouse line has allowed us to selectively increase CXCL1 within the
CNS and evaluate its impact on neuroinflammation, viral spread and demyelination

following infection with JHMV. The results from this study are covered in Chapter 3.
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Figure 1.2 A TET-On binary transgenic system to control CXCL1 expression from
astrocytes. An optimized form of the doxycycline-inducible reverse tetracycline
transactivator protein (rtTA2s-M2) was placed downstream of the human version of the
GFAP promoter (hGFAP) that has been previously shown to be active within mature
astrocytes derived from mice. When bound to doxycycline, the rtTA2s-M2 protein can
recognize a tetracycline-responsive element (TRE) upstream of a mCMV promoter as well
as the open reading frame of CXCL1. Successful generation of the TET-On system has
allowed us to selectively increase CXCL1 within the CNS upon doxycycline administration
to mice containing both elements.
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1.5 Chronic JHMV-induced neurologic disease as a model for Multiple Sclerosis
Multiple Sclerosis (MS) is a complex disease of the central nervous system (CNS)
that is characterized by heterogenous pathologies composed of both inflammatory and
neurodegenerative components [92]. Although the identification of an etiological trigger of
MS remains elusive, disease induction is thought to result from several features including
both genetic predispositions and environmental factors (e.g., microbial infections) [93-98].
The most common histopathologic feature at early stages of the disease includes
intermittent episodes of acute inflammation within patches of white matter, resulting in
demyelination [99]. Myelin is critical for maintaining efficient axonal conduction and
oligodendrocytes, the myelin producer and maintainer of axonal health within the CNS, are
damaged or destroyed by the misguided attack by T cells that target proteins comprising
the myelin sheath. The role of leukocytes in disease initiation are highlighted through the
use of disease modifying agents (DMA) that block the infiltration of inflammatory T cells
into the CNS, resulting in extended periods of remission for MS patients with the relapsing-
remitting forms of the disease. For a majority of those with MS, focal attacks are generally
episodic, varying from 24 hours to several weeks in length and are usually followed by near
complete recovery of clinical symptoms, a disease course collectively referred to as
relapse-remitting MS (RRMS) [100]. Spontaneous remission can be associated with waning
inflammation and partial restoration of axonal conductivity due to remyelination
[101,102]. Endogenous oligodendrocyte precursor cells (OPCs) are found to be universally
dispersed within the human CNS and are enriched within high density within some
subacute lesions during early stages of MS [103]. Within a subacute demyelinating lesion,

perivascular infiltrates composed of activated CD4+ and CD8+ T cells as well as
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macrophages are thought to act in concert with reactive microglia to release a milieu of
pro-inflammatory factors that lead to oligodendrocyte dysregulation [99,104]. Additionally,
clonally expanded MHC class-I restricted CD8+ T cells are found in close proximity to
demyelinated axons and potentially target myelin epitopes [105]. Remyelination following
OPC maturation leads to the formation of shadow plaques, in which patches of
remyelinated white matter are composed of disproportionally thin myelin sheaths
surrounding axons [103,106-111].

Although RRMS can last throughout the individual’s lifespan, approximately 80% of
patients with RRMS will develop a progressive disease within two decades following
diagnosis, whereas 15% of individuals diagnosed with MS are classified as progressive
patients [112]. In general, progressive MS is the latest stage of the disease, characterized
by a gradual worsening of symptoms without remission. Severe neurological impairments
dramatically reduce the quality of life for the individual, and this is mainly attributed to
expanding cortical lesions impacting motor function. Pathologically, there is widespread
axonal degeneration and grey matter neuropathy without a significant presence of the
adaptive arm of immunity contributing to the immunopathology [113-116]. Rather, diffuse
white and gray matter inflammation has been reported that correlated, in part, to global
microglial activation as well as the presence of T cells, B cells and myelin-laden
macrophages, which are restricted to the borders of preexisting lesions [104,117].
Furthermore, there is an overall failure of OPCs to efficiently remyelinate damaged white
and gray matter areas, dramatically reducing the possibility for recovery [102,118].

The JHMV model of demyelination is a relevant MS model that differs from

autoimmune mediated demyelination including experimental autoimmune
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encephalomyelitis (EAE) as well as glial toxin models (e.g., cuprizone, lysolecithin, and
ethidium bromide) [1,119-121]. Mice infected with neurotropic variants of MHV mice
undergo chronic demyelination that is promoted through effector activity of virus-specific
and non-specific T cells [122,123]. Given the possibility of viral infection in initiating
demyelination in humans as well as the fact that numerous neurotropic viruses exist that
are capable of persisting within the CNS, JHMV provides an exceptional surrogate mouse
model of MS for studying chronic neuroinflammation and demyelination. A hallmark
feature of JHMV infection of the CNS occurs following the acute stage of disease in which
virus has spread into the spinal cord where it infects astrocytes and oligodendroglia. As a
result, virus persists as non-infectious RNA and animals develop demyelinating lesions
within the brain and spinal cord that are associated with clinical manifestations including
awkward gait and hindlimb paralysis.

An effective way to visualize and quantify demyelination on a macroscopic scale is
via luxol fast blue (LFB) staining. LFB contains a copper phthalocyanine dye that readily
binds to lipoproteins found on myelin sheaths, resulting in a blue staining of myelin-rich
regions and a lack of staining within demyelinating lesions. LFB analysis of spinal cord
sections during persistent JHMV-infection reveals new lesion formation within the anterior
funiculus of the spinal cord as early as day 7 p.i. [22]. As the severity neuroinflammation
increases, new lesions are often observed within the lateral funiculus and posterior
funiculus [22]. Additionally, axonopathy within the white matter tracts of the spinal cord is
present as observed with the use of the SMI-32 stain or the Bielschowsky's silver

impregnation stain and initial observations suggested that this occurred concomitantly
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with demyelination, whereas axonal degeneration has been argued to precede
oligodendrocyte dysregulation in MS [124,125].

Current evidence suggests that demyelination in JHMV-infected mice is not the
result of induction of an autoimmune response against neuroantigens as has recently been
reported to occur during Theiler’s virus-induced demyelination [126-128]. However,
adoptive transfer of T cells from JHMV-infected rats to naive recipients results in
demyelination [129]. Whether a similar response occurs in JHMV-infected mice and what
the contributions are to demyelination are unknown at this time. A recent report has
suggested that infection with mouse hepatitis virus strain A59 promotes activation of
autoreactive T cells specific to myelin basic protein although the contributions of these
cells to demyelination are defined [130].

Oligodendrocytes are an important viral reservoir during chronic JHMV-induced
disease [20,22]. However viral-induced lysis of oligodendrocytes is not considered a
primary mechanism contributing to demyelination, as JHMV-infection of immunodeficient
mice, e.g, those lacking thymically-educated T and B lymphocytes, results in wide-spread
viral replication within oligodendrocytes with very limited demyelination [131]. Moreover,
adoptive transfer of splenocytes from JHMV-immunized immunocompetent mice into JHMV
infected immunodeficient mice results in robust demyelination, implicating T cells as
mediators of white matter damage [131-133]. Additionally, JHMV infected Cd4 -/- or Cd8 -
/- mice develop demyelination demonstrating the importance of both T cell subsets in
contributing to neuropathology, although JHMV-infected Cd4 -/- mice exhibited a
diminished severity of myelin loss in the white matter tracts of the spinal cord compared to

infected Cd8 -/- mice, suggesting an important role for CD4+ T cells in amplifying disease
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progression [44]. One possible mechanism by which CD4+ T cells accelerate demyelination
is through secretion of the chemokine CCL5, a potent chemoattractant for inflammatory
macrophages [44]. Macrophages have been shown to be important in development of
demyelinating lesions within spinal cord white matter during chronic JHMV-infection
[131,134]. Furthermore, CCL5 neutralization or genetic ablation of Ccr5 is associated with
reduced macrophage infiltration correlating to a reduction in demyelination [135,136].

Early studies also implicated the release of nitric oxide (NO) from activated
inflammatory macrophages and resident microglia as a factor involved in inducing
demyelination [137]. Treatment of JHMV-infected mice with aminoguanidine (AG), a
selective inhibitor of nitric oxide synthase 2 (NOS2), diminished clinical disease severity
and this was associated with reduced neuroinflammation and demyelination arguing for a
potential role of NOS2-derived NO in regulating proinflammatory gene expression within
the CNS of infected mice [137]. However, genetic ablation of Nos2 did not dampen
demyelination in response to JHMV infection when compared to wildtype control mice
indicating that NO does not contribute to myelin damage [138,139]. Differences may relate
to off-target effects of AG that, in addition to muting NOS2 activity, also alter gene
expression of specific chemokine genes within resident glial cells.

An alternate view is the CD8+ T cells also enhance demyelination through release of
[FN-y and this promotes migration and accumulation of activated macrophages/microglia
within white matter tracts of JHMV-infected mice [140]. Other studies argue for a more
protective role for CD4+ T cells through IFN-y-mediated control of viral replication and/or
additional undefined mechanisms [141,142]. Bystander CD4+ T cells, such as those

activated yet not specific for viral antigens, are also thought to not be involved in white
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matter damage in JHMV-infected mice [143]. Adding additional insight into how T cells
contribute to either disease or defense are studies from Trandem et al. [144] showing that
adoptive transfer of Tregs to JHMV-infected mice attenuates clinical disease severity and
this is associated with dampened neuroinflammation and demyelination. Clearly, T cell
infiltration into the CNS of mice persistently infected with JHMV is important in the
pathogenesis of disease although a unifying mechanism(s) attributed to how these cells
contribute to disease progression as wells protection remains elusive and, most likely,
reflects different model systems used to evaluate functional roles for T cell subsets.
Although infectious virus is cleared by day 12 p.i., [FN-y secretion from activated T-
lymphocytes can be detected within the brain for up to four weeks p.i. and likely
contributes to the deleterious effects on oligodendrocytes during the chronic stage of the
disease [27]. Early studies have shown adoptive transfer of enriched CD8+ T cells obtained
from JHMV-sensitized IFN-y-deficient mice into JHMV-infected Rag1 -/- mice exhibited less
severe demyelination compared to recipients of IFN-y-expressing CD8+ T cells, implicating
CD8+ T cell-derived IFN-y as an important contributor to demyelination via
destruction/damage to oligodendroglia [140]. Numerous groups have demonstrated
increased sensitivity of oligodendrocyte progenitor cells (OPCs) to IFN-y-induced
apoptosis when compared to mature oligodendrocytes illustrating that susceptibility to
IFN-y-induced death is controlled, in part, by the maturation state of the cell [145-150].
Interestingly, demyelination is observed within JHMV-infected mice in which the IFN-y
receptor is selectively ablated in oligodendrocyte lineage cells suggesting that
demyelination is multifaceted and additional mechanisms, including the local release of

chemokines such as CXCL10 from activated resident glia, may directly contribute to
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dysregulation of oligodendrocyte function and/or death [60,137,151]. It is also possible
that IFN-y secretion by CD8+ T cells promotes the migration and accumulation of activated
macrophages/microglia within white matter tracts of JHMV-infected mice, leading to
demyelination [131,140]. Indeed, ultrastructural and immunofluorescence analysis of
JHMV-induced demyelinating lesions features macrophages/microglia engulfing myelin
near demyelinated axons [134,152,153]. However, discriminating between these cells
types by immunophenotyping and light microscopy remains a challenge to determine the
exact role each play in contributing to pathology during chronic neurologic disease. More
recently, Ransohoff and colleagues [154] have used electron microscopy to show a more
pathogenic role for macrophages compared to microglia in EAE model of MS. All together,
these findings suggest that demyelination is multifaceted and numerous factors could

contribute to pathology.
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1.6 Remyelination during JHMV infection

Numerous experimental models of CNS-injury have demonstrated that endogenous
OPCs can respond to ongoing demyelination through proliferation and maturation,
restoring depleted pools of mature oligodendrocytes and actively participating in CNS
remyelination [155-160]. Following JHMV-infection, PDGFRa-positive OPCs found within
the spinal cord increase six-fold between days 6 and 14 p.i., suggesting that OPCs become
mitotically active following the onset of demyelination [161]. Additionally, a rebound in the
total frequency of mature oligodendrocytes to pre-infection levels by 7 weeks p.i is also
observed, presumably due to the maturation of the expanding OPC population [161].
Nevertheless, OPC differentiation does not lead to substantial clinical recovery and full
remyelination within persistently infected mice, as exposed axons are still detected months
later following infection [161].

Several studies have identified a plethora of cytokines, chemokines and growth
factors that can impact OPC proliferation and maturation in vivo [159,161-163]. For
example, signaling through the CXCR2 chemokine receptor has been shown to enhance OPC
proliferation and aid in the directional migration of OPCs within the developing mouse
spinal cord, while its inhibition resulted in reduced proliferation and increased maturation
in an autoimmune model of demyelination [162-164]. Using the A59 variant of MHV,
Armstrong and colleagues [163] demonstrated that PDGF and FGF2 can regulate OPC
biology by stimulating proliferation and limiting maturation through activation of the notch
signaling pathway. Within the context of JHMV-induced neurologic disease, the
CXCR4/CXCL12 signaling axis may also play a crucial role in aiding OPC maturation.
Indeed, blocking CXCL12’s ability to bind to CXCR4 using the small molecule AMD3100
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leads to an increase in PDGFRa-positive OPCs and a decrease in mature oligodendrocytes
within the spinal cord, suggesting that CXCR4 signaling promotes OPC differentiation [161].
These results are supported and extended by Klein and colleagues [165] showing that
activation of the CXCL12 scavenger receptor CXCR7 as well as CXCR4, results in OPC

maturating during cuprizone-induced demyelination.
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1.7 Experimental autoimmune encephalomyelitis (EAE): A model of autoimmune
inflammatory demyelination.

Experimental autoimmune encephalomyelitis (EAE) is another widely used mouse
model of MS for studying immune-mediated demyelination. 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 MS [166]. In the prototypic induction regime, mice are
immunized by subcutaneous injection with defined encephalitogenic peptides that are
emulsified in innate adjuvants including Complete Freund’s Adjuvant (CFA), as well as
intravenous injection of pertussis toxin (PTx) [167]. CFA is composed of killed
mycobacteria dissolved in mineral oil and functions by promoting the proliferation of
autoreactive T cells as a result of the bacterium-derived antigens and toll-like receptor
agonists [166]. Although the exact function of PTx is still under investigation, evidence
suggests that it can promote breakdown of the BBB by increasing the expression of
cytokines and chemokines that act to attract myeloid cells to endothelial membranes,
resulting in their adhesion to the BBB and release of proteases that can degrade
components of the BBB [168,169].

Immunization of SJL mice with a proteolipid protein (PLP) neuroantigen cocktail
results in a relapse-remitting disease course, with the acute induction phase resulting in
ascending hind limb paralysis due to white matter demyelination. This is followed by a
remission phase for which mice show clinical recovery for at least 2 days after peak score
of acute phase [167]. Conversely, injecting C57BL/6 mice with a peptide cocktail derived

from myelin oligodendrocyte protein (MOG) spanning amino acid residues 35-55 (MOGs3s.

27



55) results in a progressive chronic demyelinating disease that shares many similarities to
the pathology associated with JHMV-infection as well as the later stages of MS [167].
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 specificity [170]. An
alternative approach to induce EAE is through the passive induction model [171]. Within
this protocol, naive mice are immunized with MOGs3s.s5s peptide in CFA. After 10-14 days
post-immunization, draining lymph nodes are isolated and T cells are cultured ex vivo in
the presence MOGs3s.s5s peptide and polarizing cytokines that promote Th1 or Th17 CD4+ T
cell proliferation. The CD4+ T cells are purified and subsequently adoptively transferred in
naive recipient mice, resulting in a neuroinflammatory disease with histologic similarities
to the active MOGss.ss immunization model [172]. The benefits to this method include the
ability to partition the contribution of Th1 and Th17 cells to pathogenesis of EAE.
Furthermore, mice receiving the polarized T cells are not administered CFA or PTx, thus
bypassing any immunomodulatory effects these factors induce following EAE
immunization.

The initial immune response generated following MOGs3s.s5 peptide immunization is
primarily driven by proliferation and infiltration of pathogenic Th17 CD4+ T cells and
neutrophils into the CNS [173,174]. As disease progresses, IFN-y-expressing CD4+ and
CD8+ T cells, as well as inflammatory macrophages, predominate the cellular composition
and can induce damage within the parenchyma [175]. Although IL-17A expressing Th17

cells are found at lower frequencies at later stages of the disease, evidence indicates that
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these cells can express an array of pro-inflammatory cytokines, such as GM-CSF, IL-2, IL-9,
IL-17A and IL-21, which can impact glial survival [173]. Within the context of MS, [L-17
mRNA and protein levels have been found to be elevated within cells found in the CSF of MS
patients during relapses [176,177]. 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 [178].
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1.8 ELR+ Chemokine Signaling During Chronic JHMV-Induced Disease and EAE

CXCR2 signaling may serve beneficial roles that extend beyond its influence on
promoting chemotaxis towards ELR-positive chemokine gradients. CXCR2 is expressed on
a variety of CNS cell subsets including neurons [179,180], astrocytes [181], microglia [182],
and cells of the oligodendrocyte lineage [71,151,183]. Human CXCL8, a ligand for CXCRZ2,
provides a neurotrophic effect on cultured hippocampal and cerebellar granule neurons
during in vitro viability assays [184,185], and also blocks Fas-mediated apoptosis of
cultured astrocytes [186]. Furthermore, cultured mouse OPCs proliferate in response to
CXCL1 secreted from spinal cord astrocytes [187], while the CXCL1/CXCR2 signaling
system is associated with the proliferation of human fetal OPCs [188] and OPC positioning
and proliferation within the developing mouse spinal cord [189]. Transgenic mice devoid
of CXCR2 have misalignments and an overall paucity of OPCs that remains into adulthood
and this results in reduced myelin within the spinal cord white matter (Padovani-Claudio
2006). In addition, OPCs derived from CxcrZ -/- mice have reduced numbers of mature
oligodendrocytes when maturated in culture, demonstrating an essential role for CXCR2 in
OPC differentiation.

More recently, a study by Liu and colleagues [158] used bone marrow chimeric mice
to partition the contribution of CXCR2 expression on hematopoietic cells and CNS cells.
Following adoptive transfer of bone marrow derived CXCR2-expressing cells from WT mice
into Cxcr2 -/- mice, OPCs divided more rapidly associated with greater oligodendrocyte
differentiation within demyelinated areas in both EAE and cuprizone models of
demyelination [158]. This study indicates that CXCR2 expression on cells of the CNS is

inhibitory for myelin repair following demyelination and therefore contributes to chronic
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disease. Other studies using CXCR2 antagonists in EAE and spinal cord injury showed that
blocking CXCR2 induced oligodendrocyte differentiation and promoted recovery, further
suggesting a pathologic role for CXCR2 under defined experimental conditions [190,191].
However, CXCR2 antagonist treatments result in a global reduction of CXCR2 and some of
the benefits observed in these studies were likely due to decreased inflammatory cell
infiltration into the CNS. Nevertheless, while CXCR2 is necessary for OPC proliferation
during development it appears to be deleterious under some pathologic conditions.

Cell specific manipulation of proteins involved in ELR-signaling within the CNS
during EAE has recently been addressed by Kang and colleagues [192] where OPC specific
ablation of Actl, the intralleculllar adaptor protein for [L-17 signaling, lead to dramatic
reduction in the expression levels of CXCL1 and CXCL2 in the CNS and correlated with
dampened severity of clinical disease. The Th17 cytokine pathway is a strong inducer of
ELR-positive chemokine signaling and this study suggests that oligodendrocyte progenitors
can enhance inflammation following IL-17R activation. Act1 ablation within neurons and
mature oligodendrocytes lead to no reduction in inflammation while ablation in GFAP-
positive astrocytes resulted in a modest reduction in inflammation. Conversely, Omari et
al. [193] have described a potential protective effect of CXCL1 overexpression during EAE.
Using a doxcycline-inducible transgenic mouse system, the authors revealed that astrocyte-
specific CXCL1 overexpression following the induction of EAE reduces clinical severity and
is associated with diminished demyelination and enhanced remyelination [193]. However,
the results of this study remain enigmatic due to the difficulty in defining the exact

mechanism by which CXCL1 leads to the observed effects as overexpression of CXCL1 could
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desensitize CXCR2 signaling on neutrophils and negatively impact their migration to the
CNS [194].

With regards to a protective role for CXCR2 in preventing cells from an
oligodendrocyte lineage from death during JHMV infection, we have recently demonstrated
that administration of a blocking antibody specific for CXCR2 to JHMV-infected mice
increases clinical disease severity, and this correlates with a significant increase in
oligodendrocyte apoptosis and demyelination [71]. Furthermore, JHMV infection of
cultured OPCs derived from mouse neural progenitor cells (NPCs) results in apoptosis and
this is blocked following inclusion of the CXCL1 [71]. The protective effect of CXCR2
signaling also extends to IFN-y - induced apoptosis of cultured OPCs as addition of CXCL1
to IFN-y - treated cultures restricts cell death [151]. Our findings suggest that one
mechanism by which IFN-y induces OPC death is through induction of CXCL10 that
subsequently signals through CXCR3 [151]. Highlighting the importance of CXCL10 in
enhancing IFN-y - mediated cell death is the demonstration of reduced apoptosis in I[FN- vy -
treated OPC cultures derived from Cxcr3 -/- mice [151]. This observation supports and
extends other studies demonstrating CXCL10 promotes neuronal apoptosis during simian
immunodeficiency virus-induced encephalitis [195] and WNV-induced encephalitis [196-
198]. Furthermore, the significance of CXCR2 signaling to OPC protection from IFN-y and
CXCL10-mediated cell death is further underscored by the finding that CXCR2-deficient
OPCs are resistant to the tonic effects of CXCL1 in response to treatment with either [FN-y
or CXCL10. Mechanisms associated with CXCR2-mediated protection in these findings
[151] include reduced activation of the pro-apoptotic caspase 3 and increased expression

of the anti-apoptotic Bcl2 in CXCL1-treated cultures. Collectively, findings derived from in
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vivo models ranging from development, as well as disease models such as EAE and JHMV-
induced demyelination, to in vitro studies examining how cytokine/chemokine signaling
affects oligodendroglia biology advocate that CXCR2 signaling is involved in many of these
processes. However, all of these experiments have employed either germline-deficient mice
deleted of Cxcr2 or treatment with blocking antibodies and small molecule antagonists to
assess how CXCR2 signaling controls these events. Therefore, accurate interpretation of
how CXCR2 signaling modulates oligodendroglia biology is confounded by the fact that
microglia, astrocytes, and neurons may express CXCR2, leading to potential of off-target
effects of CXCR2-targeted therapies. To circumvent this issue, we have generated mice in
which CxcrZ2 is inducibly ablated in oligodendroglia in adult mice in order to evaluate how
signaling through this receptor affects disease progression in EAE and JHMV-induced

neurologic disease (Figure 1.3). These findings are detailed in Chapter 4.
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Figure 1.3 A tamoxifen-inducible transgenic mouse line to ablate Cxcr2 in
oligodendroglia lineage cells. To ablate Cxcr2 in oligodendrocyte-lineage cells, a
tamoxifen-inducible Cre-ER 2 mouse line was generated in which an enhancer element
derived from the Plp gene promotes expression of a tamoxifen-inducible form of Cre
recombinase (CreER"?), generating Plp-Cre-ERT2*/*; Cxcr2 //f mice . These mice were then
crossed to a Cre-inducible reporter strain to generate Plp-Cre-ER T2 +/* :: Cxcr2 /1 :: R26-
stop-Td */- mice.
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1.9 Summary

JHMV infection of susceptible mice reveals important clues about how the ELR-
chemokines CXCL1 and CXCL2 and their cognant receptor CXCR2 orchestrate leukocyte
infiltration into the CNS to combat viral infection. Moreover, the biphasic pathogenesis of
JHMV that ultimately results in chronic demyelination shares several histologic features
with human demyelinating disease MS, making it a useful model to study ELR-chemokine
signaling on oligodendroglia within context of chronic neurologic disease. To expand our
understanding on how CXCR2 signaling within the CNS signaling impacts
neuroinflammation, we have also utilized the EAE model of MS that features distinct
immunopathological features when compared to the JHMV model.

Chapter 2 describes a role for RIPK3 in facilitating an alternative death pathway
within T cells lacking a functional form on the proapoptotic FADD protein. In vitro,
homeostatic proliferation and survival of CD8+ T cells derived from FADDdd mice was
restored when CD8+ T cells also lacked RIPK3. Following intraperitoneal inoculation of
with the DM strain of MHV, mice that were reconstituted with FADDdd T cells were unable
to mount a proper immune response to the virus, leading to uncontrolled viral titers as a
result of a paucity of virus-specific effector T cells. These data suggest that the principle
defect in these mice is the survival and protraction of MHV-specific T cells. Alternatively, T-
cell-intrinsic loss of RIPK3 within FADDdd mice led to a restoration of anti-viral activity
and efficient viral clearance, indicating that FADDdd and RIPK3 have antagonistic roles in T
cell homeostasis and that RIPK3 is an essential component of TCR-induced necroptosis in T

cells lacking FADD.
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Chapter 3 examines how ELR-positive chemokines influence host-defense and
progression of JHMV-induced neurologic disease. Within this study, transgenic mice were
engineered in which CXCL1 is under control of a doxycycline-responsive element
specifically in astrocytes. Elevated CXCL1 protein levels within the brain and spinal cord of
transgenic mice resulted in significant accumulation of neutrophils within the CNS, leading
to augmented clinical disease severity. However, no differences were observed in BBB
integrity or in the recruitment of other immune cells into the CNS, suggesting that
increased accumulation of neutrophils following infection with JHMV does not enhance
leukocyte entry into the parenchyma. To determine if neutrophils contributed to the
increase in white matter pathology, neutrophils were depleted with an anti-Ly-6g antibody.
Treatment resulted in a modest decrease in clinical disease that reach significance at day
12 post-infection and reduced demyelination, suggesting that neutrophils were associated
with white matter damage.

Chapter 4 reveals disparate roles for CXCR2 signaling on oligodendroglia within the
JHMV and MOGss-55 EAE mouse model of neuroinflammation. Tamoxifen-inducible PLP-Cre-
ERT™?; CxcrZ2 fl/fl transgenic mice were utilized to ablate CxcrZ2 in oligodendrocytes.
Following MOGs33.55 EAE immunization, tamoxifen treated mice mice displayed delayed
onset of disease and markedly reduced disease severity that correlated with a reduction in
immune cell infiltration and damped expression of proinflammatory factors within the
CNS, indicating an immunomodulatory role for CXCR2 signaling on resident
oligodendroglia. In contrast, CNS infection of tamoxifen-treated PLP-Cre-ER"? ; Cxcr2 /1
mice with JHMV, which results in a Th1/IFN-y-mediated demyelinating disease, did not

affect either neuroinflammation or demyelination and proinflammatory gene expression
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between tamoxifen-treated and control mice remained similar. These findings highlight
differential roles between the immunological events that take place within these two
models.

Collectively, these findings reveal important insights into mechanisms that govern
neuroinflammation within the context of viral infections within the CNS as well as EAE
autoimmune model of demyelination. By using novel approaches to manipulate cell-
specific chemokine and chemokine receptor expression, we have demonstrated that CXCL1
overexpression augments JHMV-induced clinical disease as a result of chronic neutrophil
accumulation within the CNS. Furthermore, inducible ablation of CxcrZ in oligodendrocytes
reveals a novel immunomodulatory role the CXCR2 signaling axis on oligodendroglia
within MOGs33.55 immunized mice. Continuing to understand how chemokine signaling
events regulate immune cell tracking into the CNS and their functions on endogenous glia

may reveal novel targets for therapeutic intervention.
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Abstract

Caspase-8 (casp8) is required for extrinsic apoptosis, and mice deficient in casp8 fail
to develop and die in utero while ultimately failing to maintain the proliferation of T cells, B
cells, and a host of other cell types. Paradoxically, these failures are not caused by a defect
in apoptosis, but by a presumed proliferative function of this protease. Indeed, following
mitogenic stimulation, T cells lacking casp8 or its adaptor protein FADD (Fas-associated
death domain protein) develop a hyperautophagic morphology, and die a programmed
necrosis-like death process termed necroptosis. Recent studies have demonstrated that
receptor-interacting protein kinases (RIPKs) RIPK1 and RIPK3 together facilitate TNF-
induced necroptosis, but the precise role of RIPKs in the demise of T cells lacking FADD or
casp8 activity is unknown. Here we demonstrate that RIPK3 and FADD have opposing and
complementary roles in promoting T-cell clonal expansion and homeostasis. We show that
the defective proliferation of T cells bearing an interfering form of FADD (FADDdA) is
rescued by crossing with RIPK3-/- mice, although such rescue ultimately leads to
lymphadenopathy. Enhanced recovery of these double-mutant T cells following stimulation
demonstrates that FADD, casp8, and RIPK3 are all essential for clonal expansion,
contraction, and antiviral responses. Finally, we demonstrate that caspase-mediated
cleavage of RIPK1-containing necrosis inducing complexes (necrosomes) is sufficient to
prevent necroptosis in the face of death receptor signaling. These studies highlight the
“two-faced” nature of casp8 activity, promoting clonal expansion in some situations and

apoptotic demise in others.
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2.1 Introduction

Following ligation of death receptors (DR), death domain-containing members of
the TNF receptor superfamily recruit proteins that are essential for promoting DR-induced
apoptosis [1]. These include caspase-8 (casp8), a noncatalytic paralogue of casp8 called c-
FLIP, and the adaptor protein FADD (Fas-associated death domain protein). Curiously, loss
of any of these proteins leads to early embryonic lethality and significant defects in
hematopoiesis and activated lymphocyte survival [2]. Furthermore, T-cell-specific
expression of an interfering form of FADD containing only the death domain of this adaptor
(FADDdA) leads to defective T-cell clonal expansion and altered thymopoiesis[3-5]. These
findings suggest that the signaling molecules that promote apoptosis following DR function
serve additional roles that are linked, but unrelated to apoptosis. Recently, it was
discovered that the defective survival of T cells lacking active casp8 is associated with a
hyperautophagic morphology, and that such T cells die from an alternative form of cell
death mediated by receptor-interacting protein kinase-1 (RIPK1) [6,7].

For several years, it has been known that triggering DRs in the absence of caspase
activity can lead to a nonapoptotic form of cell death that resembles necrosis [8,9] that
requires the serine/threonine kinase activity of RIPK1 [10]. By using a small-molecule
library, Yuan and colleagues identified a family of molecules termed necrostatins that are
capable of binding to RIPK1 and blocking DR-induced necrosis [11], a process defined as
necroptosis. RNAi screening of genes responsible for DR-induced necroptosis validated that
RIPK1 is required for this alternative form of cell death [12] by forming a complex with
RIPK3 termed the necrosome [13] in the absence of casp8 function [14-16]. Thus, it is now

clear that both RIPK1 and RIPK3 are functionally required for the elaboration of
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necroptotic signaling following DR ligation in cells lacking the capacity to activate caspases.
As RIPK1 and RIPK3 have both been shown to be targets for casp8 activity, it has been
suggested that failure in casp8-mediated cleavage of RIPK1 and RIPK3 may lead
preferentially to necroptosis [13,17].

Although our previous work has demonstrated that FADDdd-expressing and casp8-
deficient T cells succumb to RIPK1-dependent necroptosis, we wished to assess the
potential involvement of RIPK3 in this process. Interestingly, although FADD is required,
the classic DRs are unlikely to be involved in the demise of such mutant T cells, as
antagonizing them failed to block the induction of casp8 activity following T-cell mitogenic
stimulation [18]. Thus, we sought to establish the in vivo impact of non-DR-induced
necroptosis to T-cell-mediated immune function in the context of T cells lacking the
capacity to activate casp8. Importantly, because mice bearing a germline RIPK1 deletion
succumb to perinatal lethality [19], we chose instead to cross FADDdd-expressing mice [4]
with RIPK3-/- mice, as the latter strain develops in an overtly normal fashion, and RIPK3-/-
T cells display no obvious activation defects [20]. We find that a RIPK3 deficiency acts as a
second site suppressor mutation in the context of FADDdd-expressing T cells, and prevents
acute necroptosis of these cells following mitogenic stimulation. This RIPK3 deficiency also
restores in vivo T-cell-mediated antiviral activity observed in FADDdd transgenic mice
[21], but promotes development of lymphoproliferative disease. RIPK1 and RIPK3 both
appear to be cleaved following T-cell antigenic stimulation, and we demonstrate that

blockade of RIPK1 processing is sufficient to promote DR-induced necroptosis.
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2.2 Results

To investigate the role of RIPK3 in T-cell development and homeostasis, spleens,
lymph nodes, and thymi were harvested from WT mice, mice expressing FADDdd in
thymocytes and T cells [4], RIPK3-/~ mice [20], and RIPK3-/- x FADDdd mice for initial
comparison of CD4+* and CD8* T-cell ratios. WT naive splenocytes typically display a 2:1
CD4:CD8 ratio, whereas FADDdd splenocytes display a 4:1 CD4:CD8 ratio as a result of
defective CD8* accumulation and homeostasis [21]. Loss of RIPK3 signaling in FADDdd T
cells restored the CD4:CD8 ratio to WT levels in spleen and lymph nodes (Figure 2.1A),
and rescued the diminished fraction of FADDdd CD44H!igh/CD62LHigh T cells or central
memory T cells (Tcv; Figure 2.1B). These dual mutant mice also displayed an enhanced
fraction of CD44High /CD62LLew effector T cells (Figure 2.1C), potentially because of
defective clearance of autoreactive T cells. We observed no significant differences in the
fractions of CD4, CD8, CD4/CD8 double positive, or CD4/CD8 double-negative (DN)
populations among the four genotypes (Figure 2.1D). FADDdd T cells display a partial
block during thymopoiesis at the CD4-CD8-CD25+*CD44- (DN3) stage associated with
expression of the pre-Ta/T-cell receptor (TCR)- complex [4]. Failure to express the pre-
Ta/TCRB complex leads to thymocyte death, whereas successful surface expression
promotes proliferation and differentiation into the CD25-/CD44- “DN4” stage [22]. As
expected, we observed an enhanced DN3 population and a paucity of DN4 cells in FADDdd
thymocytes, whereas WT, RIPK3-/-, and FADDdd x RIPK3-/- thymocytes developed normal

fractions of DN3 cells (Figure 2.1E and Figure 2.51).
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Figure 2.1. CD8* T-cell homeostasis restored in FADDdd x RIPK3-/- mice. (4) Spleen
and lymph node cells were analyzed by flow cytometry for CD4+ vs. CD8* populations.
Numbers represent percentage of cells staining in each gate. (B) Graph displays number of
CD4+ and CD8* cells in the spleen, representative of three separate experiments. Error bars
represent SEM (**P < 0.01 and ***P < 0.001 vs. WT CD8*). (C) Decreased CD8* memory T
cell population in FADDdd mice restored with RIPK3 deficiency. CD8* gated splenocytes
analyzed for CD44+CD62L- (D). Thymocyte DN population shown by anti-CD4 and anti-CD8
staining; numbers represent percentage of cells per quadrant. (E) Graph displays DN4:DN3
population in thymocytes of indicated genotypes, representative of three experiments

(*P < 0.05 and **P < 0.01). Error bars indicate SEM.
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Previous studies have demonstrated that FADDdd or casp8-/- T cells display
defective clonal expansion following antigen receptor stimulation [2] as a result of the
induction of necroptotic cell death [6,7]. With recent evidence demonstrating that both
RIPK1 and RIPK3 are involved in promoting necroptotic death following DR ligation [23],
we sought to determine if RIPK3 may participate in the necroptotic death of FADDdd T
cells. Splenocytes from FADDdd x RIPK3-/- mice were labeled with carboxyfluorescein
succinimidyl ester (CFSE) and cultured with a-CD3/-CD28 for 3 d to detect the T-cell
proliferative response. As observed previously, FADDdd T cells had a diminished
proliferative response, as assessed by accumulation of live CD8*/CFSEL° T cells (Figure
2.2A). In contrast, FADDdd x RIPK3-/- T cells displayed an enhanced proliferative
response, correlating with a reduced fraction of 7-actinomycin D (7AAD) high T cells,
demonstrating that the loss of RIPK3 rescued the defective clonal expansion and death of
FADDAA T cells (Figure 2.2B). Although treatment with the RIPK1 inhibitor Nec-1 restored
FADDdd T-cell proliferation to levels comparable to RIPK3-/~ T cells, the loss of both FADD
and RIPK3 signaling led to an appreciable enhancement in recovery of live proliferating T
cells (Figure 2.2C). Further assessment of the role of FADD in peripheral tolerance
revealed that, upon restimulation through the TCR, FADDdd and FADDdd x RIPK3-/- T cells
are resistant to restimulation-induced cell death (RICD) (Figure 2.2D). However, loss of
RIPK3 signaling, alone or in the context of the FADDdd mutation, led to little enhanced
recovery of live T cells upon restimulation, demonstrating that the death pathway induced

during RICD is almost entirely FADD-directed, casp8-mediated apoptosis.
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Figure 2.2. RIPK3 deficiency restores proliferation and survival of FADDdd CD8* T
cells. (4) CFSE analysis of CD8* T cells treated with a-CD3 (145-2C11; 1 pg/mL) plus
aCD28 (200 ng/mL). Splenocytes were stained and analyzed by cytometry after 3 d. Shown
are plots for CFSE vs. cell numbers of CD8* splenocytes. (B) Rescue of enhanced death
phenotype of FADDdd CD8+* T cells by RIPK3 deficiency. Plots for CFSE vs. 7-AAD of CD8
cells; upper and lower left quadrants represent populations that have divided and are dead
or alive, respectively. (C) Recovery of live CD8* T cells in FADDdd x RIPK3-/- vs. WT
cultures following 3 d stimulation. Activated splenocytes treated with or without 10 uM
necrostatin-1 (Nec-1) added at start of culture. Graph represents percent viable CD8* cells
recovered + SEM. (D) Fold change in cell death of CD4* or CD8* cells upon restimulation
(restim) with or without Nec-1 relative to death observed in activated cells (1 ug 1 x 10>
cells aCD3, 200 ng/mL aCD28) not subjected to restimulation (dotted line). Error bars
represent SEM (*P < 0.05, **P < 0.01, and ***P < 0.001 vs. WT restimulation). (E) Lymphoid
tissue from aged (40 wk) mice of indicated genotypes. (F) FACS plots display percentage of
double-negative population that are CD3* B220* in mice of indicated genotypes. (G) Graphs
represent counts or percentage of total live cells (after RBC lysis) that are
CD4-CD8-CD3*B220+*. Error bars represent SEM; n = 3 of each genotype.
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Mice and human subjects lacking functional Fas receptor (CD95) or Fas-ligand
(CD95L) develop lymphoproliferative disease and autoimmune lymphoproliferative
syndromes, respectively, as well as an accumulation of CD4-, CD8-, CD3+, B220+ T
lymphocytes. Similarly, older FADDdd x RIPK3-/- mice displayed a slight splenomegaly
with frank lymphadenopathy and enlarged thymi (Figure 2.2E), coupled with a dramatic
increase of CD4-, CD8-, CD3+, B220* T lymphocytes (Figure 2.2F and G). Histological
analyses revealed lymphocyte infiltrates within livers of the DKO mice (Figure 2.S2). These
findings demonstrate that, although RICD drives a mostly apoptotic form of death, chronic
loss of both DR-induced apoptosis and necroptosis leads to recapitulation of the
lymphoproliferative phenotype observed in mice lacking functional Fas or FasL.

FADDdd mice are incapable of mounting an effective immune response against viral
pathogens, including lymphocytic choriomeningitis virus and murine hepatitis virus (MHV)
[21]. To address the consequence of the loss of both RIPK3 and FADD signaling during an
antiviral response, FADDdd x RIPK3-/~ mice were injected intraperitoneally with 2 x 10>
pfu of MHV and killed 7 d after infection. Tetramer staining of T cells in the liver showed
infiltration of virus-specific T cells to the infected tissue, which was not evident in FADDdd
mice as expected, but restored in FADDdd x RIPK3-/- mice (Figure 2.3A). To determine
whether FADD and RIPK3 play a role in cytotoxic T lymphocyte (CTL) activity, in vivo and
in vitro CTL assays were performed by using target cells pulsed with nonspecific
[ovalbumin (OVA)] or virus-specific immunodominant (S510) peptides. To assess in vivo
killing activity, C57BL56/] splenocytes were pulsed with low and high concentrations of
CFSE, followed by peptide pulsing with S510 and OVA peptides, respectively. One hour

after injection of pulsed splenocytes into 7 d mock- and MHV-infected mice, spleens were
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harvested to assess the recovery of S510- vs. OVA-pulsed target cells. Whereas FADDdd
mice failed to kill S510-pulsed target cells because of defective accumulation of effector
cells, killing activity was similar among WT, RIPK3-/-, and FADDdd x RIPK3-/- mice (Figure
2.3B and C). As with restoration of virus-specific effector cells, deletion of RIPK3 in

FADDdd mice rescued their defective clearance of MHV (Figure 2.3D).
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Figure 2.3. FADDdd x RIPK3-/- mice exhibit normal immune response to murine
hepatitis virus (MHV) infection. (4) T cells from livers of infected mice were stained with
MHV-specific (S510) tetramer. Graph represents percentage of S510-positive cells of total
CD8* cells. (B) Nonspecific and specific target cells were labeled with CFSEh/low,
respectively, and adoptively transferred into infected and sham mice for in vivo CTL
analysis shown by FACS plots. Graph displays percent specific lysis (**P < 0.01). (C)
Splenocytes from infected and sham mice were incubated with specific/nonspecific target
cells for 4 h to measure in vitro CTL activity. Graph represents percent specific lysis.
Considered a significant difference with respect to WT specific lysis (*P < 0.01, ***P <
0.001). (D) Livers from infected mice were harvested 7 d after infection for viral titer
analysis. Error bars indicate SEM (***P < 0.001).
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To address the T-cell-intrinsic role of both RIPK3 and FADD signaling during an
antiviral response, we performed MHV infection studies in immunodeficient Rag2-/- x
IL2Ryc~/~ mice reconstituted with purified T cells from the four genotypes. 2.5 x 106 T cells
were adoptively transferred into Rag2-/- x IL2ZRy./~ mice, and rested for 7 d before
injected intraperitoneally with 2 x 10> pfu of MHV. Although overall splenocyte numbers 7
d after infection were approximately similar in uninfected mice, indicating no defect in
homeostatic proliferation, FADDdd x RIPK3-/- possessed a greater number of splenocytes
relative to other mice, consistent with a potential defect in lymphocyte homeostasis
following viral infection (Figure 2.4A). To evaluate the generation of virus-specific T cells,
IFN-y production was analyzed after a 6-h in vitro restimulation of splenocytes with the
immunodominant CD8* T-cell epitope, the MHV S510 peptide. RIPK3-/- and FADDdd x
RIPK3-/- mice developed comparable numbers of IFN-y-expressing splenic CTLs as WT
mice, whereas the recovery of these virus-specific T cells was significantly diminished in
FADDdd spleens (Figure 2.4B). These findings demonstrate that the loss of RIPK3 rescued
the expansion capacity of antiviral T cells expressing FADDdd. Consistent with this, the
diminished fraction of effector/memory CD8* (CD44High/CD62LLW) T cells observed after
infection in FADDdd splenocytes was restored to WT levels in FADDdd x RIPK3-/- mice

(Figure 2.S3).
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Figure 2.4. T-cell-intrinsic FADD and RIPK3 activity required for antiviral response
to murine hepatitis virus (MHV) infection. (4) Initial splenocyte counts of infected and
control mice in indicated genotypes (*P < 0.05 and **P < 0.01). (B) FADDdd x RIPK3-/-
adoptive transfer mice and controls were infected intraperitoneally with MHV. [FN-y levels
in splenocytes of infected and control mice were determined by intracellular [FN-y staining
7 d after infection. Splenocytes were restimulated 6 h with S510 or OVA peptides and
stained for CD8. [FN-y(+) cells were calculated by multiplying total splenocytes by
percentage of [FN-y cells (**P < 0.01 vs. infected FADDdd S510).
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Processing of RIPK1 and/or RIPK3 by casp8, itself activated by FADD [and possibly
cFLIP [24]], is thought to prevent necroptosis [13,17]. Considering that casp8 catalytic
activity is required for T-cell clonal expansion [18], processing of RIPK1 or RIPK3, both of
which are targets of casp8 [25,26], was assayed following T-cell antigenic stimulation. We
detected cleaved RIPK1 and RIPK3 in viable OT-I OVA-specific T cells following stimulation
with OVA peptide or anti-Fas [27] (Figure 2.5A). This led us to pose the broader question
of whether processing of RIPK1 and/or RIPK3 may also occur during DR-induced apoptosis
vs. necroptosis. We treated Jurkat T cells lacking FADD [28], which are known to be highly
sensitive to DR-induced necroptosis [10]( Figure 2.S4), and FADD-/- Jurkat cells
transfected with full length FADD (FADDREC; Figure 2.5B) with TNF-a or TRAIL and

detected RIPK1 (and PARP1) cleavage fragments in FADDREC cells (Figure 2.5C).
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Figure 2.5. RIPK1/RIPK3 cleavage following TCR vs. DR ligation. (A) OT-I T cells [27]
were stimulated with OVA peptide for 72 h and stimulated without or with a-Fas or left
untreated (naive); immunoblots were hybridized with a-RIPK1 and a-RIPK3 to detect
processing. Graphs represent percent RIPK1/3 cleavage (*P < 0.05 and **P < 0.01). (B)
Reconstitution of FADD-deficient Jurkat cells [28] (FADD~/-) with full-length FADD
(FADDREC), and blots of lysates probed with a-FADD and a-casp8. (C) Western blot of RIPK1
and RIPK3 cleavage in FADD-/- and FADDREC Jurkat cells; HSP90 used as loading control.
RIPK1_Cl, PARP_Cl,, cleaved RIPK1 and PARP1, respectively. (D) Parental, RIPK1-/;
D325A RIPK1, M92G/D325A RIPK1 Jurkat cells treated with TNFa, Nec-1 (10 uM), or z-
VAD-FMK (20 pM) and stained with 7AAD and annexin-V to detect death.
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To assess the potential that casp8-mediated processing of RIPK1 prevents the
elaboration of a necroptotic response following DR ligation, we treated RIPK1-deficient
Jurkat cells [29] stably reconstituted with cleavage-resistant RIPK1_D325A or kinase
dead/cleavage-resistant RIPK1_M92G/D325A [rendered catalytically inactive by a kinase
“gatekeeper” mutation [30]; (Figure 2.S5) with TNF-a + Nec-1 or zVAD-FMK (Figure
2.5D). RIPK1-/- cells were sensitized to TNF-induced apoptosis, which was rescued with
the addition of zZVAD-FMK. In contrast, cells expressing noncleavable RIPK1_D325A were
sensitized to TNF-induced necroptosis, which was rescued by Nec-1. Blocking kinase
activity of cleavage-resistant RIPK1 (M92G/D325A) diminished TNF-induced necroptotic
death observed in RIPK1_D325A reconstituted RIPK1-/- Jurkat cells. Ectopic expression of
RIPK1_D325A in RIPK1-sufficient Jurkat cells failed to shift TNF-induced apoptosis to
necroptosis (Figure 2.S6). Thus, uncleaved RIPK1 does not act in a dominant fashion to
promote necroptosis. Presumably, only a small fraction of activated RIPK1, recruited via
association with FADD or other adaptors, is necessary for a necroptotic response to TNF.
These results provide evidence that direct inactivation of RIPK1 and/or RIPK3, through a
FADD-dependent mechanism, differentiates between apoptosis and necroptosis, and RIPK1

activity is required to promote necroptosis.
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2.3 Discussion

Our findings here demonstrate that RIPK3 acts in concert with RIPK1 in promoting
the necroptotic demise of T cells lacking the nonapoptotic casp8 activity that is normally
observed following mitogenic signaling [6,7,18]. Thus, early casp8 catalytic activity within
T cells acts to prevent the elaboration of signaling from an RIPK1/RIPK3 containing
necrosome [13] in a manner similar to that observed following DR signaling. Although T-
cell-intrinsic casp8 and FADD activity are required for antiviral T-cell responses, loss of
RIPK3 restores the ability of FADDdd T cells to control MHV infection, suggesting that
casp8 and RIPK3 play additional opposing roles during antiviral immune responses.

Unlike the case for DR signaling, the process that leads to RIPK1/RIPK3-containing
necrosome formation is currently unclear. We previously observed RIPK1 recruitment to
complexes that likely exist on autophagosomal membranes [6] and found that extracellular
blockade of DR ligation fails to rescue casp8-/- or FADDdd-expressing T cells[18]. This
suggests that the nucleation of RIPK1/RIPK3 necrosomes occurs in a manner independent
of DR signaling. Here, we demonstrate that RIPK3, like RIPK1 [6,7], promotes necroptotic
death of FADDAd T cells following their activation. Our findings contrast with a recent
publication that suggested RIPK3 signaling is not involved in the necroptotic demise of T
cells lacking FADD [31] based on the fact that RIPK3 failed to coimmunoprecipitate with
RIPK1. Given that our results demonstrate a requirement for RIPK3 in TCR-induced
necroptosis, it is possible that, whereas the upstream pathways that promote the
nucleation of RIPK1/RIPK3 containing necrosomes may be unique following DR ligation vs.

T-cell mitogenesis, the downstream pathways are likely similar.
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Here we present data that demonstrate an essential role for DR-induced apoptotic
death during reactivation-induced cell death, a process that has previously been shown to
require Fas signaling [32]. We emphasize that loss of RIPK3 signaling had little impact on
this; FADDdd was highly effective in blocking T-cell RICD. In contrast, the loss of RIPK3 in
FADDAA T cells led to a significant increase of live proliferating T cells following mitogenic
stimulation. Although Nec-1 treatment also rescued the expansion of FADDdd T cells, it did
not lead to embellished recovery of proliferating cells vs. WT T cells. This result suggests
that RIPK3 may have independent functions in T cells that may have been previously
overlooked. Alternatively, Nec-1 treatment may have off-target effects that limit T-cell
expansion.

Although RIPK3-/- T cells were shown to develop and proliferate relatively normally
in previous studies [20]and in our work presented here, Moquin and Chan found that
RIPK3-/- mice fail to promote efficient inflammatory responses to vaccinia virus
infection[17]. This may be a likely consequence of the expression of the caspase inhibitory
protein SPI-2, a protein related to poxvirus CrmA, and possible assembly of necrosomes in
an antiviral inflammatory environment. In contrast, we note here that RIPK3-/- mice were
also capable of controlling murine hepatitis virus (MHV) infection. In previous studies,
FADDdd expressing mice failed to adequately respond to viral infection, and this was likely
a result of defective CD8* T-cell responses [21]. Supporting this conclusion, the T-cell-
intrinsic loss of RIPK3 restored the ability of FADDdd mice to efficiently clear MHV
infections (Figure 2.S4). Thus, the primary defect in FADDdd-expressing mice to MHV
infection is in the expansion/survival of MHV-specific T cells. Furthermore, as direct

infection of RIPK3-/- mice led to efficient viral clearance, our results call into question a

68



general requirement for RIPK3 signaling in antiviral immunity. Importantly, the immune
defects seen in FADDdd mice were rescued with a RIPK3 deficiency, although older
FADDdd x RIPK3-/- mice bear a phenotypic resemblance to Fas-deficient (Ipr/lpr) mice.
These data indicate casp8-dependent apoptosis and RIPK1/3-dependent necroptosis are
both necessary to maintain homeostasis within the adaptive immune system.

These studies emphasize a primary role for RIPK3 in promoting TCR-induced
necroptosis in T cells lacking catalytically active casp8 [18]. The simplest interpretation is
that RIPK1 and/or RIPK3 are inactivated by casp8 directly [13]when brought into close
apposition. Supporting this, we observed cleavage of both RIPK1 and RIPK3 in antigenically
stimulated primary T cells, but only RIPK1 cleavage was detected in Jurkat T cells treated
with DR ligands (Figure 2.5). Expression of cleavage-resistant RIPK1 was sufficient to
convert TNF-induced apoptosis into necroptosis, whereas kinase-dead RIPK1 diminished
TNF-induced necroptosis and apoptosis. Thus, a failure in caspase-mediated cleavage of
RIPK1 alone is sufficient to promote necroptosis following DR ligation. Following the
submission of our manuscript, several other laboratories have reported parallel findings in
the context of T cells, supporting our studies here [33-36]. Taken together, our findings
show that casp8 activity is essential for controlling RIPK1/3-dependent necroptosis in
activated T cells, and that RIPK1/3 processing orchestrates the switch between apoptotic
vs. necrotic cell death. Furthermore, these findings demonstrate that RIPK3-induced
necroptotic activity leads to the early demise of FADDdd T cells, and this blocks antiviral
immunity and the development of lymphoproliferative disease in mice lacking FADD

signaling in T cells.
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2.4 Methods

Mice. FADDdd transgenic mice [4] were crossed with RIPK3-/- mice [20], the latter
provided by Kim Newton and Vishva Dixit at Genentech (South San Francisco, CA). Rag2-/-
x yc and C57BL6/] (B6) mice were obtained from Jackson Laboratories. Mice were bred
and maintained in accordance with the institutional animal use and care committee at the
University of California, Irvine, vivarium.

T-Cell Assays/Infections. T cells were activated as described previously [37]. In some
cases, 10 uM Nec-1 was added at the start of culture to block necroptosis [6]. For transfer, T
cells from mice of the indicated genotypes were isolated by depletion of B220*, CD11b* and
MHCII* cells with magnetic beads (Miltenyi), and injected i.v. at a dose of 2.5 x 10°¢ cells per
Rag2-/- x IL-2Ryc/~ mouse. For infection, 2 x 10> pfu MHV (strain JHM-DM) was injected
intraperitoneally into mice. PBS solution was injected into “mock” controls. Intracellular
staining, viral titer plaque assays, and statistical analyses were performed by using
methods reported previously [38].

RICD and CTL Assay. Restimulation was by using an approach based on a previous
publication [39] by using 1 x 105 cells per well and proceeded overnight before staining
with 7-AAD. For the in vivo CTL assay, mice were infected, and, after 7d, CTL activity was
assessed as described previously [40]. B6 splenocytes were pulsed with 5 pM OVA or S510
peptide as target cells and resuspended at 20 x 10¢/mL for CFSE labeling. OVA/S510-
pulsed cells were labeled with 2.5 and 0.5 uM CFSE, respectively, and mixed at a 1:1 ratio to
obtain a cell suspension of 100 x 10/mL. Target cells (100 pL) were transferred i.p. into
each infected mouse, and the assay was allowed to proceed 75 min before harvesting

spleens for FACS. The specific lysis percentage was defined as 100*[1 — R(sham) /
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R(infected)], with R representing the ratio of CFSEh to CFSE. In vitro, EL4 target cells were
pulsed with peptides as stated earlier. OVA-pulsed/S510-pulsed EL4 cells were labeled
with 2.5 uM CFSE and 5 pM EF670, respectively (10 min., 37 °C; eBioscience), and mixed at
equal volumes. To prepare effectors, splenocytes of infected mice were RBC-lysed and
plated in 96-well round-bottom plates at 100 uL/well before the addition of 100 pL target
cells. Plates were incubated at 37 °C, 5% COz, for 4 h before FACS analysis. The specific lysis
percentage was determined as 100*[1 - R(infected) / R(no effectors)], with R representing
the ratio of EF670 to CFSE.

Retroviral Infection. Jurkat cells were infected with retroviral supernatants by using
methods reported previously [6]. Two days after infection, cells were treated with Nec-1
(10 uM), zVAD-FMK (20 uM), CHX (5 pg/mL), TNF-a (20 ng/mL), and etoposide (50 uM).
Fourteen hours after treatment, cells were stained with annexin V, anti-Thy1, and 7-AAD

for FACS analysis.
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Figure 2.S1. Rescue of DN4:DN3 ratio by a RIPK3 deficiency on the FADDdd genetic
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restored DN4 population in FADDdd x RIPK3-/-mice. The data shown are representative of
three separate experiments.
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Figure 2.52. Liver inflammation in aged FADDdd x RIPK3-/- mice. H&E-stained liver
sections from 8-mo-old mice of indicated genotypes.
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Figure 2.54. Jurkat T cells lacking FADD are sensitive to DR-induced necroptosis.
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Figure 2.S5. RIPK1-deficient Jurkat cells reconstituted with cleavage-resistant RIPK1
mutants. Top: Reconstitution of RIPK1-deficient Jurkat cells (RIPK1-/-) with
cleavage-resistant (D325A RIPK1), kinase-dead/cleavage-resistant (M92G/D325A RIPK1);
blots of lysates probed with anti-RIPK1. Bottom Left: RIPK1-/-Jurkat cells reconstituted
with D325A RIPK1 or M92G/D325A RIPK1 were treated with TNF-a (40 ng/mL) for 2 h
before immunoprecipitation of RIPK1; blots of lysates probed with anti-RIPK1. Bottom
Right: in vitro kinase assay of immunoprecipitated RIPK1 (Bottom Left) shows no
autophosphorylation with M92G/D325A RIPK1 double mutation, indicating that M92G
mutation blocks RIPK1 kinase activity.
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Figure 2.S6. Ectopic expression of cleavage-resistant RIPK1 does shift TNF-induced
apoptosis to necroptosis in RIPK1-sufficient Jurkat cells. Top: Casp8 was cotransfected
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latter is resistant to cleavage. Bottom: Parental Jurkat cells were infected retrovirally with
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uM), necrostatin-1 (Nec; 10 pM), and TNF-a (20 ng/mL) for 14 h. Cells were stained with
7AAD and annexin-V to detect apoptotic vs. necrotic cells.
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CHAPTER THREE

Inducible expression of CXCL1 from astrocytes amplifies demyelination
that is associated with increased neutrophil infiltration into the CNS

following CNS viral infection

Brett S. Marro and Thomas E. Lane
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Abstract

The functional role of the ELR* chemokine CXCL1 in host defense and following
infection of the central nervous system (CNS) with the neurotropic JHM strain of mouse
hepatitis virus (JHMV) was examined. Mice in which expression of CXCL1 is under the
control of a tetracycline-inducible promoter active within GFAP-positive cells were
generated and this allowed for selectively increasing CNS expression of CXCL1 in response
to JHMV infection and evaluating the effects on neuroinflammation, control of viral
replication, and demyelination. Inducible expression of CNS-derived CXCL1 resulted in
increased levels of CXCL1 protein within the serum, brain and spinal cord that correlated
with increased frequency of Ly6G*CD11b* neutrophils present within the CNS. Elevated
levels of CXCL1 did not affect generation of virus-specific T cells and there was no
difference in control of JHMV replication compared to control mice indicating T cell
infiltration into the CNS is CXCL1-independent. Sustained CXCL1 expression resulted in
increased mortality that correlated with increased neutrophil infiltration, diminished
numbers of mature oligodendrocytes, and increased demyelination. Neutrophil ablation in
CXCL1-transgenic mice reduced the severity of demyelination, but did not completely
abrogate the increase in disease severity in mice that overproduced CXCL1. These findings
demonstrate that sustained neutrophil infiltration into the CNS is associated with increased

demyelination in a model of viral-induced neurologic disease.
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3.1 Introduction

Inoculation of susceptible mice with the neurotropic J2.2v-1 JHM strain of mouse
hepatitis virus (JHMYV) into the central nervous system (CNS) results in wide-spread
dissemination of viral particles, leading to infection and replication within glial cells. This is
followed by infiltration of virus-specific T lymphocytes that control viral replication
through cytokine secretion and cytolytic activity [1]. Sterilizing immunity is not achieved
as viral antigen and viral RNA are detected within white matter tracts of surviving mice
resulting in demyelination that is amplified by inflammatory T cells and macrophages. In
response to infection, numerous cytokines/chemokines are secreted by inflammatory
leukocytes and resident cells of the CNS, generating an inflammatory milieu that
contributes to host defense while also promoting disease. Our previous work has defined
the functional roles for chemokines and chemokine receptors in orchestrating leukocyte
recruitment into the CNS in response to JHMV infection that aid in host defense as well as
their contribution to demyelination [2-5].

Among the chemokines expressed during acute and chronic JHMV-induced
neurologic disease are the ELR-positive CXC chemokines CXCL1, CXCL2 and CXCL5 and its
signaling receptor CXCR2 [4,6]. Following JHMV infection of the CNS, expression of CNS-
derived ELR-positive ligands promote the migration of CXCR2-expressing neutrophils
(Ly6G/ChighCD11b*) to the blood-brain-barrier (BBB), where they can assist in breaking
down structural components of the glial limitans through release of matrix
metalloproteinases (MMPs) from preformed granules. Indeed, our laboratory has recently
demonstrated that antibody-mediated neutralization of CXCR2 within JHMV-infected mice

prevented PMN migration to the CNS, and this was associated with a significant increase in
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mortality and inefficient control of virus replication as a result of impaired parenchymal
access of virus-specific T cells [4]. Anti-CXCR2 treatment was also found to diminish
macrophage recruitment to the CNS as well, making it challenging to define the precise
contributions of both immune cell subsets in establishing host-defense while also
promoting disease when CXCR2 signaling is neutralized. To extend on these findings, other
studies have demonstrated that neutrophil depletion in JHMV infected mice in which
monocyte trafficking to the CNS is compromised does not alter early CNS inflammation,
clinical disease severity or death, but rather limits parenchymal access of leukocytes at
later times following infection, suggesting that neutrophils and monocytes may act
separately to shape adaptive immunity following JHMV infection of the CNS [7,8].

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

demyelination.
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3.2 Methods

pBI-CXCL1 vector construction. CXCL1 cDNA incorporating Xhol and Nhel restriction site
ends was generated from the brains of C57BL/6 mice infected with 250PFU JHMV. CXCL1
cDNA was cloned into a pBI-MCS-EGFP plasmid [9] downstream of a bi-directional
tetracycline responsive element (TRE). The purified pBI-CXCL1 plasmid was linearized
following an overnight incubation with Aatll and Asel restriction enzymes to generate a
3350bp fragment containing the pBI-CXCL1 construct.

Virus and mice. pBI-CXCL1 transgenic mice were generated by the University of California,
Irvine transgenic mouse facility through DNA microinjection of fertilized C56BL/6 eggs
using the linearized pBI-CXCL1 construct [9]. The five resulting founder transgenic (tg)
mice where mated to wildtype C57BL/6 mice to indentify F1 offspring containing the
transgene. To generate double transgenic mice, hemizygous pBI-CXCL1 transgenics were
crossed to hemizygous GFAP-rtTA*M2 mice (JAX), resulting in double transgenic mice (pBI-
CXCL1-rtTA), single tgs (rtTA-GFAP or pBI-CXCL1) or WT. Double transgenic mice were
phenotypically normal and breeder progeny displayed normal Mendelian genetics. Age-
matched 5-6 week old single tg or double tg mice were infected intracerebrally (i.c.) with
250 plaque forming units (PFU) of JHMV strain J2.2v-1 in 30ul of sterile HBSS. SHAM
infected animals received 30ul HBSS via i.c. injection. For viral titer analysis, one half of
each brain or whole spinal cord was homogenized and used in a plaque assay as previously
described [10].

Primary astrocyte cultures. Cortices from postnatal day 1 double tg and single tg mice
were dissected and triterated according to previously published protocols [11]. In brief,

following removal of the meninges, cortical tissue was minced with a razor and placed in
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pre-warmed DMEM containing papain in order to completely dissociate the tissue.
Following further dissociation with a Pasteur pipette, single cell suspensions were added to
poly-d-lysine coated culture flasks and grown for nine days in DMEM supplemented with
10% FBS. Flasks were then transferred to an orbital shaker in a 5% CO: tissue culture
incubator and shaken for approximately 16 hours at 220 rpm in order to remove loosely
adherent contaminating cells. Cells were passaged in 0.05% trypsin and replated. When
cells regained confluency, 10uM Ara C (Sigma, St Louis, MO) was added for three days to
kill dividing cells. Cells were passaged again and added to 24-well culture dishes or Nunc™
Lab-Tek Il Chamber slides (ThermoFisher Scientific, Waltham, MA).

Semi-quantitative RT-qPCR. Total cDNA from brains and spinal cords of sham and JHMV
infected mice at days 4, 7, and 12 p.i. was generated via Superscript III (Life Tech., Carlsbad,
CA) following homogenization in Trizol (Life Tech., Carlsbad, CA). To determine relative
CXCL1 mRNA expression, real-time SYBR green analysis was performed using mouse [3-
actin and mouse CXCL1 primers using a Roche Lightcycler 480 [12]. CXCL1 expression was
determined by normalizing the expression of each sample to $-actin and then quantifying
fold change relative to sham infected double tg mice. Expression of CCL2, CCL5, CXCL3,
CXCL5, CXCL9, CXCL10, I1-10, II-1a, 11-1B, 11-2, 11-6, TNFa, IL-17a and IFN-y was determined
using a Mouse Cytokine and Chemokine RT? Profiler PCR array (Qiagen Inc, Valencia, CA).
ELISA. Assessment of CXCL1protein within the supernatants of Dox-treated astrocyte
cultures was determined using a CXCL1 (KC) DuoSet sandwhich ELISA kit (R&D Systems,
Minneapolis, MN) according to manufacturer specifications. To determine CXCL1 protein
levels within the spinal cords of double and single tg mice, spinal cords were homogenized

in RIPA buffer and clarified by high-speed centrifugation. Following quantification of total
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protein, samples were diluted in RIPA buffer to a standard protein concentration before
performing the ELISA assay.

Flow cytometry. Flow cytometry was performed to immunophenotype inflammatory cells
entering the CNS using established protocols [3,13] . In brief, single cell suspensions were
generated from tissue samples by grinding with frosted microscope slides. Immune cells
were enriched by a 2-step percoll cushion (90% and 63%) and cells were collected at the
interface of the two percoll layers. Before staining with the fluorescent antibodies, isolated
cells were incubated with anti-CD16/32 Fc block (BD Biosciences, San Jose, CA) ata 1:200
dilution. Immunophenotyping was performed using either Rat anti-mouse IgG or armenian
hamster anti-mouse IgG antibodies for the following cell surface markers: F4 /80 (Serotec,
Raleigh, NC), MHV S510-tetramer (NIH), MHV M133-Tetramer (NIH) and CD4, CD8, Lyé6g,
CD11b,IFN- vy, CD44, CD45, CD69, CD80 and MHC-II (BD Biosciences, San Jose, CA).
Sodium fluorescein (NaF) BBB permeability assay. Mice received 100ul of 10% sodium
fluorescein (NaF) in PBS via intraperitoneal injection. After 30 minutes, mice were
euthanized and perfused with 30ml PBS to remove NaFl from the vasculature. Brains and
spinal cords were dissected, weighed and homogenized in PBS. Homogenates were clarified
by centrifugation at 500xg for 10 minutes at 4°c. A 1:1 ratio of supernatant was combined
with 15% TCA and incubated for 24 hours at 4°c. Samples were centrifuged and
supernatants were neutralized with 5N NaOH. Fluorescence intensity was assessed with a
Synergy H1 (BioTek, Winooski, VT) set at a 485nm excitation.

Clinical severity and histopathology. Clinical disease severity was assessed using a 4
point scoring scale as previously described [3]. Mice were euthanized according to [ACUC

guidelines and perfused with 30ml of 4% paraformaldehyde (PFA). Spinal cords were
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removed, fixed overnight in 4% PFA at 4°c and separated into eight 1.5mm sections. Each
uM section was cryoprotected in 20% sucrose for five days before embedding in OCT. Eight
thick coronal sections were cut and stained with luxol fast blue (LFB) and H&E. Percent
demyelination for each mouse was determined by taking the average demyelination of
eight spinal cord coronal sections using Image ] software (NIH).

Immunofluorescence. Spinal cord sections were processed as above. For
immunofluorescence, slides were first desiccated for at least two hours and blocked with
5% Normal Donkey Serum with or without 0.3% Triton-X 100. Primary antibodies were
incubated overnight at 4°c: goat anti - CXCL1 1:50 (R&D Systems, Minneapolis, MN), rabbit
anti - GFAP 1:500 (Life Technologies, Carlsbad, CA), rat anti - Ly-6B.2 1:100 (Serotec,
Raleigh, NC), rabbit anti - Iba11:500 (Wako Chemicals, Richmond, VA), rabbit anti - GST-1t
1:1000 (MBL, Woburn, MA).

Neutrophil depletion. Mice received either 250pg anti-Ly6g clone 1A8 or isotype control
(BioXCell, West Lebanon, NH) via intraperitoneal injection every other day beginning at
day 5 p.i. Targeted depletion of neutrophils was confirmed by flow staining of circulating

neutrophils at defined times post-treated with Ly6g-specific antibody.
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3.3 Results
Generation and characterization of pBI-CXCL1-rtTA double-transgenic mice.

To experimentally induce CXCL1 overproduction from astrocytes to examine effects
on host defense and disease in response to JHMV infection of the CNS, transgenic mice were
engineered to utilize the tetracycline-controlled transcriptional activation system. In brief,
the human glial fibrillary acidic protein (hGFAP) promoter drove expression of a modified
version of the reverse tetracycline transactivator protein (rtTA*M2). In the presence of
doxycycline, transcription initiates at a tet-operon leading to production of recombinant
CXCL1 mRNA transcripts. Double transgenic (tg) mice (pBI-CXCL1-rtTA) were generated
and genotyped to confirm that they incorporated both constructs (Figure 1A). To
determine if doxycycline (Dox) could selectively induce CXCL1 expression, astrocytes were
derived from post-natal day 1 (P1) cortices of double tg and single tg mice (i.e., lacking
GFAP-rtTA element), and cultured in the presence of Dox for 24-hours. Following Dox
treatment (100ng/ml), increased expression of CXCL1 in double tg cultures was detected
by immunofluorescent staining with no CXCL1-positive cells detected in the vehicle treated
double tg cultures (Figure 1B). In addition, following 24-hours of Dox treatment of double
tg cultures, supernatants revealed elevated CXCL1 protein levels compared to vehicle
treated double tg astrocytes as well as Dox treated single tg astrocytes (Figure 1C). These
data confirm that recombinant CXCL1 can be induced in response to Dox and that there is

minimal activity of the tetracycline responsive element in the absence of Dox treatment.
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Figure 3.1. Generation and in vitro characterization of a doxycycline inducible,
astrocyte-specific CXCL1 overexpressing mouse line. Double transgenic (double tg)
mice utilizing the Tet-On doxycycline (Dox) inducible system were generated by crossing
hemizygous hGFAP-rtTA*M2 mice to a transgenic mouse line incorporating a tetracycline
responsive element driving expression of CXCL1 (pBI-CXCL1) (A). To test the inducibility
of CXCL1 from astrocytes derived from double tg mice, cortex tissue from double tg and
single tg post-natal day 1 (P1) mice was dissociated and enriched for astrocytes. Following
24-hours of Dox (100ng/ml) treated double tg astrocyte cultures, immunofluorescence
confirmed CXCL1 expression within GFAP-positive astrocytes while vehicle treatment
yielded no CXCL1 fluorescence (B). Supernatants from Dox-treated double tg and single tg
astrocytes cultures were collected and levels of CXCL1 were measured by ELISA. In the
presence of Dox, double tg cultures yielded significantly elevated CXCL1 protein levels,
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while single tg cultures did not, suggesting the CXCL1 inducible system is functional (C).
Data from panel C represents supernatants pooled from triplicate wells derived from three

separate double tg and single tg mouse cultures. Data is presented as average+SEM ;
k%
p<0.01
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Dox treatment of double tg mice elevates CXCL1 mRNA and protein within the CNS.

In response to JHMV infection of C57BL/6 mice, the ELR chemokines CXCL1, CXCLZ2,
CXCL5 are upregulated within the brain and spinal cord [4,14]. We next tested whether
treatment with Dox resulted in overproduction of CXCL1 within the brains and spinal cords
of JHMV infected double tg mice. Double tg or single tg mice were infected i.c. with JHMV
(250 PFU) and subsequently treated daily with Dox (50mg/kg) via i.p. injection starting at
day 2 post-infection (p.i.) and continuing through day 12 p.i. (Figure 2A). Dox treatment
resulted in increased mRNA transcripts specific for CXCL1 in the brains of infected double
tg mice at days 4, 7, and 12 p.i. compared to single tg mice (Figure 2B). Similarly, CXCL1
transcripts were elevated in the spinal cords at days 4, 7 (p<0.05), and 12 (p<0.01) p.i.
when compared to single tg mice (Figure 2B). To confirm that that CXCL1 mRNA was
derived from the transgene and not from germline-encoded CXCL1, we employed qPCR
primers that specifically anneal to a UTR region specific for endogenous CXCL1 mRNA and
not transgenic CXCL1. As shown in Figure 2C, there was only a marginal increase in
endogenously produced CXCL1 mRNA transcripts when compared to transgene-encoded
CXCL1. These results confirm that increased CXCL1 mRNA transcripts are derived from the
CXCL1 transgene. CNS-derived CXCL1 in Dox-treated double tg mice resulted increased
CXCL1 protein in both the spinal cord (Figure 2D) as well as serum (Figure 2E) compared
to single tg mice at day 7 p.i.. Immunofluorescent staining confirmed increased CXCL1
protein present within the CNS and astrocytes as the primary cellular source in Dox-treated
double tg mice (Figure 2F). Finally, overproduction of recombinant CXCL1 within the CNS
of JHMV infected mice did not result in increased expression of other proinflammatory

cytokines and chemokines within the SC (Figure 2G) or brain (data not shown). These
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data demonstrate that double tg mice are responsive to Dox treatment resulting in
increased levels of CXCL1 derived within the CNS and this corresponds to elevated levels of
circulating CXCL1 within the serum. However, CXCL1 overproduction does not impact the

expression other pro-inflammatory factors involved in JHMV host-defense and disease.
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Figure 3.2. CXCL1 is induced in vivo following administration of doxycycline into
double transgenic mice during acute JHMV infection. To test the ability of doxycycline
(Dox) to induce CXCL1 overproduction in vivo, double tg and single tg mice were infected
with 250 PFU JHMV and treated daily with 50mg/kg Dox starting at day 2 post-infection
(p-i.) (A). Mice were sacrificed at days 4, 7 and 12 p.i. Administration of Dox to double tg
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mice resulted in a significant increase in the expression of CXCL1 mRNA compared to Dox-
treated single tg mice within the brain at days 4, 7 and 12 p.i. as measured by RT-qPCR (B).
Within the SC, Dox-treated double tg mice had statistically significant increases in CXCL1
mRNA expression over Dox-treated single tg mice at days 7 and 12 p.i. Transcript levels
from single and double tg mice were normalized to b-Actin and are relative to SHAM
infected double tg mice (B). CXCL1 transgene expression within the brain and spinal cord
did not impact endogenous CXCL1 production within Dox-treated double tg mice compared
to Dox-treated single tgs (C). Overproduction of CXCL1 protein was observed within the SC
at day 7 p.i. within double tg mice (D) and this correlated with an increase in CXCL1
protein within the blood serum at day 7 p.i. as measured by ELISA (E). Inmunofluorscence
analysis of spinal cord tissue from Dox-treated double tg mice confirmed that astrocytes
were the source of CXCL1 production at day 7 p.i. (F). To determine if overexpression of
CXCL1 affected other genes involved in host-defense chronic neurologic disease induced
following JHMV infection, a pro-inflammatory gene-array was utilized with cDNA derived
from the brains and spinal cords of double tg and single tg mice (G). Data from panel B
represents 2 experiments with a minimum of 4 mice per group. All RT-qPCR samples were
run in triplicate. Panel D and E represents a minimum of 3 mice per group. Superarray
data was compiled utilized the average value of two mice per group run in duplicate. Data
is presented as average+SEM; *p<0.05, **p<0.01
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CXCL1 overexpression increases morbidity in double tg mice.

Dox-induced overexpression of CXCL1 within the CNS resulted in a statistically
significant increase in clinical disease severity (Figure 3A) and this correlated with an
increase in mortality (Figure 3B). This was not associated with impaired ability to control
viral infection within either the brain or spinal cords as similar viral titers were detected at
days 4 and 7 p.i. in double tg and single tg mice (Figures 3C and D). Furthermore, both
double tg and single tg animals reduced CNS viral titers to below detectable titers as
measured by plaque assay within the brain by day 12 p.i. (Figure 3C) while the viral titers
within the spinal cord at day 12 p.i. were near the limit of detection (Figure 3D). Moreover,
no differences were observed with viral RNA load between double tg and single tg mice at
day 12 p.i. (data not shown). These data indicate that the augmented clinical disease
severity in Dox-treated double tg mice is not a result of an inability to control viral

replication within the CNS.
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Figure 3.3. CXCL1 overproduction amplifies JHMV-induced clinical disease and
mortality but is not a result of delayed viral clearance. Double tg and single tg mice
were infected with 250 PFU JHMV and treated with 50mg/kg Dox daily starting at day 2 p.i.
through day 12 p.i. Clinical severity was assessed until day 30 p.i. using a 4 point scale (A).
Dox treatment of double tg mice lead to significantly increased mortality compared to
doxycycline treated single tg controls (B). Viral titers of Dox-treated double tg and single tg
mice were measured by plaque assay (C). Clinical disease and mortality scoring represents
an average of double tg and single tg mice. For panels A and B, n=23 single tg mice and
n=12 double tg mice. *p<0.05, **p<0.01
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Neutrophil migration to the CNS is increased in Dox-treated double tg mice.

We have previously shown that neutrophils migrate into the CNS of JHMV-infected
mice through a CXCR2-dependent mechanism [4]. Therefore, we determined if Dox-
induced CXCL1 overexpression within the CNS resulted in enhanced mobilization of
neutrophils to the CNS in response to JHMV infection. JHMV-infected double tg and single
tg mice were i.c. infected with virus, treated with Dox and mice were sacrificed at days 4
and 7 p.i. and neutrophil (Ly6GhighCD11b*) levels in blood were measured by flow
cytometry. CXCL1 overexpression from the CNS resulted in significantly increased
frequency of neutrophils within the blood at days 4 (p<0.05) and 7 (p<0.001) in double tg
mice compared to infected single tg controls (Figure 4A). Dox-induced CXCL1 production
in JHMV-infected double tg mice also resulted in a significant increase in neutrophil
frequency within the brain at days 4 (p<0.0001) and 7 (p<0.01) p.i. (Figure 4B). Similarly,
there was an increase in neutrophil frequency within spinal cords of double tg mice at days
4 (p<0.01) and 7 (p<0.05) p.i. compared to single tg mice (Figure 4B).
Immunofluorescence staining for neutrophils (Ly-6B.2) supported the flow cytometric data
and revealed increased numbers of neutrophils accumulating within the meninges of

double transgenic mice at day 7 p.i. (Figure 4C).
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Figure 3.4. CXCL1 overproduction from astrocytes mobilizes neutrophils and directs
them to the CNS. Blood from Dox-treated JHMV-infected double tg and single tg mice was
isolated at day 4 and day 7 p.i. and used for flow cytometric analysis. The frequency of
CD11b+Ly6G+ neutrophils were significantly higher within the blood at day 4 and 7 p.i.
indicating sustained neutrophil mobilization following Dox treatment (A). Neutrophil
migration to the brains and spinal cords of both groups were assessed by flow cytometry at
day 4 and 7 post-infection (B). A significant increase in neutrophil frequency within the
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brain and spinal cord was observed in Dox-treated double tg mice at both time-points (B).
Immunofluorescence analysis indicated that Ly-6B.2-positive neutrophils were primarily
located at the ependymal lining and perivascular space at the spinal cord, with minimal
neutrophil presence within the parenchyma (C). Panels A and B represents 3 independent
experiments with a minimum of 3 mice per group per experiment at each time-point
analyzed. Data is presented as average+SEM; *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001
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Overexpression of CXCL1 does not amplify T cell or macrophage infiltration into the
CNS.

The increased presence of neutrophils within the CNS of double tg mice suggested
that there would also be a corresponding increase in BBB permeability. Rather, no
differences were observed in BBB permeability within the brain or spinal cord at day p.i. as
measured by NaF uptake (Figure 5A). Similar observations were recorded at day 7 p.i,
(data not shown). Immunophenotyping of cells infiltrating into the brains and spinal cords
was performed at defined times following JHMV infection and Dox treatment to determine
if CXCL1 overproduction influenced the accumulation of other cellular subsets.
Examination of brains at days 4, 7, and 12 p.i. revealed no differences in frequencies of
CD45h-positive cells between infected double and single tg mice (Figure 5B) although
there were elevated numbers of total CD45" cellular infiltrates at day 4 within the spinal
cord (Figure 5C) and is a result of the increased neutrophil frequency at this time-point.
Moreover, there were no differences in either frequencies or numbers of CD4+ and CD8+ T
cells or virus-specific CD4+ and CD8+ T cells within the brains of infected double and single
tg mice (Figure 5B). Within the spinal cord, we detected no differences in the frequencies
CD4+ and CD8+ T cells at day 7 and 12 p.i. or the total number of virus-specific T cells 12
days p.i. in infected double and single tg mice (Figure 5C). In addition, no differences were
detected in the expression of the activation marker CD69 on T lymphocytes present within

the spinal cords at day 12 p.i. (Figure 5D).
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Figure 3.5. CXCL1 overproduction from the CNS does not affect T cell infiltration into
the CNS. At day 4 p.i,, brains and spinal cords from Dox-treated double tg and single tg
mice treated with NaFl were removed and total NaFl uptake was measured (A) Single cell
suspensions from the brains and spinal cords from Dox-treated JHMV-infected double tg
and single tg mice were isolated and assessed for T cell infiltration by Flow cytometry (B-
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C). No statistical difference was observed in the frequency of CD45hi inflammatory
infiltrates within the brain at day 4, 7 or 12 post-infection (p.i.) or the frequency of CD4+
and CD8+ T cells within the brain at day 4, 7 or 12 p.i. (B). At day 4 post-infection, the
frequency of CD45hi infiltrates at day 4 post-infection was significantly higher in JHMV-
infected Dox-treated double tg mice and is likely a result of the enhanced neutrophil as a
result of CXCL1 transgene expression (C). However, the frequency of CD4+ and CD8+ T
cells were not impacted as a result of enhanced neutrophil accumulation within the SC (C).
CD69 expression on CD4+ and CD8+ T cells within the spinal cord was unchanged between
double tg and single tg mice at day 12 p.i. (D). Flow cytometric data represents 3
independent experiments with a minimum of 3 mice per group per experiment at each
time-point. Data is presented as average+SEM; *p<0.05
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Examination of macrophage (CD45"F4/80+) accumulation within either the brain or
spinal cords between infected double and single tg mice revealed no differences at any time
point examined (Figure 6A). Moreover, CNS-infiltrating macrophages displayed no
differences in the expression of MHC class II or CD80 (Figure 6B). Although similar
frequencies and numbers of microglia (CD45°F480+) were present within the brains of
infected mice (Figure 6C) at day 12 p.i., there was a significant (p<0.05) increase in
microglia present within the spinal cords of infected double tg mice compared to single tg
animals (Figure 6C). Collectively, these findings argue that overexpression of CXCL1 within
the CNS does not significantly affect infiltration and activation of T cells or macrophages

yet does increase numbers of microglia within the spinal cord.
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Figure 3.6. Macrophages are not impacted following CXCL1 overproduction from the
CNS but microglia show increased numbers. The frequency of macrophages out of
CD45hi cellular infiltrates within the brain and spinal cord remained unchanged in double
tg mice treated with Dox (A). Macrophage frequencies were lower and day 4 p.i, within the
spinal cord as is likely reflected by the increase in neutrophils at this time-point (A). Total

106



macrophage numbers within the brain and spinal cord of double tg mice were also similar
compared to single tg mice at day 12 p.i. (A) No differences were observed in the median
fluorescence intensity (MFI) of MHC-II and CD80 within the brain or spinal cord of double
tg and single tg mice (B). Total microglia was elevated within the double tg mice within the
spinal cords at day 12 p.i. (C). Flow cytometric data represents 3 independent experiments
with a minimum of 3 mice per group per experiment at each time-point. Data is presented
as average+SEM *p<0.05
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Demyelination is increased in response to elevated CNS expression of CXCL1.
Examination of spinal cords from JHMV-infected Dox-treated double tg mice
revealed an overall increase (p<0.05) in the severity of demyelination when compared to
infected single tg animals (Figure 6A). Analysis of defined spinal cord sections revealed
increased demyelination along the length of the spinal cords of infected double transgenic
mice compared to single tg mice although pathology was enhanced within the
cervical/thoracic region and to a lesser extent within the lumbar regions (Figure 7A). The
increase in demyelination in double tg was associated with a significant (p<0.05) loss of
mature oligodendrocytes (as determined by expression of GST-m) within the spinal cords
(Figure 7B). Furthermore, Iba-1 staining revealed enriched numbers of
macrophages/microglia within demyelinating white matter tracts in double tg mice
compared to single tg mice (Figure 7C). These data indicate that the increased clinical
disease observed in Dox-treated double tg mice correlates with enhanced spinal cord

demyelination.
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Figure 3.7. Histopathological analysis of spinal cords of double tg mice reveals an
increase in demyelination and reduced total numbers of mature oligodendrocytes.
White matter demyelination within the spinal cords of Dox-treated double tg mice is
significantly elevated compared to single tg controls (A). Upon closer investigation,
cervical regions of the double tg had significantly more white matter. This correlated with a
reduced number of mature GST-m-positive oligodendrocytes within the spinal cord of
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double tg mice (B). Within double tg mice, areas of significant white matter damage
showed dense populations of Ibal-positive macrophages (C).. Panel A and B represent 1
experiment with a minimum of 5 mice per group. Data is presented as average+SEM;
*p<0.05, ****p<0.0001
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Neutrophil accumulation within the spinal cord correlates with increased
demyelination.

We next determined if neutrophil infiltration into the CNS was associated with the
increase in both clinical and histologic disease in double tg mice. Flow cytometric data
indicated that neutrophil frequencies within the spinal cords of infected double tg were
significantly increased (p<0.01) as well as their total numbers (p<0.001) at day 12 p.i.
compared to single tg mice (Figure 8A). CXCL1 expression, as determined by
immunohistochemical staining, was elevated within the spinal cords of Dox-treated double-
tg mice as compared to treated single tg mice (Figure 8B). In double tg mice, a significant
increase in neutrophils (p<0.05) were detected within the spinal cord parenchyma of
double tg mice compared to single tg mice (Figure 8B). Notably, neutrophils were
enriched within more cervical regions of the spinal cord undergoing demyelination while
these cells were relatively absent in demyelinating lesions in single tg mice (Figure 8B).
To determine if the robust parenchymal presence of neutrophils within the spinal cords of
double tg mice was associated with the enhanced lesion load, we eliminated neutrophils
from the periphery using anti-Ly6g mAb injection beginning at day 5 p.i. (Figure 8C). Flow
analysis of immune cell infiltrates within the spinal cord confirmed neutrophil depletion
following anti-Ly-6g treatment (Figure 8C). A small but significant decrease (p<0.05) in
the clinical score of anti-Ly-6g treated mice compared to isotype-treated double tg mice
was observed at day 12 p.i. Supporting our previous findings that double tg mice display
increase in white matter demyelination compared to single tg mice was the observation
that isotype-treated double tg mice displayed a significant increase (p<0.05) in the

percentage of total white matter demyelination compared to isostype-treated single tg
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mice (Figure 8D). However, anti-Ly-6g treatment of double tg mice did not resultin a
significant decrease in demyelination, suggesting that neutrophil depletion starting at day
5 p.i. is not protective against the amplified pathology observed in isotype-treated mice

(Figure 8D).
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Figure 3.8. Neutrophils are found within parenchymal regions of the spinal cord in
double tg mice and their elimination only partially reduces overall pathology. At day
12 post-infection (p.i.) brains and spinal cords were isolated and single cell suspensions
were prepared from double tg and single tg mice infected with JHMV. Flow cytometric
analysis revealed a significant increase in the frequency and total number of neutrophils
within the spinal cord of double tg mice (A). Inmunofluorescence analysis revealed a
significant increase in the number of Ly6B.2-neutrophils located within CXCL1 rich
parenchymal regions of demyelinated white matter of double tg mice (B). To determine if
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neutrophils are contributing to the increase in pathology observed in double tg mice,
neutrophils were eliminated from double tg and single tg mice with the use of an Anti-Ly-
6g neutralizing antibody and their clinical scores were assessed to day 12 post-infection
(C). A significant increase in demyelination was observed in isotype-treated double tg mice
compared to isotype-treated single tg mice, and a partial decrease in clinical disease was
observed in Ly-6g treated double tg mice compared to double tg isotype controls. Panel A
represents 3 independent experiments with a minimum of 3 mice per group per
experiment. Immunofluoresence analysis in Panel B represents 1 experiment with a
minimum of 5 mice per group. Clinical scoring data from Panel C represents combined data
from 2 independent experiments. n=7 for isotype-treated groups and n=7 for anti-Ly-6g-
treated group. Data from panel D represents 2 independent experiments. n=5 for isotype-
treated single tg mice, n=7 for isotype-treated double tg mice and n=7 for anti-Ly-6g
treated mice. Data is presented as average+SEM; *p<0.05, **p<0.01, ***p<0.001
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3.4 Discussion

The ELR-positive CXC chemokines (CXCL1-3 and CXCL5-8) are high affinity ligands
for their cognant receptor CXCR2. This signaling axis serves critical functions in host-
defense and disease, as it is the dominant chemotactic pathway for neutrophil homing to
sites of inflammation. CXCL1, CXCL2 and CXCL5 are upregulated within the CNS shortly
following JHMV infection and control neutrophil migration to the BBB, resulting in peak
accumulation by 3 days p.i. [4] The importance of neutrophils in host-defense to JHMV
infection has been investigated with the use of antibodies that either eliminate neutrophils
from the periphery or prevent their chemotaxis to the CNS. Many of these studies [4,15,16]
have implicated the short-lived neutrophils as a primarily cellular source for the protease
MMP9 during acute JHMV infection. However, no studies have investigated how chronic
ELR-chemokine overproduction from the CNS impacts neutrophil function as well as host-
defense and disease following JHMV infection.

The successful generation of a Dox-dependent CXCL1 expressing transgenic mouse
has allowed for selective CXCL1 production from astrocytes within mice infected JHMV.
Dox administration resulted in elevated CXCL1 transgene expression within the brains and
spinal cords of double tg mice, correlating with rapid and robust neutrophil migration to
the CNS compared to Dox-treated controls. As a result of CXCL1 transgene expression,
double tg mice displayed sustained increase in clinical disease severity congruent with an
increase in mortality. This observation shares similarities to mice infected with the lethal
DM-JHMYV variant that is characterized by a severe disease whereby neutrophils dominate

the immune cell composition early following infection [16].
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Over-accumulation of neutrophils in the CNS did not result in an increase in BBB
permeability or affect the expression of proinflammatory factors that could potentially
attract inflammatory leukocytes. Indeed, we observed no statistical difference in the
frequencies of macrophages or T cells between double tg and single tg mice at day 12 p.i.
These results are partially supported by Savarin and colleagues [7,8] who have provided
evidence that neutrophils are not essential for promoting access of inflammatory
leukocytes into the CNS as neutropenic mice or MMP9-deficient mice infected with the
sublethal JHMV variant do not show appreciable differences in the early recruitment of
CD45" into the parenchyma. Overall, these data indicate that the increased presence of
neutrophils within the CNS following JHMV infection does not influence BBB integrity and
has no impact on the recruitment of other inflammatory cells from the periphery.

An increase in total white matter demyelination was observed at day 12 p.i. in Dox-
treated double tg mice and this correlated with an overall decrease in the total number of
GST-pi positive mature oligodendrocytes. Our findings revealed a significant parenchymal
presence of neutrophils associated with regions of severe demyelination in infected double
tg mice. In the context of sublethal JHMV infection on the CNS of wildtype mice, Ly6B.2-
positive neutrophils are primarily localized to the endothelial luminal surface and are not
found in appreciable numbers in parenchymal regions (unpublished observations).
Neutrophils are known to possess an arsenal of toxic species that can impact cell survival
such as neutrophil elastase, cathepsin G and matrix metalloproteinases [17]. Moreover,
respiratory burst from the neutrophil phagosome and the generation nitric oxide as well as
reactive oxygen species (ROS) through the NADPH oxidase complex can contribute to both

vascular and parenchymal damage, resulting in bystander destruction of axons and
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oligodendrocytes within white matter tissue [18,19]. This has been demonstrated in mouse
models of ischemic injury where inhibition of the NADPH complex results in less injury to
vascular endothelium and reduced cellular damage within brain parenchyma [20].
Furthermore, neutrophils are implicated in exacerbating lesion development within spinal
cords on patients with neuromyelitis optica (NMO) [21], and inhibition of neutrophil
elastase, a serine protease released from the primary granules of neutrophils, in mouse
models of NMO resulted in reduced neuroinflammation and myelin loss. [22,23]. The
potential destructive force of neutrophils has also been demonstrated using neurovirulent
JHM recombinant viruses as neutrophil depletion or inhibition of nitric oxide synthase
(NOS) correlated with reduced apoptosis of glial cells within the brain [24]. Another
scenario is that neutrophils could be promoting pathology by drawing in macrophages
within more cervical regions of the spinal cord. Within the EAE model of chronic neurologic
disease, neutrophils have recently been reported to have a role in maturating local APCs
within the CNS [25]. We observed dense clusters of macrophages in heavily demyelinated
white matter regions that also contained significant neutrophil populations in double tg
mice.

Ransohoff and colleagues [26] have shown that chronic overexpression of CXCL1
from oligodendrocytes within naive mice results in a neurologic disease associated with
microglia and astrocytic reactivity as a result of pronounced neutrophil accumulation
within the brain. Indeed, we observed increased numbers of microglia within infected
double tg mice and astrocytes displayed distinct phenotypic changes within heavily
demyelinated regions including truncated morphologies and hypertrophy (unpublished

observations). To determine if neutrophils were contributing to the increase in morbidity
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in double tg mice, we eliminated neutrophils with the use of an anti-Ly6-g antibody starting
atday 5 p.i. as this represents a time where there is only a minor neutrophil presence
within the CNS in control animals. Neutrophil depletion in Dox-treated double tg mice
resulted in a small improvement in clinical disease at day 12 p.i. compared to control
animals and this was associated with a decrease in the severity of demyelination. These
findings argue that sustained neutrophil infiltration into the CNS enhances clinical disease
severity that is associated with an increase in white matter destruction. Moreover, the
results presented here are consistent with a recent report from Segal and colleagues [27]
and argue that therapies targeting neutrophil accumulation within the CNS may offer novel
alternative therapies for treating neuroinflammatory diseases.

Within the context of the human demyelinating disease MS, neutrophils may
contribute promoting disease, as the neutrophil chemoattractant CXCL8 is detected within
the cerebrospinal fluid (CSF) of MS patients [28]. Furthermore, it was recently
demonstrated that circulating neutrophils within MS patients display phenotypic changes
that are characterized by a more activated state [29]. However, neutrophils are not
abundantly found within active MS lesions and are not considered an important component
in augmenting the pathology within newly formed lesions [30]. Despite this, neutrophils
may have functional roles during the pre-clinical phase of the disease before focal

demyelinating lesions are generated.
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CHAPTER FOUR

Inducible ablation of Cxcr2 in oligodendroglia attenuates autoimmune,

but not viral, mediated neuroinflammation and demyelination
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Abstract

The present study examines the functional role of CXCR2 signaling in
oligodendroglia in two pre-clinical models of the human demyelinating disease multiple
sclerosis (MS). We have generated mice (Plp-Cre-ER72; Cxcr2 /fimice) in which Cxcr2 is
inducibly ablated within oligodendrocyte lineage cells in adult mice following treatment
with tamoxifen. Deletion of CxcrZ in oligodendroglia resulted in markedly reduced disease
severity in MOGss.ss-induced EAE, a model in which inflammatory Th1/Th17 cells are
important in amplifying demyelination. Loss of CXCR2 signaling in oligodendroglia resulted
in a dramatic decrease in neuroinflammation characterized by limited infiltration of
neutrophils, macrophages, and T cells and a significant reduction in the severity of
demyelination. Gene expression profiles revealed that ablation of CxcrZ in oligodendroglia
resulted in muted expression of proinflammatory genes including CXCL1, CCL2, CXCL10,
IFN-y and IL-17A within the CNS. Antigen recall responses indicated no differences in
secretion of IFN-y and/or IL-17A by MOGs3s.s5 peptide stimulated T cells indicating that the
reduced clinical and histopathology observed in tamoxifen-treated Plp-Cre-ER 72; Cxcr2 /1
mice was the result of compromised leukocyte trafficking to the CNS. In marked contrast,
loss of CXCR2 signaling in oligodendroglia in mice infected with the neurotropic JHM strain
of mouse hepatitis virus (JHMV), a disease mediated by virus-specific Th1 lymphocytes
infiltrating into the CNS, did not affect pro-inflammatory gene expression within the CNS
nor limit the severity of neuroinflammation or demyelination. These findings argue for a
previously unappreciated role for CXCR2 signaling in oligodendrocyte lineage cells in
autoimmune-mediated demyelination by amplifying neuroinflammation via regulation of

pro-inflammatory gene expression within the CNS.
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4.1 Introduction

Multiple sclerosis (MS) is a chronic neurodegenerative disease characterized by
multifocal regions of neuroinflammation, demyelination, axonal loss, and transient
remyelination that ultimately results in extensive neurologic disability [1]. Animal models
of MS indicate that central nervous system (CNS) infiltration of neutrophils,
monocyte/macrophages, and inflammatory T cells, including those that are autoreactive to
specific proteins embedded in the myelin sheath, are important in disease initiation and
maintaining demyelination [2,3]. In support of this is evidence that drugs designed to limit
immune cell infiltration into the CNS impedes new lesion formation in MS patients [4,5]
and improve clinical outcome associated with dampened demyelination in animal models
of MS [6-9]. Therefore, understanding the signaling events that shape immune cell
trafficking into and within the CNS offer new insights for identification of novel targets for
therapeutic intervention.

Through use of preclinical mouse models of MS, chemokines and chemokine
receptors have been implicated as important in attracting activated immune cells into the
CNS and have been considered relevant targets for clinical intervention for MS patients
[10-19]. As an example, administration of anti-CXCL10 antisera in JHMV infected mice with
established demyelination within the spinal cord inhibited the trafficking of CD4+ T cells
into the CNS, resulting in reduced clinical disease severity [20,21]. These findings are
supported by a study in which blockade of CXCR3, the receptor for CXCL10, also abrogated
the recruitment of inflammatory CD4+ T cells into the CNS [22]. In addition, CXCL10 has
also been implicated in recruiting antibody-secreting cells (ASCs) into the CNS of JHMV-

infected mice [23]. Within the context of EAE-induced demyelination, antibody-mediated
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blockade of CXCL10 signaling was initially reported to diminish CD4+ T cell recruitment
into the CNS parenchyma, leading to reduced clinical disease severity in mice that were
induced with EAE via the adoptive transfer model [24]. However, later findings suggested
that anti-CXCL10 treatment had no effect on EAE disease [25] or even amplifies disease
severity [26].

A second chemokine signaling axis that serves important functions within the EAE
and JHMV models of chronic neurologic disease is through CXCR2. This is a receptor for
ELR-positive CXC chemokines (e.g., CXCL1 and CXCL2) and is expressed on
polymorphonuclear neutrophils (PMN) as well as glia and neurons [27-31]. CXCR2
signaling on neutrophils promotes demyelination in experimental autoimmune
encephalomyelitis (EAE) and cuprizone-induced demyelination [16,32]. These findings not
only emphasized the importance of the innate immune response in demyelination but also
illustrated that blocking CXCR2 signaling impeded neutrophil recruitment to the CNS and
subsequently dampened the severity of demyelination. 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
[33]. Signaling through CXCR?2 is believed to influence OPC proliferation and differentiation
[34], control the positional migration of OPCs during the development of the mouse spinal
cord [35] as well as regulating the numbers of OPCs to ensure the structural integrity of the
white matter during CNS development [35]. 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

[36]. Within the context of mouse models of demyelination, recent studies have

124



demonstrated paradoxical roles for CXCR2 signaling within the CNS. Some findings indicate
CXCR2 as an inhibitory cue for myelin production by oligodendrocytes [37,38], while
others have suggested that CXCR2 signaling is a survival mechanism for OPCs to prevent
apoptosis induced by cytotoxic factors secreted during an inflammatory response [29,39-
41].

Many of these studies have employed either germline-deficient mice deleted of
Cxcr2 or the use of CXCR2 neutralizing antibodies and small molecule antagonists to assess
how CXCR2 signaling functions on oligodendrocytes. Although these studies have provided
important insights into the role of CXCR2 in development and disease, potential off-target
effects of using CXCR2-targeting antibodies and compounds exist since microglia,
astrocytes, and neurons may also express CXCR2. Therefore, the present study was
undertaken to better understand how selective deletion of CxcrZ within oligodendroglia in
adult mice influences neuroinflammatory demyelination using two well-accepted pre-
clinical models of MS. To accomplish this goal, we have utilized a tamoxifen-inducible Cre-
ER ™ mouse model in which the proteolipid (Plp) enhancer element drives expression of an
inducible form of CRE recombinase, generating mice that can be induced to selective ablate
Cxcr2 in oligodendroglia lineage cells (Plp-Cre-ER™?; Cxcr2 //fl mice) following tamoxifen
treatment. Here, we demonstrate that loss of Cxcr2 in oligodendroglia results in a marked
reduction in clinical disease severity following EAE-induction by immunization with myelin
oligodendrocyte glycoprotein (MOG) peptide 35-55 (MOGss-s55) and this was associated
with dampened neuroinflammation and demyelination. Overall numbers of MOGs3s.s55-
specific CD4+ T cells within lymphatic tissues was not affected in Plp-Cre-ER T2; Cxcr//l mice

following MOGss.55 immunization indicating the clinical and histologic benefits of CXCR2
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deletion on oligodendroglia was not the result of intrinsic problems in T cell responses.
Rather, proinflammatory gene expression profiles were dramatically reduced within the
brains of MOGs3s.55 immunized Plp-Cre-ER™2; Cxcr2 /imice advocating for a previously
unappreciated role for oligodendroglia in disease through influencing neuroinflammation.
In contrast, CNS infection of tamoxifen-treated Plp-Cre-ER"2; Cxcr2 //flmice with the
neurotropic JHM strain of mouse hepatitis virus (JHMV), which results in a Th1/IFN-y -
mediated demyelinating disease, did not attenuate neuroinflammation or demyelination.
Therefore, these findings indicate the beneficial effects of ablating CXCR2 signaling in
oligodendroglia CXCR2 are selective depending upon the model system employed and
antigens that promote the inflammation. More importantly, these data argue for a
previously unappreciated role for CXCR2 signaling on oligodendroglia in initiating an
autoimmune-mediated, demyelinating disease by enhancing the expression of
proinflammatory gene profiles within the CNS and our findings support strategies for

targeting CXCR2 for treatment of MS.
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4.2 Materials and Methods

Mice and tamoxifen treatement. Plp-Cre-ER ™2 */+ :: Cxcr2 //fl mice were kindly donated by
Dr. Richard Ransohoff (Cleveland Clinic). Mice were crossed to the reporter strain B6.Cg-
Gt(ROSA)Z26Sortmo(CAG-tdTomato)Hze /T (JAX) to generate Plp-Cre-ER T2 +/* :: Cxcr2 /1 :: R26-stop-
Td */- mice (Cxcr2 /7). Tamoxifen was prepared resuspending at 10mg/ml in prewarmed
sesame seed oil. The mixture was placed on an orbital shaker at 37°c and shaken overnight
to completely dissolve solution. 4-week old Cxcr2 //fl mice received 1mg/ml tamoxifen
twice daily for five days via i.p. injection. Mice were rested for two weeks prior to MOGs3s.s5
immunization or virus infection to reduce any immunomodulatory effects of tamoxifen.
Primary oligodendrocyte cultures. Cortices from postnatal day 1 Plp-Cre-ER 2 */* :: Cxcr2
S/ :: R26-stop-Td */- mice (Cxcr2 /1) were dissected and processed according to previously
published protocols[42]. In brief, following removal of the meninges, cortical tissue was
minced with a razor and placed in pre-warmed DMEM containing papain in order to
completely dissociate the tissue. Following further aspiration through a Pasteur pipette,
single cell suspensions were added to poly-d-lysine coated culture flasks and grown for
nine days in DMEM supplemented with 10% FBS. Flasks were then transferred to an orbital
shaker in a 5% COz tissue culture incubator and shaken for approximately 16 hours at 220
rpm in order to remove loosely adherent OPCs. Media containing OPCs was transferred to
10 cm dishes for 30 minutes to remove strongly adherent astroglial contaminants. OPCs
were transferred to a 15ml conical and centrifuged at 300xg for 5 minutes. Cells were
counted and plated onto matrigel-coated Nunc™ Lab-Tek II Chamber slides (ThermoFisher
Scientific, Waltham, MA) at 50,000 OPCs per chamber in N2 media supplemented with 3, 3’,

5-Triiodo-L-thyronine sodium salt hydrate (T3 Sigma). After two days, fresh media was
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used supplemented with (Z)-4-Hydroxytamoxifen (4-OHT Sigma) at 100nM to induce Cre-
mediated recombination. Cells were cultured for an additional six days.

EAE induction. Complete Freund’s adjuvant (CFA) was prepared by mixing 10mL
incomplete Freund’s adjuvant (Thermo Scientific, Rockford, IL) with 40mg M tuberculosis
H37 (BD Biosciences, San Jose, CA) to make a 4mg/ml solution of CFA. MOGs3s.55 peptide
was prepared by resuspending in PBS at 1 pymol/mL. A 1:1 CFA-MOG mixture was
generating an emulsified by homogenization. To induce EAE, mice received two
subcutaneous 100uL injections of the CFA-MOG mixture and 100uL of pertussis toxin (Ptx)
(LIST Biological, Campbell, CA) via retroorbital injection. Mice received a second injection
of PTx at day two post-immunization [43].

Adoptive Transfer EAE. 7-week old wildtype C57BL/6 mice (JAX) were immunized with
MOGs3s.s5 peptide in CFA without pertussis toxin. After 10 days, mice were euthanized and
inguinal, brachial, axillary and cervical lymph nodes were isolated and processed to
generate single cell suspensions. A total of 2.5x108 cells were seeded into a T75 in the
presence of 50ug/ml MOGss.s5 peptide, 8ng/ml IL-23 (Peprotech, Rocky Hill, NJ), 10ng/ml
[I-1a (Peprotech, Rocky Hill, N])) and 10ug/ml anti-IFN- y (BioXCell, West Lebanon, NH).
Flasks were placed at 37c 5% CO2 for 4 days. To isolate polarized CD4+ T cells, CD4+
positive selection was performed via MACS purification (Miltenyi Biotec Inc, San Diego,
CA). Purified CD4+ T cells were resuspended to a concentration of 1.5x107 cell/ml in cold
PBS. To induce EAE, tamoxifen-pretreated Plp-Cre-ER 2 */+:: Cxcr2 /f1:: R26-stop-Td */- or
Plp-Cre-ER T2 +/*:: Cxcr2 f/f1:: R26-stop-Td */- control mice were injected with 200ul of cells
(3x10¢total cells) via intraperitoneal injection. Clinical symptoms developed 8-10 days

following adoptive transfer.
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Ex vivo MOGss.55 peptide and PMA /Ionomycin stimulation assay. Spleens and inguinal
lymph nodes (ILN) were isolated from experimental mice and processed to generate single
cell suspensions. A total of 1x10° cells mononuclear cells were added to each well of a 96-
well plate in the presence of either 20ug/ml MOGs3s.s5 peptide and Golgiplug (BD
Biosciences, San Jose, CA) and stimulated for 6-hours or 50ng/ml PMA (Sigma, St Louis,
MO) + 2ug/ml Ionomycin (Sigma, St Louis, MO) for 5 hours. Following the incubation
period, cells were stained for surface and intracellular antigens.

Virus infection. Plp-Cre-ER ™2 */*:: Cxcr2 /f:: R26-stop-Td */-, mice were infected
intracerebrally (i.c.) with 250 plaque forming units (PFU) of JHMV strain J2.2v-1 in 30ul of
sterile HBSS.

PCR array and semi-quantitative RT-qPCR. Proinflammatory gene expression was
determined using a Mouse Cytokine and Chemokine RT? Profiler PCR array (Qiagen Inc,
Valencia, CA). For RT-qPCR analysis, total cDNA from brains and spinal cords of MOGss.ss5
immunized mice at day 8 and 11 post-immunization was generated via Superscript III (Life
Tech., Carlsbad, CA) after homogenization in Trizol (Life Tech., Carlsbad, CA). Real-time
SYBR green analysis was performed using mouse b-Actin control primers and primers
specific to mouse CCL2, CCL5, CXCL1, CXCL2, CXCL10, IFN-y and IL-17A using a Roche
Lightcycler 480. Fold change in expression was determined by normalizing the expression
of each sample to (-Actin and then quantifying fold change relative to naive mice.

Flow cytometry. Flow cytometry was performed to assess the composition of
inflammatory cells entering the CNS using established protocols [44,45]. In brief, single cell
suspensions were generated from tissue samples by grinding with frosted microscope

slides. Immune cells were enriched by a 2-step percoll cushion (90% and 63%) and cells
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were collected at the interface of the two percoll layers. Before staining with the
fluorescent antibodies, isolated cells were incubated with anti-CD16/32 Fc block (BD
Biosciences, CA) at a 1:200 dilution. Inmunophenotyping was performed using either rat
anti-mouse IgG or armenian hamster anti-mouse IgG antibodies for the following cell
surface markers: F4/80 (Serotec, Raleigh, NC), MHV S510-tetramer (NIH), MHV M133-
Tetramer (NIH) and CD4, CD8, Ly6g, CD11b, [FN-y, IL-17A, CD44, and CD45 (BD
Biosciences, San Jose, CA).

Clinical severity and histopathology. Clinical disease severity for JHMV infected mice
was assessed using a 4-point scoring scale as previously described [44] while clinical
disease severity for EAE-induced mice was assessed using a 5-point scale (REF). Mice were
euthanized according to IACUC guidelines and perfused with 30ml of 4%
paraformaldehyde (PFA). Spinal cords were removed, fixed overnight in 4% PFA at 4°c and
separated into eight 1.5mm sections. Each section was cryoprotected in 20% sucrose for
five days before embedding in OCT. Eight micron thick coronal sections were cut and
stained with luxol fast blue (LFB) as well as hematoxylin and eosin (H&E). Percent
demyelination for each mouse was determined by taking the total average demyelination
within the white matter of eight SC coronal sections using Image | software (NIH). Tissue
pathology scoring for MOGs3s.s5 immunized mice is based on a previously described protocol
[46]. In brief, anterior, posterior and lateral locations of each spinal cord sections were
assessed for meningitis, perivascular cuffing and demyelination and normalized to the

number of observed sections.
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Immunohistochemistry. Spinal cord sections were desiccated at room temperature (RT)
for 2 hours before beginning the staining process. Slides were then washed in PBS and
blocked with 5% normal donkey serum (NDS) for 1 hours at RT. Rabbit anti-GFAP
(Invitrogen, Carlsbad, CA) was diluted to 1:200 in 5% NDS and stained overnight at 4c.
Slides were washed in PBS and biotin-conjugated donkey anti-rabbit was added ata 1:50
dilution. The DAB process was completed using the Vectastain ABC Kit (Vector

Laboratories, Burlingame, CA).
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4.3 Results
Generation and characterization of PLP-Cre-ER™2; Cxcr2 f/fimice.

To further elucidate the role of CXCR2 signaling on oligodendroglia during
demyelination, we sought to ablate Cxcr2 specifically within oligodendrocytes and their
progenitors and assess its impact on EAE, a model of autoimmune-mediated inflammatory
demyelination, as well as JHMV-induced neurologic disease. To carry this out, we
employed a Plp-Cre-ER 2 +/* :: Cxcr2 /fl mouse line that can utilize the recombination
activity of Cre recombinase to selectively ablate Cxcr2 [47-50]. These transgenic mice
contain the proteolipid protein (PLP) regulatory element driving expression of Cre-ERT?
[51]. The PLP regulatory element contains a DNA sequence downstream of the
transcription start site of the Plp gene that has previously been shown to induce transgene
expression and accurately reflect endogenous PLP expression both spatially and
temporally [51]. Moreover, loxP sites were incorporated to surround Exon 2 and Exon 3 at
the Cxcr2 locus, allowing for Cre-mediated recombination and ablation of CxcrZ. Liu and
colleagues [32] have recently shown that active Cre expression within neutrophils in vivo
can efficiently ablate the modified Cxcr2 locus, leading to dramatically reduced CXCR2
expression. To aid in visualizing cells that have active Cre-recombinase, Plp-Cre-ER 2 */+ ::
Cxcr2 /M transgenic mice were crossed to a tamoxifen-inducible Rosa26-Tdtomato red
reporter line on the C57BL/6 background to generate Plp-Cre-ER 2 */* :: Cxcr2 /1 :: R26-

stop-Td */- mice, herein referred to as Cxcr2 /1.
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To confirm that genetic ablation of Cxcr2 and induction of Tdtomato red expression
is specific to oligodendrocyte-lineage cells, oligodendrocyte precursor cells (OPCs) were
generated from post-natal day 1 (P1) Cxcr2 7/ mice. Following 6 days of OPC
differentiation in the presence of 4-OHT (100nM), Cre-mediated recombination was
confirmed at the CxcrZ locus following PCR amplification of genomic DNA with primers that
generate an amplicon only following recombination of CxcrZ2 (Figure 1A). In addition,
Tdtomato expression was found to be highly expressed within 01+ OPCs following addition
of 4-OHT treatment (Figure 1B). To determine the cellular specificity of Cre in vivo, 4-week
old Cxcr2 /f mice were treated daily with 1mg tamoxifen via intraperitoneal (i.p.) twice
daily for 5-days. Two weeks following the first treatment day, mice were sacrificed to
determine if Cre activity was specific to oligodendroglia. Following tamoxifen treatment,
recombination was detected within the brain of transgenic mice but no amplicon was
generated within within the spleen, liver or kidney (Figure 1C). Furthermore, PCR
amplicons were also detected within the spinal cords following tamoxifen treatment
(Figure 1C). Finally, Tdtomato expression was selectively expressed within GST-m -
positive mature oligodendrocytes within the spinal cord, thus confirming that Cre activity

is specific to oligodendrocyte lineage cells.
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Figure 4.1. Cre-mediated recombination is detected in vitro and in vivo.
Oligodendrocyte-enriched cultures derived from post-natal day 1 (P1) Cxcr2 / mice were
cultured in the presence of 100nM 4-hydroxytamoxifen (4-OHT) for 6 days to induce Cre
activity. In the presence of 4-OHT, recombination was detected at the CxcrZ locus in

Cxcr2 /' mice while vehicle treated cultures showed no background recombination (A).
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Following 4-OHT treatment, nearly all 01+ mature oligodendrocytes expressed Tdtomato
red (B). Two weeks following tamoxifen treatment in Cxcr2 /f mice, Cre-mediated
recombination at the Cxcr2 locus was detected within the brain and spinal cord (C). A large
percentage of GST-m-positive oligodendrocytes expressed Tdtomato following tamoxifen
treatment (D). Panel A4 is a representative image from 4 independent Cxcr2 //f1 OPC
cultures. Quantification of Tdtomato red-positive O1+ oligodendrocytes in panel B
represents 4 independent Cxcr2 /1 OPC cultures; Quantification performed in Panel D is
from 8 separate coronal spinal cord sections from 4 mice. Data in panels B and D are
presented as average+SEM; ***p<(.001, *****p<0.00001
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Reduced susceptibility to EAE in animals lacking CXCR2 in oligodendroglia.

To determine if CXCR2 signaling on oligodendroglia modulates an autoimmune-
mediated neuroinflammatory disease, we induced EAE in Cxcr2 /. mice. Four-week old
Cxcr2 /' mice were treated with tamoxifen for 5 days, rested two weeks and subsequently
immunized with MOGs3s.s55 in CFA to induce autoimmune EAE. Tamoxifen-treated Cxcr2 //
mice showed a significant delay in disease onset as well as an overall reduction (p<0.0001)
in clinical disease severity compared to control mice as assessed by linear regression
analysis (Figure 2A). Tamoxifen-treated Cxcr2 /f mice had a significantly reduced average
peak clinical score (2.32 * 0.285) compared to controls mice (3.54 + 0.144) (Figure 2B)
and overall weight loss was significantly less than control animals (Figure 2C). To confirm
that loss of CxcrZ was responsible for a dampened EAE disease and not the result of
immunomodulation by tamoxifen alone, 4-week old wildtype C57BL/6 mice were
pretreated with tamoxifen and subsequently immunized with MOGss.ss5 peptide two weeks
later. Tamoxifen-treated mice displayed a slightly reduced clinical disease course
compared to control mice, but was not statistically significant. These data indicate that the
dampened EAE-disease severity in Cxcr2 fi/fl mice is not due to off-target effects of

tamoxifen (Figure 2D).
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Figure 4.2. Tamoxifen-treated Cxcr2 /1 mice display reduced susceptibility to EAE.
Tamoxifen-treated and control Cxcr2 /fl mice were induced with EAE and clinical disease
and weights were recorded. Tamoxifen-treated mice displayed a reduced disease severity
and delayed disease onset compared to control mice (A) as well as slower weight loss
progression (B). Raw clinical scoring data is represented in panel C. To determine if
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tamoxifen had any immunomodulatory properties, C57BL/6 mice were pre-treated with
tamoxifen and immunized with MOGss.s5 peptide to induce EAE. No statistical difference
was observed between groups (C). For clinical scoring data, n=12 for control Cxcr2 /f mice
and n=23 for tamoxifen-treated Cxcr2 //f mice. Two-way ANOVA analysis was used to
discover significance within clinical scoring data and weight change. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001
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Dampened disease severity in tamoxifen-treated MOGs3s.55 immunized Cxcr2 /1 mice
correlates with reduced neuroinflammation and demyelination.

Flow cytometric analysis of the brains and spinal cords indicated that dampened
disease severity in tamoxifen-treated MOGs3s.55 immunized Cxcr2 /1 mice correlated with
diminished neuroinflammation (p<0.01) as measured by the frequency of CD45"
infiltrating cells in both brain (Figure 3A) and spinal cord (Figure 3B) at day 11 post-
immunization. Further analysis revealed a significant reduction in the total numbers of
neutrophils, macrophages and T cells at day 11 p.i within the brains and spinal cords of
tamoxifen-treated mice compared to control mice (Figures 3A and B). By day 20 p.i,, total
numbers of neutrophils, macrophages and T cells was similar between groups within the
brain, whereas CD4+ T cells and CD8+ T cells remained significantly (p<0.05) reduced
within the spinal cord. Immunophenotyping CNS infiltrating CD4+ T cells through cytokine
secretion profiles following MOGs3s.s5 stimulation showed no differences in the frequency of
IFN- y(+)IL-17(+) CD4+ T cells or IFN- y(- ) IL-17(+) CD4+ T cells within the brains of
tamoxifen-treated mice compared to control mice yet there was a significant (p<0.05)
reduction in CNS infiltrating IFN-y(+) IL-17(-) CD4+ T cells in tamoxifen-treated Cxcr2 /f1
compared to control-treated mice (Figure 3C). These findings indicate that disruption of
CXCR2 signaling only on oligodendroglia impedes disease onset and this correlates with an
overall reduction in infiltration of MOGss.ss-specific CD4+ T cells. Further, these data argue
for a prominent role for IFN-y secretion by inflammatory MOGss.ss-specific CD4+ T cells in
early disease induction.

Luxol fast blue (LFB) of the spinal cords at day 12 p.i. revealed an overall reduction

in meningeal inflammation in tamoxifen-treated mice compared to controls (Figure 3D).
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In contrast to control-treated mice in which inflammatory cells were entering white matter
tracts, very few mononuclear cells from tamoxifen-treated Cxcr2 //f mice were exiting from
either the meninges or the vasculature and entering the parenchyma (Figure 3D, insets).
By day 22 p.i.,, leukocyte entry into the white matter tracts from tamoxifen-treated Cxcr2 /1
mice were similar to control animals yet the severity of demyelination remained
significantly (p<0.01) reduced (Figure 3D, insets). Correlating with reduced
demyelination into the spinal cords of tamoxifen-treated Cxcr2 //f/mice there was a
pronounced reduction in reactive astrocytes as defined by GFAP staining as compared to

control mice (Figures 2E).
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Figure 4.3. Reduced neuroinflammation and tissue pathology in tamoxifen-treated
Cxcr2 /i mice. Immune cell infiltration was assessed at day 11 and day 20 post-
immunization (p.i.) within CNS of Cxcr2 /// mice. The frequency of CD45hi cells was
significantly reduced within the brain (A) and spinal cord (B) at day 11 p.i. in tamoxifen-
treated mice. Inmunophenotyping the immune cells within the brain revealed significantly
lower numbers of macrophages (CD45"F4/80high), CD4+ T cells and CD8+ T cells within the
brain and spinal cords while neutrophils (Ly6g+CD11b+) showed significantly reduced
numbers within the spinal cords but not the brain (A-B). By day 20 p.i., the frequency and
numbers neutrophils, macrophages and CD4+ and CD8+ T cells were similar within the
brain, but reduced CD4+ and CD8+ T cell infiltration was observed within the spinal cord
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(A-B). Cells isolated from the brains of MOGs3s.55 immunized Cxcr2 /fl mice at day 11 p.i.
were stimulated ex vivo with MOGss.ss5 peptide for 6 hours and revealed a reduction in the
frequency of CD4+ IFN-y+IL-17- T cells in tamoxifen-treated mice compared to controls
(C). Representative luxol fast blue (LFB) staining of spinal cords of experimental mice
indicate significantly reduced meningeal inflammation at day 12 p.i. compared to controls
and reduced demyelination at day 22 p.i. in tamoxifen-treated Cxcr2 / mice compared to
controls (D). GFAP-staining revealed reduced astrogliosis within the white matter tracts of
the spinal cords of tamoxifen-treated animals (E). Flow cytometric data from panels A-C
represents 2 independent experiments with a minimum of 4 mice per group per
experiment. Data is presented as average+SEM; *p<0.05, **p<0.01
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Tamoxifen-treated Cxcr2 //fl mice display reduced proinflammatory gene expression
in the CNS at onset of EAE disease.

The overall reduction in immune cell infiltration into the CNS of tamoxifen-treated
Cxcr2 /1 following MOGss.55 immunization suggests selective ablation of Cxcr2 on
oligodendroglia affects CNS proinflammatory gene expression. RNA array analysis revealed
a dramatic reduction of several proinflammatory genes within the CNS in tamoxifen-
treated Cxcr2 // mice compared to control animals (Figure 4A). RT-qPCR analysis
confirmed that expression of CXCL1, CXCL2, CCLZ2, CCL5, CXCL10, IFN-y and IL-17A were all
dramatically reduced within tamoxifen-treated mice at disease onset (day 11 post MOGs3s.55
immunization) whereas there was elevated expression of these genes within the CNS of
control animals and correlated with the appearance of immune cell infiltration into the CNS
and clinical disease symptoms (Figure 4B). These findings support the concept that early
signaling by CXCR2 in oligodendroglia amplifies proinflammatory gene expression within

the CNS that subsequently attracts targeted leukocyte populations into the CNS.
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Figure 4.4. Proinflammatory gene expression is reduced in tamoxifen-treated

Cxcr2 f/fimice. At day 11 post-immunization, brains were removed from tamoxifen-
treated or control Cxcr2 //fl animals to assess proinflammatory genes using a PCR array.
Scatter plot analysis revealed highly up-regulated genes within the control group compared
to tamoxifen-treated mice (A). Fold change in expression was measured by RT-qPCR for
several genes important in leukocyte trafficking to the CNS (B). Dashed lines within the
PCR array scatter plot shown in panel A represents more than a 3-fold change in gene
expression. Panel B represents 2 independent experiments with a minimum of 4 mice per
experiment. RT-qPCR data is presented as the average fold change +SEM; *p<0.05
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Peripheral immune responses are intact in Cxcr2 //fimice.

To determine if the reduced trafficking of inflammatory cells to the CNS was a result
of an altered generation of MOGss.ss -specific T cells following immunization, draining
inguinal lymph nodes (ILN) and spleens were removed 8 days following immunization
from tamoxifen-treated Cxcr2 7/ mice and controls and subsequently characterized.
Overall numbers of cells within the ILN and spleen were similar between groups and no
differences were observed in the total numbers of neutrophils, macrophages, T cells and B
cells from the spleen (Figure 5A). Further, we observed no differences in the frequency of
CD4+ T cells with the CD44"i effector phenotype (Figure 5B). MOGs3s.55 peptide recall
responses revealed no statistically difference in the frequency of MOG-specific CD4+ T cells
expressing IFN-y, IL-17A or co-expressing both cytokines (Figure 5C). Interestingly, IL-17A
expressing CD4+ T cells were significantly increased in tamoxifen-treated mice within the
ILN and spleen following PMA/ionomycin treatment, indicating that the CD4+ T cells
displayed a more Th17-like phenotype within the tamoxifen-treated Cxcr2 // mice (Figure
5C). We next examined the possibility that resistance to MOGs3s.55-induced EAE in Cxcr2 /1
mice was the result of reduced expression/deletion of CXCR2 expressed on peripheral
immune cells as a result of leakiness in the genetic model system employed for these
studies. Specifically, we examined CXCR2 expression on neutrophils as previous
experiments have shown that neutrophils utilize CXCR2 to traffic and accumulate within
the CNS and this is required for successful EAE induction [16]. We found no differences in
levels of CXCR2 expression in neutrophils within the spleen between tamoxifen-treated
Cxcr2 /' mice and controls (Figure 5D). Moreover, neutrophils from tamoxifen-treated

mice did not display Tdtomato expression, suggesting Cre is not active within these cells

145



(Data not shown). Together, these data suggest that the generation of MOG-specific CD4+

T cells is unchanged within tamoxifen-treated mice and controls.
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Figure 4.5. Peripheral expansion of MOG-reactive cells are intact in Cxcr2 /1 mice.
Inguinal lymph nodes (ILN) and spleens were removed at D8 from tamoxifen-treated and
control Cxcr2 /Al mice induced with EAE. The total numbers of cells in both tissues were
indistinguishable between the groups, suggesting that the cells are expanding normally (A).
No significant difference was detected in the frequencies of neutrophils (CD45hLy6g+),
macrophages (CD45"F4/80+), CD4+ T cells, CD8+ T cells and B cells (CD19+) (A). The
frequency of CD44" CD4+ effector T cells were unchanged in tamoxifen-treated mice
compared to controls (B). Cells from the ILN and spleen were stimulated with MOGss.55
peptide (6hrs) or PMA/Ionomycin (5hrs) to assess IFN-y and IL-17A expression. No
significant differences were observed in the frequency of IFN-y(+) IL-17A(-), [FN-y(-)
IL-17A(+) or IFN-y( -) IL-17A(+) MOG-specific CD4+ T cells (C) while the frequency of
IFN-y( -) IL-17A(+) secreting CD4+ T cells was significantly higher within tamoxifen-
treated animals following PMA/Ionomycin stimulation (C). No differences were observed
in the expression of CXCR2 on neutrophils in the spleen of tamoxifen-treated mice,
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indicating that tamoxifen is not disrupting CXCR2 expression on these cells (D). Data
represents 2 independent experiments with a minimum of 4 mice per experiment. Data is
presented as average+SEM; *p<0.05
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Viral model of neuroinflammatory-mediated demyelination.

Intracranial infection of the neuroadapted JHM strain of mouse hepatitis virus
(JHMV) results in acute encephalomyelitis, followed by an immune-mediated chronic
demyelinating disease that is promoted by viral persistence within the white matter tracts
of the spinal cord [52]. The JHMV model differs from MOGs3s.s5-induced EAE as it is
characterized by transient neutrophil accumulation within the CNS early following
infection and a Th1-mediated pathology whereby virus-specific IFN-y - expressing CD4+ T
cells and inflammatory macrophages contribute to white matter pathology. During chronic
JHMV disease, ELR-chemokine signaling and the appearance of IL-17A - secreting Th17+ T
cells remains minimal and are not considered important in contributing to either clinical
disease or white matter damage [53,54]. Therefore, tamoxifen-treated Cxcr2 // mice and
controls were infected with 250 PFU of the neurotropic J2.2v-1 JHM strain of MHV (JHMV)
in order to determine if lack of CXCR2 signaling in oligodendroglia impacts disease
progression. As shown in Figure 6A, there was no difference in either morbidity or
mortality between tamoxifen and control mice following JHMV infection of the CNS. Cxcr2
ablation did not dampen early immune cell infiltration of neutrophils and macrophages at
day 3 post-infection (Figure 6B) nor were there any observable differences in the
frequency and total numbers of macrophages, neutrophils and T cells at day 6 post-
infection (Figure 6C). The comparable acute inflammatory response to JHMV was further
supported by the observation that there were no significant differences in the expression of
pro-inflammatory genes within the brain at day 6 p.i. between both groups (Figure 6D). In
addition, there was no difference in the infiltration of virus-specific CD4+ and CD8+ T cells

into the CNS of tamoxifen-treated JHMV-infected mice compared to controls (Figure 6E).
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Correspondingly, tamoxifen-treated mice were able to control viral infection within the
CNS when compared to control mice (data not shown). Finally, assessment of
demyelination in JHMV-infected mice either treated with tamoxifen or vehicle revealed no
differences in white matter damage. Collectively, these data argue that CXCR2 signaling in
oligodendrocytes does not alter host-defense or disease progression following JHMV

infection.
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Figure 4.6. Tamoxifen-treated Cxcr2 //fl mice are susceptible a viral-induced chronic
neurologic disease. To determine if Cxcr2 //fl mice display a dampened inflammatory
response within a viral-model of demyelination, tamoxifen-treated Cxcr2 /f mice or control
animals were intracranially (i.c.) infected with the neurotropic J.2.2v-1 strain of mouse

151



hepatitis virus (JHMYV). Clinical disease developed in both groups and no statistical
difference was observed in disease severity or mortablity (A). Assessment of the innate
response to infection revealed similar numbers of neutrophils and macrophages infiltrating
into the CNS at day 3 p.i. (B). By day 6, similar frequencies and total numbers of
neutrophils, macrophages and T cells were observed (C). RNA array analysis demonstrated
no changes in pro-inflammatory gene expression (D). Comparable frequencies of virus-
specific CD4+ and CD8+ T cells were observed within the CNS (E). Assessment of
demyelination revealed similar overall demyelination at day 28 p.i. (F). Morbidity and
mortality data is representative of 3 experiments with an n value of 22 for tamoxifen-
treated Cxcr2//fimice and n value of 10 for Cxcr2 /i controls. Day 3 and day 6 flow
cytometric data is derived from 2 experiments with a minimum of 3 mice per group per
experiment. RNA expression is the average of 2 mice per group. Demyelination
quantification is from a minimum of 4 mice per group. Data is presented as averagexSEM
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4.4 Discussion

Chemokine signaling networks that are associated with chronic central nervous
system (CNS) diseases such as MS or persistent viral infections are thought to amplify
disease severity by attracted targeted populations of leukocytes into the CNS [55]. One
chemokine signaling pathway that is emerging as an important in chronic CNS disease
involves the CXCR2 receptor and its cognate ELR-positive chemokine ligands CXCL1 -2 -3
and CXCL5 -6 -7 -8. CXCR2 is highly expressed on circulating neutrophils, enabling these
cells to rapidly migrate to the 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 pro-inflammatory role of neutrophils in chronic neurologic disease is
supported by Segal and colleagues [16] who have shown that genetic silencing or antibody-
mediated blockade of CXCR2 following PLP-induced EAE resulted in reduced clinical
disease severity and disease relapses as a result of limited 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 of the CNS enhanced disease
severity [56]. This outcome was a result of reduced neutrophil and monocyte trafficking, as
these cells are critical in permeabilizing the BBB that subsequently allows access of virus-
specific T cells in the parenchyma to combat viral replication.

In addition to being expressed on circulating myeloid cells, CXCR2 is also expressed
on neurons as well as resident glial cells including oligodendroglia [33]. With regards to a
putative functional role for CXCR2 signaling during chronic JHMV-induced
neuroinflammation and demyelination, administration of a CXCR2-specific blocking

antibody increased clinical disease severity, and that this correlated with a significant
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increase in oligodendrocyte apoptosis and demyelination [40]. In addition, JHMV infection
or the addition of IFN-y to cultured OPCs derived from mouse neural progenitor cells
results in apoptosis, while inclusion of CXCL1 protein blocks OPC death [29].

Additional studies have revealed that signaling through CXCR2 is believed to
influence OPC proliferation and differentiation [34], control the positional alignment of
migrating OPCs during the development of the mouse spinal cord [35] as well as regulating
the numbers of OPCs to insure structural integrity within the white matter of the spinal
cord [35]. Global genetic ablation of CxcrZ results in a paucity of OPC numbers and
structural misalignments that persist into adulthood of the mouse, resulting in reduced
numbers of mature oligodendrocytes and total myelin within the white matter [36]. Within
the context of mouse models of demyelination, the functional role of CXCR2 signaling
within the CNS is enigmatic. Some findings suggest that the CXCR2 signaling axis
downregulates myelin production by oligodendrocytes [37,38], while others have indicated
that CXCR2 signaling is a survival mechanism for OPCs to halt apoptosis induced by
cytotoxic factors secreted during an inflammatory response [29,39-41]. Liu and colleagues
[57] used bone marrow chimeric mice to partition the contribution of CXCR2 expression on
either hematopoietic or CNS derived cells. Transfer of hematopoietic cells derived from the
bone-marrow of Cxcr2 */* mice into Cxcr2 -/- mice lead to greater oligodendrocyte
differentiation in both EAE and cuprizone models of demyelination suggesting that CXCR2
may be an inhibitory signaling cue for myelin repair [57]. Using CXCR2 antagonism via a
neutralizing antibody resulted in enhanced oligodendrocyte differentiation and recovery
during EAE, further supporting a detrimental role for CXCR2 signaling within the CNS in

mouse models of chronic neurologic disease [37]. Conversely, inducible overproduction of
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CXCL1 from astrocytes reduced EAE disease severity; although it is unclear whether
increased levels of CXCL1 directly impacted oligodendrocyte biology or modulated immune
cell recruitment to the CNS [39].

To better understand the importance of CXCR2 signaling in oligodendroglia lineage
cells in terms of neuroinflammatory demyelinating disease, we employed an inducible Cre
system to ablate CxcrZ in oligodendrocytes within adult mice. Surprisingly, tamoxifen-
treated Cxcr2 /' mice immunized with MOGss.ss peptide in CFA displayed a diminished
disease severity that was associated with reduced pro-inflammatory gene expression,
diminished leukocyte infiltration into the CNS, and a marked reduction in the severity of
demyelination. However, we did not observe any significant differences in the generation
of MOGss.ss - specific CD4+ T cells within the draining lymph nodes or spleen, suggesting
that peripheral expansion of these cells remains unaltered. Importantly, these findings
further emphasize that the improved clinical /histologic outcome of restricted ablation of
Cxcr2 in oligodendroglia is derived from CNS-localized effects. In addition, these findings
support the possibility that oligodendrocytes do not exhibit a passive role in
neuorinflammation but are active participants in this process. Indeed, recent studies have
demonstrated that oligodendrocytes are capable of eliciting pro-inflammatory gene
expression. Addition of IL-17A to cultured OPCs upregulates several chemokines and
cytokines including CXCL1, CCL5, IL-1a and TNF a [58] while addition of IFN-y to OPC
cultures can induce robust CXCL10 expression [29,41]. Moreover, in vivo disruption of IL-
17A signaling specifically on NG2+ oligodendroglia before MOG-EAE induction resulted in

dampened neuroinflammation that correlated with reduced disease severity [59].
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Intriguingly, infection of tamoxifen-treated Cxcr2 ///mice with the neuroadapted
JHM-strain of MHV elicited a prototypic immune response that resulted in a chronic disease
that was comparable to control animals. These results highlight the differences in the EAE
model compared to the JHMV model of demyelination. More specifically, one key difference
that may be related to the dramatic differences in disease outcome is that CXCL1 (as well as
other CXCR2 ligands) are only expressed for a transient period early following JHMV
infection whereas following MOGss.55 immunization is elevated within the pre-clinical stage
and expression is sustained during chronic disease [60]. Therefore, the overall increase in
duration of CXCL1 signaling through CXCR2 in oligodendroglia during EAE disease may
amplify neuroinflammation by allowing oligodendroglia to secrete proinflammatory
cytokines/chemokines that subsequently induce additional proinflammatory gene
expression by astrocytes, microglia and/or inflammatory leukocytes. Our previous results
indicate that anti-CXCR2 treatment of mice persistently infected with JHMV increases
demyelination most likely represents off-target effects of anti-CXCR2 binding to other
resident CNS cells and/or inflammatory cells expressing this receptor.

In terms of a mechanism by which CXCR2 signaling on oligodendroglia amplifies
disease, Segal and colleagues [60] have shown that MOGs3s.55 immunization results in a
rapid elevation of CXCL1 protein within the CNS by 1 day. Astrocytes have been presumed
to be the source of this chemokine, but it is possible that local production by glial-derived
cells can signal through the CXCR2 receptor on oligodendrocytes, leading to either
amplification of the ELR-signaling axis or expression of other proinflammatory factors. We
have shown that addition of CXCL1 to OPC-enriched cultures leads to increased expression

of CXCL1, acting as a feed-forward loop for this chemokine [29]. Alternatively, loss of
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CXCR2 on oligodendrocytes could result in elevated CXCL1 expression, and together with
IL-174, delay Th1-mediated tissue damage. Indeed, we observed a dramatic reduction in
several Th1 associated chemokines and cytokines within the brain of tamoxifen-treated
mice. Remaining questions that will need to be addressed include determining if loss of
Cxcr2 in cultured oligodendrocytes results in altered expression of cytokines and
chemokines that are important for establishing EAE disease. Furthermore, temporal
analysis of the expression of ELR-chemokines following MOGs3s.55 immunization remains to
be determined, and it will also be important to see how these chemokines impact the
expansion of neutrophils and monocytes within tamoxifen-treated Cxcr2 // mice shortly

following EAE induction.
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5.1 Summary and Significance

CXCR2 expressing neutrophils rapidly migrate to the CNS in response to JHMV-
induced expression of the ELR-chemokines CXCL1 and CXCL2 where they act in concert
with macrophages and resident glial cells in breaking down components of the BBB [1,2].
The importance of neutrophils in shaping host-defense responses was previously
demonstrated by antibody-mediated blockade of CXCR2 following JHMV infection, resulting
in abrogated neutrophil recruitment to the CNS [1]. As a result of halting neutrophil
chemotaxis, BBB permeability decreased and this was associated with higher viral titers
and increased mortality. These results demonstrated a protective role for CXCR2-bearing
neutrophils in combating JHMV infection of the CNS. The generation of an astroglial-specific
CXCL1 overexpressing mouse line has allowed us to further explore mechanisms by which
neutrophils shape host-defense responses. We found that CXCL1 overexpression from the
CNS resulted in rapid and sustained neutrophil migration to the CNS that was associated
with an increase in mortality and morbidity. One explanation for the amplified disease
severity in double tg mice is that CXCL1 is having a direct toxic effect on oligodendroglia
lineage cells by signaling through CXCR2. However, we have previously demonstrated that
addition of CXCL1 to OPC cultures reduces their susceptibility to IFN-y - induced apoptosis,
indicating that CXCL1 is more protective than toxic to these cells [3,4]. This is further
supported by our observation that JHMV-infected mice that have CxcrZ2 deleted from
oligodendrocytes did not display any differences in demyelination within the spinal cords,
suggesting that ELR-chemokines are not contributing to oligodendrocyte destruction

during JHMV-induced disease (Figure 4.6).
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We observed no differences in the infiltration of T cells and inflammatory
macrophages in double tg mice, suggesting that the augmented clinical disease was not a
result of neutrophils promoting the migration of other myelin-damaging cells into the
white matter of the spinal cord. One important finding was that neutrophils were primarily
localized to parenchymal regions within the spinal cord that had significant demyelination.
This suggests that neutrophils may have a role in contributing to white matter damage via
non-selective bystander toxicity, as neutrophils contain a variety of toxic-factors that have
been shown to impact the survival of CNS-derived cells [5]. To determine if neutrophils
were involved in amplifying demyelination within double tg mice, neutrophils were
depleted starting at day 5 p.i. with anti-Ly-6g. This resulted in a modest decrease in clinical
disease severity that reached significance at day 12 p.i. and this was congruent with a
modest diminishment in demyelination. These data suggest that neutrophils are, in part,
responsible for the increased disease severity in double tg mice. To further explore the
consequences of chronic neutrophil accumulation within the CNS following JHMV infection,
it will be important to extend anti-Ly-6g treatment within double tg mice to determine if
neutrophil depletion accelerates recovery and reduces white matter damage. Moreover, it
will also be critical to determine if neutrophils are releasing toxic mediators within the
parenchyma by staining for factors such as neutrophil elastase, myeloperoxidase and nitric
oxide. The pBI-CXCL1-rtTA transgenic mouse line will undoubtedly serve as an excellent
tool for future experiments assessing the role of CXCL1 in neuroinflammation. Our future
goals will be to utilize these mice within the autoimmune EAE model of demyelination
where ELR-chemokines are highly expressed and modulate neutrophil levels following EAE

induction [6]. Moreover, in the autoimmune disorder neuromyelitis optica (NMO), newly
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formed lesions within the white matter of the spinal cord often show a large parenchymal
presence of neutrophils, and these cells have been implicated in directly contributing to the
pathology [7-9]. Defining the functional role of neutrophils in pre-clinical models of human
neurologic diseases will potentially lead to the development of interventional therapies
designed to impede trafficking and infiltration of neutrophils into the CNS.

CXCR2 is a unique chemokine receptors as it is expressed by oligodendroglia lineage
cells and it's signaling has been demonstrated to have pronounced effects on
oligodendrocyte biology [3,4]. Within the context of JHMV-infection, we have previously
shown that administration of CXCR2 anti-sera into mice persistently infected with JHMV
results in improved clinical disease and this was associated with reduced overall
demyelination and apoptosis within the spinal white matter [10]. Paradoxically, CXCR2
neutralization in mice induced with autoimmune EAE showed enhanced recovery that was
associated with accelerated myelin repair, implicating CXCR2 as an inhibitory cue for OPC
differentiation [11]. However, these approaches often include off-target effects induced by
the use of blocking reagents and lack of specificity in terms of confirming the importance of
CXCR2 signaling on specific cell types. Therefore, we bypassed potential obstacles
associated with the use of neutralizing antibodies and generated a tamoxifen-inducible
Cxcr2 conditional knockout mouse line. We found that Cxcr2 ablation within
oligodendrocytes in mice immunized with MOGs3s.ss induced EAE resulted in a dramatic
decrease in disease severity and this was associated with reduced entry of inflammatory
leukocytes into the CNS. Conversely, we observed no difference in host-defense or
development of neurologic disease following infection with the neurotropic JHM virus.

These findings highlight the disparity in the pathogenesis within these models and suggests

165



a detrimental role for CXCR2 signaling in oligodendrocytes within the context of auto-
immune mediated demyelination.

ELR-chemokine expression following MOGs3s.s5 peptide immunization appears to be
essential to induce disease, as CXCR2 neutralization or global genetic deletion of Cxcr2
results in EAE resistance that is associated with a lack of neutrophil migration to the CNS
[12]. Curiously, JHMV-infected CXCR2-deficient mice develop a similar host-defense
response to wildtype mice that results in normal viral clearance and the development of a
chronic demyelinating disease [1]. These results are supported by another study
demonstrating that neutropenic mice have a comparable response to JHMV infection
compared to control animals, indicating that the CXCR2-signaling network following JHMV
infection may not have a critical role in establishing an antiviral response that leads to
disease, and may partially explain why tamoxifen-treated CXCRZ2 /// mice do not display a
dampened neuroinflammatory response to JHMV infection [13]. One possibility for the
dramatic reduction in EAE-induced neuroinflammation in CXCR2-deficient
oligodendrocytes is that CXCL1 and CXCL2 may signal through CXCR2-expressing
oligodendrocytes that can further amplify expression of CXCL1, CXCL2 as well as additional
proinflammatory molecules that enhance leukocyte infiltration into the CNS. Therefore,
loss of CXCR2 would lead to reduced ELR-chemokine expression, thus impacting neutrophil
mobilization and function. However, preliminary data from our lab suggests that CXCL1
protein levels within the CNS at day 1 and day 8 post-immunization are unperturbed in
tamoxifen-treated Cxcr2 /fl mice, suggesting an alternative mechanism may modulate
disease outcome. CXCR2 has also been shown to be an effective scavenger receptor for

ELR-chemokines within various tissues, thus regulating the local concentrations of ELR
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chemokines. Ransohoff and colleagues [14] demonstrated that CxcrZ knockout mice display
elevated CXCL1 and CXCL2 protein levels within the CNS and blood compared to naive
wildtype mice, while transfer of Cxcr2 +/+ hematopoetic cells into Cxcr2 -/- lowered ELR-
chemokine levels, indicating that CXCR2-expressing cells can regulate the local
concentrations of chemokines by binding through CXCR2. These findings are further
supported by another study demonstrating that CxcrZ -/- mice display elevated levels of IL-
17A within the brain [15]. [L-17A is a known inducer of ELR-chemokines and may further
amplify their expression when there is a paucity of CXCR2 expression within the CNS. One
potential scenario would be that loss of CXCR2 signaling in oligodendroglia elevates the
local concentrations of both CXCL1 and IL-17A within the blood, thus redirecting the
cytokine/chemokine signature within the CNS that favors a Th17 mediated CD4+ T cell
response rather than Th1. This would explain the reduced infiltration of CD4+ T cells as
well as Th1-associated cytokines and chemokines that act to attract monocytes and T cells
such as CCL2, CCL5 and CXCL10. Moreover, we have observed statistically significant
increases in CXCL1 serum levels within tamoxifen-treated mice (unpublished
observations), while we are currently investigating the concentrations of [L-17A within
the serum and various tissues. Furthermore, we will gain important insights from primary
oligodendrocyte cultures derived from Cxcr2 //fl mice, as we can induce Cre-mediated Cxcr2

deletion in vitro to determine how loss of CXCR2 impact proinflammatory gene expression.
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